
 

Cáceres et al.: Quality Management Systems for Fruit Fly SIT 1

 

QUALITY MANAGEMENT SYSTEMS FOR FRUIT FLY
(DIPTERA: TEPHRITIDAE)

 

 

 

STERILE INSECT TECHNIQUE

 

C

 

ARLOS

 

 C

 

ÁCERES

 

1

 

, D

 

ONALD

 

 M

 

C

 

I

 

NNIS

 

2

 

, T

 

ODD

 

 S

 

HELLY

 

3

 

, E

 

RIC

 

 J

 

ANG

 

4

 

, A

 

LAN

 

 R

 

OBINSON

 

1

 

 

 

AND

 

 J

 

ORGE

 

 H

 

ENDRICHS

 

5

1

 

Joint FAO/IAEA Programme of Nuclear Techniques in Food and Agriculture
International Atomic Energy Agency, Agency’s Laboratories, A-2444 Seibersdorf, Austria

 

2

 

USDA-ARS USPBARC, 2727 Woodlawn Drive, Honolulu, HI 96720, U.S.A.

 

3

 

USDA/APHIS/CPHST, 41-650 Ahiki St. Waimanalo, HI 96795, U.S.A.

 

4

 

USDA-ARS USPBARC, P.O. Box 4459, Hilo, HI 96720, U.S.A.

 

5

 

Joint FAO/IAEA Programme of Nuclear Techniques in Food and Agriculture
International Atomic Energy Agency, Wagramerstrasse 5. P.O. Box 100, A-1400 Vienna, Austria

A

 

BSTRACT

 

The papers presented in this issue are focused on developing and validating procedures to
improve the overall quality of sterile fruit flies for use in area-wide integrated pest manage-
ment (AW-IPM) programs with a sterile insect technique (SIT) component. The group was
coordinated and partially funded by the Joint FAO/IAEA Programme of Nuclear Techniques
in Food and Agriculture, International Atomic Energy Agency, Vienna, Austria, under a five-
year Coordinated Research Project (CRP) on “Quality Assurance in Mass-Reared and Re-
leased Fruit Flies for Use in SIT Programmes”. Participants in the CRP from 16 countries
came from both basic and applied fields of expertise to ensure that appropriate and relevant
procedures were developed. A variety of studies was undertaken to develop protocols to as-
sess strain compatibility and to improve colonization procedures and strain management.
Specific studies addressed issues related to insect nutrition, irradiation protocols, field dis-
persal and survival, field cage behavior assessments, and enhancement of mating competi-
tiveness. The main objective was to increase the efficiency of operational fruit fly programs
using sterile insects and to reduce their cost. Many of the protocols developed or improved
during the CRP will be incorporated into the international quality control manual for sterile
tephritid fruit flies, standardizing key components of the production, sterilization, ship-
ment, handling, and release of sterile insects.

Key Words: quality control, Tephritidae, fruit flies, behavior, SIT, sterile insects

R

 

ESUMEN

 

Los artículos presentados en este número se enfocan en el desarrollo y la validación de pro-
cedimientos para mejorar la calidad total de moscas de las frutas estériles para su uso en
programas de manejo integrado de plagas en donde la técnica del insecto estéril (TIE) es uno
de los componentes clave. El grupo fue coordinado y parcialmente financiado por la División
Conjunta de Técnicas Nucleares para la Alimentación y la Agricultura de la FAO/OIEA,
Viena, Austria, por un periodo de cinco años bajo el proyecto de Investigación Coordinada
(PIC) sobre “el Aseguramiento de la Calidad de Moscas de las Frutas Criadas y Liberadas
para su Uso en Programas de TIE”. Los participantes en el PIC representan 16 países con
experiencia en campos de investigación básica y aplicada. Para asegurar que los procedi-
mientos desarrollados fueran apropiados y pertinentes, se realizaron una variedad de estu-
dios para el desarrollo de protocolos para evaluar la compatibilidad y para mejorar los
procedimientos de colonización y manejo de cepas salvajes. Estudios específicos trataron
asuntos relacionados con la nutrición de insectos, los protocolos de irradiación, la dispersión
y supervivencia en el campo, evaluación del comportamiento en jaulas de campo, y el mejo-
ramiento de la competitividad sexual. Los objetivos fundamentales fueron el aumentar la
eficiencia y reducir los costos de los programas operacionales de control de moscas de las fru-
tas donde TIE es utilizada. Muchos de los protocolos desarrollados o mejorados durante el
PIC serán incorporados en el Manual Internacional de Control de Calidad para Moscas Es-
triles de la familia Tephritidae, para estandarizar componentes claves como la producción,

 

esterilización, envió, manejo y liberación de insectos estériles.
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The sterile insect technique (SIT) is rapidly be-
coming a major component of many area-wide in-
tegrated pest management (AW-IPM) programs
for fruit fly control (Dyck et al. 2005). For use in
these programs, sterile insects are produced in
large numbers, sterilized, and then released sys-
tematically into the field. In all of these processes,
quality management systems can be used to mon-
itor or improve the overall effectiveness of sterile
insects in the field and to reduce variability in
cases where production fluctuates widely in quan-
tity and quality. The insect production facility
must be a reliable source of high quality sterile
insects either for local use or shipment to pro-
grams elsewhere.

There are generally two sets of conditions that
favor the long-distance or even trans-boundary
shipment of sterile insects (Enkerlin & Quinlan
2004). First, shipment may be necessary to areas
such as California and Florida, which are typi-
cally pest-free (thus precluding the establishment
of a local fly production facility) but have repeated
introductions of fruit flies that demand a preven-
tive area-wide control program (Dowell et al.
2000). Second, shipping sterile insects is econom-
ical for small SIT programs, when the costs of in-
sect production locally would be prohibitively
high (Dowell et al. 2005). In the past, mass rear-
ing facilities were developed with public funds;
however, the private sector has recently shown in-
terest in commercializing sterile insect produc-
tion, e.g., Israel (Bassi 2005) and South Africa
(Barnes et al. this volume). This interest has been
encouraged by the wider use of sterile insects in
suppression programs (Hendrichs et al. 1995),
rather than only in eradication programs.

The International Atomic Energy Agency
(IAEA) and the Food and Agriculture Organiza-
tion of the United Nations (FAO) through their
Joint FAO/IAEA Programme of Nuclear Tech-
niques in Food and Agriculture have played a
leading role in the development and implementa-
tion of SIT technology. One mechanism used to
further this technology is through Coordinated
Research Projects (CRPs) (www.iaea.org/pro-
grammes/ri/uc_infoi.html) under the IAEA Re-
search Contract Programme (IAEA 2006). This is-
sue of Florida Entomologist summarizes the re-
sults of the five-year CRP on “Quality Assurance
in Mass-Reared and Released Fruit Flies for Use
in SIT Programmes” together with several in-
vited papers. The papers in this volume identify
components or steps in the SIT process that can
be changed or improved, such as reducing the
negative impact of mass rearing and sterilization
on the efficiency of sterile insects in the field and
establishing new standards and quality control
protocols for updating and inclusion in the inter-
national manual on “Product Quality Control and
Shipping Procedures for Sterile Mass-Reared
Tephritid Fruit Flies” (FAO/IAEA/USDA 2003).

This introductory paper highlights the rele-
vance of the papers to a quality management sys-
tem for fruit fly production, sterilization, ship-
ment, emergence, feeding, holding, and release,
and identifies gaps and areas for future research.
The papers included in this volume do not repre-
sent the total spectrum of a quality management
system as it relates to fruit fly mass rearing, but
reflect the breadth of subjects that are related to
typical quality management systems as reported
in the CRP.

S

 

TRAIN

 

 C

 

OMPATIBILITY

 

Assessing the mating compatibility of a strain
to be released with its potential target population
remains a critical activity. In the Mediterranean
fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann),
mass-reared strains have shown no significant
mating incompatibilities with any of the medfly
populations assessed to date (Cayol et al. 2002;
Lux et al. 2002), except for 2 exceptional island
cases. The first involved the use of a 38-yr old
mass-production strain from Hawaii (McInnis et
al. 1996), and the second involved the use of a 

 

tsl

 

genetic sexing strain (Franz 2005) against a wild
Madeira strain. However, Pereira et al. (2007a)
show in recently conducted field cage assess-
ments a low but acceptable level of compatibility
between the 

 

tsl

 

 mass-reared genetic sexing
strain, VIENNA 7 (Franz 2005), and wild popula-
tions from different islands in Madeira. Briceño
et al. (2007a) present interesting data that may
explain some of the observed mating incompati-
bilities in Madeira. Wild Madeira males appear to
have significantly longer durations of some court-
ship components (e.g., head rocking and wing
buzzing). Therefore, Pereira et al. (2007a) stress
the need for incorporation of Madeira genetic
background into the genetic sexing strain that is
used for field releases in order to overcome the
low level of compatibility and improve efficiency
in the Madeira SIT program.

For the Mexican fruit fly 

 

Anastrepha ludens

 

(Loew), no mating incompatibilities were observed
between mass-reared flies and populations from 6
different locations in Mexico, where programs
with an SIT component have been established
(Orozco et al. 2007). This finding is very important
because sterile insects are produced in a single
rearing facility in southern Mexico. This facility
supplies all the SIT control programs in Mexico
plus the preventive release program in southern
California. In the case of the South American fruit
fly 

 

Anastrepha fraterculus

 

 (Wiedemann), previous
studies (Petit-Marty et al. 2004) have shown good
mating compatibility among populations across
Argentina. Allinghi et al. (2007a) report that ster-
ile insects from a candidate strain for mass pro-
duction and SIT releases are reasonably compati-
ble with wild flies from Argentina and southern
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Brazil. However, in studies of wild populations of

 

A. fraterculus

 

 from different regions of South
America (Argentina, Brazil, Peru, Colombia),
there was evidence of substantial isolation be-
tween certain populations (Vera et al. 2006).

In a majority of cases, strain compatibility is
not a constraint for the application of the SIT;
e.g., for the Oriental fruit fly 

 

Bactrocera dorsalis

 

(Hendel), no mating incompatibility between the
pupal color genetic sexing strain from Hawaii and
the wild population from Thailand was observed
(McInnis; personal communication), and for
melon fly, 

 

Bactrocera cucurbitae

 

 (Coquillett) be-
tween mass reared flies from the Okinawa strain
and wild insects from Taiwan (Matsuyama &
Kuba 2004). Compatibility tests, however, remain
an essential component of SIT feasibility studies.

C

 

OLONIZATION

 

 

 

AND

 

 S

 

TRAIN

 

 M

 

ANAGEMENT

 

One of the main problems faced by producers
of sterile insects is how best to colonize and mass
rear a strain while at the same time minimizing
the impact on the intrinsic characteristics of the
strain. Filter rearing systems for genetic sexing
strains (Fisher & Cáceres 2000), or mother colo-
nies for bisexual strains, are a way to solve part of
this problem (Calkins & Parker 2005). In the case
of genetic sexing strains, a filter rearing system is
used for the additional purpose of maintaining
strain genetic stability.

Liedo et al. (2007) show that the use of inserts
to increase the surface resting area within adult
cages in the mother colony, as well as the use of
low adult cage density during colonization and
mass rearing, resulted in strains with increased
mating competitiveness as demonstrated in stan-
dard field cage mating tests.

Q

 

UALITY

 

 M

 

ANAGEMENT

 

 S

 

YSTEM

 

New mass rearing production indices and
quality standards developed during the CRP have
been used to update the international quality con-
trol manual (FAO/IAEA/USDA 2003), contribut-
ing to the development of a new quality manage-
ment system. Such a quality management system
increases end user confidence and facility reliabil-
ity, improves work processes, SIT efficiency, and
integration with other control methods. A quality
management system can be realized through the
adoption of ISO 9000 standards, developed and
published by the International Standardization
Organization (ISO 1996) that defines, estab-
lishes, and maintains an effective quality assur-
ance system for manufacturing and service indus-
tries. The ISO 9000 standard is the most widely
known and has perhaps had the most impact of
the standards published by ISO (ISO 1996). An
organization can receive ISO 9000 certification if
an external audit recognizes successful imple-

mentation and performance of standard produc-
tion protocols.

Leppla & Fisher (1989) suggested the adoption
of industrial quality assurance protocols by mass
rearing facilities, and the medfly mass-rearing
facility in Mendoza, Argentina, became the first
facility to receive ISO 9000 certification in 1999
(G. Taret, personal communication). Barnes et al.
(2007) stress the importance of a quality manage-
ment system in maintaining high quality and pre-
dictable insect production at the Infruitec medfly
mass rearing facility in Stellenbosch, S. Africa. A
quality management system can be extended to
all other steps of the SIT, including packing and
fly emergence and handling at release centers.

S

 

TANDARDIZATION

 

 

 

OF

 

 M

 

ASS

 

 P

 

RODUCTION
AND

 

 Q

 

UALITY

 

 C

 

ONTROL

 

 P

 

ROCEDURES

 

Routine Quality Control Procedures

 

Standard procedures and established thresh-
old values are available and summarized in the
international quality control manual (FAO/IAEA/
USDA 2003) used by most fruit fly production fa-
cilities, which routinely keep records of the qual-
ity of their production. Barnes et al. (2007), pro-
vide a good example of how results from routine
quality control tests can be analyzed and utilized
as a feedback to help facility managers identify
quality problems and stabilize production. The
establishment of demographic and quality control
parameters for mass rearing are required in order
to develop benefit/cost scenarios that can be used
to determine the feasibility of the SIT implemen-
tation in integrated control programs. For 

 

A.
fraterculus

 

, significant improvements in the qual-
ity control and mass rearing protocols are re-
ported for all developmental stages (Vera et al.
2007). Similar developments are reported in the
Philippines for 

 

Bactrocera philippinensis 

 

(Drew
& Hancock) (Resilva et al. 2007).

Hendrichs et al. (2007) describe a simple qual-
ity control test that might be useful to measure
predator evasion in the medfly. They showed that
current adult colony management and mass-rear-
ing procedures significantly reduce the ability of
sterile males to escape predation in comparison to
wild males, resulting in the rapid elimination due
to predation of a large proportion of the released
sterile male population. They stress the impor-
tance of measuring this parameter and propose
that simple quality control tests be developed to
routinely measure the evasive ability of sterile
males of the different mass reared strains.

 

Pupal Age and Development Synchronization

 

Synchronization and exposure of pupae to the
irradiation treatment at an optimal age is crucial
to obtain a desirable level of sterility with mini-
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mal effect on insect quality. Day degree models to
determine the correct physiological age for irradi-
ation of a bisexual medfly strain and its relation-
ship with pupal eye color have been calculated
(Ruhm & Calkins 1981). Based on these earlier
studies, Resilva et al. (2007) present a method to
determine the relationship of pupal eye color with
physiological development of 

 

B. philippinensis

 

held under different temperature regimes. This
method helped determine the optimal stage for
pupal irradiation and is now being extended to
other fruit fly species.

Nestel et al. (2007a) tried to correlate respira-
tory rate in pupae with digital recordings of eye
color. Their study describes the relationship be-
tween a digitized image of pupal eye color and the
respiratory rate of pupae. This may enable irradi-
ation to be performed with greater precision.
However, the practicality of the tests under oper-
ational conditions needs to be evaluated.

 

Dosimetry and Irradiation Doses

 

X-rays, electron beam generators, or gamma
irradiators with 

 

60

 

Co or 

 

137

 

Cs can be used to steril-
ize insects. It is important to minimize the so-
matic effects induced by radiation during the
sterilization process (Bakri et al. 2005). A stan-
dard dosimetry system (Gafchromic system) has
been developed and adopted, and a standard op-
erating procedure (SOP) for the implementation
of this system as part of the quality management
system in production facilities has been compiled
(Parker & Mehta 2007; Bakri et al. 2005).

For 

 

A. fraterculus

 

 (Allinghi et al. 2007b) and

 

B. philippinensis

 

 (Resilva et al. 2007), optimal
doses for sterilization have been determined.
However, in choosing an optimal dose for steril-
ization, a balance needs to be reached between
the levels of sterility and fly competitiveness (To-
ledo et al. 2004). Unfortunately it appears that
many of the current operational programs apply-
ing the SIT are not achieving an appropriate bal-
ance. Parker & Mehta (2007) describe a mathe-
matical model that can be used by these programs
to derive such an optimal dose. The authors stress
that the model still requires extensive validation.

 

Atmosphere During Irradiation

 

Insect irradiation in the presence of nitrogen
or low oxygen atmospheres can improve insect
quality (Ashraf et al. 1975; Ohinata et al. 1977;
Fisher 1997). Nestel et al. (2007b) assessed the ef-
fect of irradiation under different decreased oxy-
gen levels, and the results indicated that mating
competitiveness drastically decreases when pu-
pae are irradiated under full O

 

2

 

 conditions, when
the packing bags remained open before irradia-
tion. Hypoxic oxygen concentrations of 2% and
10% in sealed bags at the beginning of irradiation

did not affect the mating competitiveness of
males compared to males irradiated under maxi-
mal hypoxia (anoxia). Current practices in mass-
rearing facilities are discussed by Nestel et al.
(2007b) in light of these results.

 

Shipments of Biological Material

 

Shipments of sterile pupae or fertile eggs from
production facilities are routinely performed (En-
kerlin & Quinlan 2004). A specific insulated pu-
pal shipping container is already in use and de-
scribed in the international quality control man-
ual (FAO/IAEA/USDA 2003). A protocol for long
distance shipment of medfly eggs has been devel-
oped (Cáceres et al. 2007; Mamán & Caceres
2007) and a long distance shipment protocol for
sterile 

 

B. philippinensis

 

 pupae is described by
Resilva et al. (2007).

N

 

UTRITION

 

Recent laboratory studies have led to the de-
velopment of chemically defined larval and adult
diets for the medfly (Chang et al. 2001). Nutri-
tional larval diet manipulations have been dem-
onstrated to affect the physiological traits of
mass-reared medfly males. In this regard, Nestel
et al. (2004) have shown that lipid and protein
levels in pupating medfly larvae were affected
and correlated with routine quality control pa-
rameters and growth factors. Nevertheless, there
is still no clear understanding of how larval diet
affects male competitiveness.

In contrast to larval nutrition, there is now in-
creasing evidence that post-teneral diet can play
an important role in sterile male competitiveness
(Blay & Yuval 1997; Taylor & Yuval 1999; Kaspi &
Yuval 2000; Kaspi et al. 2000; Yuval & Hendrichs
2000; Maor et al. 2004; Niyazi et al. 2004). Yuval et
al. (2007) discuss the effect of post-teneral feeding
of sterile medfly males and, more specifically,
whether the addition of protein to the adult diet
enhances mating success. The main conclusion is
that the addition of protein to the adult diet in-
creases male sexual performance, but in some
cases this can be associated with increased suscep-
tibility to starvation. However, when there is suffi-
cient nutrition available in the field, protein fed
and protein deprived males have equal ability find-
ing nutrients in the field. The authors suggest that
the best strategy could be to release protein fed
sterile males, which, though relatively short lived
if nutrients are not found in the field, are highly
competitive, rather than protein-deprived insects
which may live longer but mate less successfully.

D

 

ISPERSAL

 

 

 

AND

 

 S

 

URVIVAL

 

Dispersal and survival tests have been devel-
oped and validated, but there is still need for



 

Cáceres et al.: Quality Management Systems for Fruit Fly SIT 5

 

standardization. The release recapture method
has been used as a quality control test and was
used to evaluate the dispersal ability and survival
of mass reared fruit flies (Shaw et al. 1967; Baker
& Chan 1991). Hernández et al. (2007) present
valuable information on longevity and dispersal
in the field for mass-reared 

 

A. ludens

 

 and 

 

A. obli-
qua

 

. They show that a majority of released sterile
males do not survive the first 3 to 4 d after release
in the field, and hence never reach the sexual ma-
turity required to inseminate wild females. This
information is very important for operational pro-
grams releasing sterile insects in order to modify
the adult holding and release procedures, and to
establish the frequency of releases and distance
between release points.

Meats (2007) presented both actual field data
from 

 

Bactrocera tryoni

 

 (Froggatt) sterile fly re-
leases in Australia and data from simulated mod-
eling studies comparing patterns of fly dispersion
for sterile and wild flies in the field. The more
similar the dispersion patterns, the more effec-
tive will be the sterile fly release, and the lower
will be the expected rate of population increase
for the wild flies. The author provides quantita-
tive estimates of the rate of wild fly increase
based on specific levels of mismatch between ster-
ile and wild fly dispersal patterns. A solution for
large mismatches in dispersal is closer flight
lanes for aerial release, or the use of additional
sterile fly releases in the areas surrounding traps
containing the lowest sterile to wild fly ratios.

Gómez et al. (2007) report data on the longev-
ity of mass-reared irradiated and non-irradiated

 

A. fraterculus

 

 in field cages. Their study showed
that within protected field cages laboratory-
reared flies lived longer than wild flies. Therefore,
they conclude that there was no adverse effect of
irradiation on longevity.

B

 

EHAVIOR

 

 A

 

SSESSMENTS

 

Segura et al. (2007) describe a field cage study
that correlates 

 

A. fraterculus

 

 male mating suc-
cess with pheromone calling activity, perching lo-
cation within the tree canopy, presence in leks,
and morphological characters. The data showed
that some components of the sexual behavior and
some morphological traits were associated with
mating success. Mating success was higher for
males grouped in a region of the tree character-
ized by the highest light intensity during the first
2 h of the morning. Highest mating success was
for pheromone calling males inside a lek.

Sciurano et al. (2007) investigated the signifi-
cance of morphological differences between suc-
cessful and unsuccessful males of 

 

A. fraterculus

 

 in
field cage mating competitiveness tests. Morpho-
metric analyses were used to determine the rela-
tionship between phenotype and copulatory suc-
cess. The authors conclude that no linear associa-

tion existed between expected fitness and mor-
phological traits (wing width and thorax length)
that were suggested as targets of sexual selection.
Nevertheless, they suggest that sexual selection
could be affected by other morphological charac-
ters in 

 

A. fraterculus

 

.
Pereira et al. (2007b) compare the mating suc-

cess of mass-reared, sterile medfly males after be-
ing held for different periods of time in outdoor
conditions. However, no positive effect of the
treatment could be demonstrated. Briceño et al.
(2007a) compared the duration of certain court-
ship elements of mass-reared males courting wild
females. Courtship was filmed in the laboratory,
and videotapes were analyzed. The authors re-
port comparative data on male courtship from 4
wild populations of medfly. The results document
differences of behavior between strains based on
the interaction between males and females of the
same strain. No inter-strain mating comparisons
were carried out.

E

 

NHANCEMENT

 

 

 

OF

 

 C

 

OPULATORY

 

 S

 

UCCESS

 

Exposure of sterile male medflies to ginger root
oil or citrus peel oils significantly improves their
mating success (Shelly 2001; Katsoyannos et al.
2004) and also for Oriental fruit flies exposed to
methyl eugenol (Shelly & Nishida 2004). Progress
has been made in large-scale application of aroma-
therapy for medfly and chemotherapy for the Ori-
ental fruit fly. Incorporating ginger root oil into
medfly sterile release programs may increase the
effectiveness of the SIT and allow a reduction in the
number of sterile flies released (Barry et al. 2003).

Briceño et al. (2007b) analyzed courtship be-
havior of medfly males exposed to ginger root oil.
The results show no clear effect on courtship be-
tween treated and untreated males, though a
small sample of wild females did accept aroma-
tized males faster than control males. Thus, fur-
ther studies are needed to identify the compo-
nents that are responsible for the enhanced male
sexual performance of males treated with ginger
root oil.

C

 

ONCLUSIONS

 

Increasing the efficiency of the SIT is of cardi-
nal importance, both to ensure the success of such
operations and to reduce cost. The CRP has iden-
tified components that may improve quality man-
agement systems and quality control protocols for
SIT. While some reports suggest obvious improve-
ments that could be realized from implementa-
tion of changes identified, others will require
more research before they can be fully imple-
mented into a total quality management system
for fruit fly rearing, sterilization, shipment, hold-
ing, and release. It is clear, however, that this
project has succeeded in bringing together an in-
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ternational group of researchers to take a critical
look at what factors will contribute to improve
mass rearing and handling of sterile flies for im-
proved SIT implementation. In addition, the CRP
fostered networking and collaboration among the
community of basic and applied fruit fly investi-
gators.

The major outcome of this research network
can be summarized as follows:

 

• promotion and implementation of quality
management systems and quality control pro-
tocols

• promotion and implementation of coloniza-
tion techniques to enhance and maintain
strain quality and genetic stability

• promotion and dissemination of the use of
precise standards for measuring sterile male
compatibility and competitiveness under field
conditions

• identification of nutritional factors affecting
sterile male performance

• formulation of protocols for evaluating lon-
gevity and dispersal of sterile fruit flies and
identification of survival problems of sexually
immature sterile males in the field that need
to be addressed

• development and testing of strategies for en-
hancing sterile male performance

• identification of optimal doses of irradiation
in relation to mating competitiveness

• development of SIT-specific dosimetry proce-
dures to allow precise and comparative mea-
surements of the applied radiation dose

• development of a model to optimize radiation
dose, maximizing male competitiveness and
minimizing somatic damage

• development of packaging and long-distance
shipping procedures for fertile eggs or sterile
pupae

• revision of the international quality control
manual for fruit flies (FAO/IAEA/USDA 2003)
and addition of new quality control protocols.

 

Furthermore, it is important that operational
programs implementing the SIT continue rou-
tinely revising and updating all protocols to ensure
increased efficiency. Two-way feedback is essential
between the mass rearing facility and field opera-
tions in order to be able to correct errors during all
aspects of the process. Continued interaction be-
tween different SIT programs is recommended to
exchange information and to further standardize
operational procedures for all SIT components.
However, defining new and better methods to mea-
sure and improve the quality of mass reared in-
sects remains an elusive but overarching goal of
any program implementing the SIT.

Finally, it is necessary to point out that this se-
ries of studies did not cover all the aspects of total
quality management for fruit fly rearing, steril-
ization, shipment, holding, and release as it re-
lates to the SIT application. Therefore, is essen-

tial to continue conducting additional R&D in pri-
ority areas (many identified in this issue) to im-
prove overall efficiency of operational SIT
programs and to facilitate the establishment of
new programs for fruit fly species for which the
technology is not available.

Specific priority areas identified for further
R&D are (1) improving strain selection and col-
ony management, especially adult holding condi-
tions and a better implementation of the filter
rearing system, (2) identifying the optimal radia-
tion dose in terms of induced sterility and compet-
itiveness, (3) identifying the optimal stage for ra-
diation related to the development of the repro-
ductive system in both sexes, (4) addressing the
low survival of released mass-reared flies to the
age of sexual maturity, including the use of hor-
mones for accelerating sexual maturation (Teal
2000), and increasing the low predator evasion
capacity, (5) expanding and validating the use of
nutritional, microbiological, and semiochemical
supplements in the teneral adult diet to enhance
male sexual performance, and (6) evaluating the
effect of pre-release feeding, storage, and chilling
conditions on sterile insect quality.

To support rapid progress in some of the iden-
tified R&D areas, 2 new 5-year FAO/IAEA CRPs
have been initiated, involving scientists from the
world’s main fruit fly research centers and major
fruit fly SIT programs. In 2004 a CRP was initi-
ated on “Improving Sterile Male Performance in
Fruit Fly Programmes”, and in 2005 a second one
was started on “Development of Mass Rearing for
New World (

 

Anastrepha

 

) and Asian (

 

Bactrocera

 

)
Fruit Fly Pests”.
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A

 

BSTRACT

 

The success of Mediterranean fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann) control pro-
grams integrating the sterile insect technique (SIT) is based on the capacity of released the
sterile males to compete in the field for mates. The Islands of Madeira are composed of 2 pop-
ulated islands (Madeira and Porto Santo) where the medfly is present. To evaluate the com-
patibility and sexual performance of sterile flies we conducted a series of field cage tests. At
same time, the process of laboratory domestication was evaluated. 3 wild populations, one
semi-wild strain, and 1 mass reared strain were evaluated: the wild populations of (1) Ma-
deira Island (north coast), (2) Madeira Island (south coast), and (3) Porto Santo Island; (4) the
semi-wild population after 7 to 10 generations of domestication in the laboratory (respectively,
for first and second experiment); and (5) the genetic sexing strain in use at Madeira medfly fa-
cility (VIENNA 7mix2000). Field cage experiments showed that populations of all origins are
mostly compatible. There were no significant differences among wild populations in sexual
competitiveness. Semi-wild and mass-reared males performed significantly poorer in both ex-
periments than wild males in achieving matings with wild females. The study indicates that
there is no significant isolation among strains tested, although mating performance is re-
duced in mass-reared and semi-wild flies after 7 to 10 generations in the laboratory.

Key Words: 

 

Ceratitis capitata

 

, sexual success, medfly domestication, medfly origin, propor-
tion of mating, Madeira

R

 

ESUMEN

 

El éxito de los programas de control de la mosca mediterránea de la fruta (

 

Ceratitis capitata

 

(Wiedemann) que integran la técnica del insecto estéril (TIE) esta basado en la capacidad de
machos esteriles para competir en el campo por sus parejas. Las Islas de Madeira consisten
de 2 islas pobladas (Madeira y Porto Santo) donde la mosca mediterránea de la fruta esta
presente. Para evaluar la compatibilidad y el funcionamiento sexual de moscas estériles no-
sotros realizamos una serie de pruebas de jaula en el campo. Al mismo tiempo, el proceso de
la domesticación en el laboratorio fue evaluado. Tres poblaciones naturales, una población
semi-natural y una población criada en masa fueron evaluadas: las poblaciones natural de
(1) Isla de Madeira (costa norte), (2) Isla de Madeira (costa sur) y (3) Isla de Porto Santo; (4)
una población semi-natural después de 7 a 10 generaciones de domesticación en el laborato-
rio (respectivamente, para el primero y segundo experimento); y (5) la raza para separar
sexos genéticamente que es usada en el laboratorio de la mosca mediterránea de Madeira
(VIENNA 7mix2000). Los experimentos usando jaulas en el campo mostraron que las pobla-
ciones de diferentes origines fueron en su mayor parte compatibles. No hubo diferencias sig-
nificativas en la capacidad para competir sexualmente entre las poblaciones naturales. Los
machos semi-naturales y los machos criados en masa mostraron un desempeño significati-
vamente bajo en ambos experimentos que los machos naturales en el logro de copula con las
hembras naturales. Este estudio indica que no hay un aislamiento significativo entre las ra-
zas probadas, aunque el desempeño en el apareamiento fue reducido en las moscas criadas

 

en masa y semi-naturales después de 7 a 10 generaciones en el laboratorio.

 

The Madeira Islands are located 980 km WSW
from mainland Portugal (32°N and 17°W) and are
composed by two populated islands. Porto Santo
is small (about 50 km

 

2

 

) with topographic (maxi-
mum altitude 571 m) and temperature conditions
favourable to the Mediterranean fruit fly (medfly)

 

Ceratitis capitata

 

 (Wiedemann). However, poor
soil and low rainfall (380 mm/year) do not permit
an abundance of host fruits (the fig 

 

Ficus carica

 

and 

 

Opuntia

 

 spp. are exceptions in terms of abun-

dance). The main island, Madeira (740 km

 

2

 

), is
volcanic with very little level land suitable for
large agricultural production. The north coast is
cooler than the south coast (air temperature at
sea level in the north corresponds to air tempera-
ture at 300 m elevation in the south) and the max-
imum elevation is 1881 m. The climate of Madeira
Island, particularly below 600 m over sea level on
the south coast and 400 m on the north coast, is
favourable for the development of large medfly
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populations. Conditions in Funchal (sea level in
south coast), the capital city, and in low altitude
areas are very favourable for medfly throughout
the year. There are eight generations per year in
the Funchal area (Vieira 1952).

Insects of the same species may behave differ-
ently in different geographical areas depending
on variations in selection pressures (Thornhill &
Alcock 1983). However, recent studies with wild
medflies from different origins around the world
(Argentina, Australia, Crete, Guatemala, Kenya,
Madeira-Portugal, Reunion-France, and South
Africa) show mating compatibility with each
other (Cayol et al. 2002). The same authors tested
wild flies against mass reared genetic sexing
strains (VIENNA 4/Tol-94, VIENNA 7-97, SEIB
6-96, and AUSTRIA 6-96 (Franz 2005)) and no
sexual isolation was found. However, the data
showed that males from some origins perform
better than others, including lower compatibility
of Madeira flies with sexing strains tested.

Due to these findings, and because the Ma-
deira-Med SIT program is currently ongoing in
the Madeira Islands (Pereira et al. 2000), we per-
formed additional studies to investigate in field
cage tests the mating compatibility of locally
mass produced sterile flies. A discrepancy in ster-
ile male sexual performance observed in previous
field cage tests conducted in Madeira (Dantas et
al. 2004) underlined the need for this new study
to confirm if there is some sexual isolation be-
tween sterile flies being released and wild flies
from different origins in the Madeira Islands.

The evident difference in host structure and
the isolation of the 2 islands (50 km apart), plus
the semi-isolation between north and south
coasts of Madeira Island provided a basis for com-
parison of the different populations. We tested the
possibility of any isolation among these 3 medfly
populations Porto Santo Island, north coast of
Madeira, and south coast of Madeira. Addition-
ally, the mating compatibility of these 3 wild pop-
ulations with sterile flies and a semi-wild popula-
tion was studied.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Five different populations of medfly were stud-
ied: (1) wild flies from south coast of Madeira Is-
land (SC); (2) wild flies from north coast of Ma-
deira Island (NC); (3) wild flies from Porto Santo
Island (PS); (4) semi-wild flies after 7 to 10 gener-
ations in the laboratory (SW); and (5) sterile flies
from Madeira-Med factory (L), strain VIENNA
7mix2000 (Franz 2005).

Two sets of field cage tests were conducted,
each comparing males of 4 of the above 5 popula-
tions. The reason for this was due to wild fly avail-
ability (an incompatibility of fly abundance peak
between wild medfly populations from Porto
Santo Island and the north coast of Madeira Is-

land). In the first set (June and July, 2002) 17 cage
tests were conducted (7 with PS females, 6 with
SC females, and 4 with SW females). In the sec-
ond set (October, 2002), 24 cage tests were carried
out (8 with females from each of NC, SC, and SW).

Wild medflies were collected as pupae from lar-
val survey samples (mixed hosts like peach,
guava, apricot, and others). Semi-wild flies came
from a small laboratory colony reared under low
stress conditions. This colony was established
with flies obtained from the fruit sampling of the
Madeira Medfly program (Pereira 2001), i.e., from
a mixture of hosts from the entire Madeira Is-
land. Pupae of the mass-reared strain were irra-
diated with 100 Gy under hypoxia in a Gamma-
cell 

 

60

 

Co irradiator (Nordion, Canada) 24-48 h be-
fore emergence.

Pupae from all the strains were placed in a
standard quality control plexiglas cage (30 cm 

 

×

 

30 cm 

 

×

 

 40 cm) until emergence. In the first 24 h
after emergence, the insects were sexed and fe-
males were kept in separate rooms from males to
avoid contact with the male pheromone before the
tests. In the case of the L (sterile) treatment, only
males were used. All flies were maintained at 24
± 2°C, 65 ± 5% RH and natural light (no artificial
lighting was supplied) in 2-L plastic containers
with water and adult food (1 part hydrolyzed
yeast and 3 parts sugar) 

 

ad libitum

 

.
At the time of release into field cages wild and

semi-wild females were 11 to 13 d old, wild and
semi-wild males 9 to 11 d old, and mass reared
sterile males were 5 d old. Healthy flies were se-
lected for the experiments and marked with a dot
of water-based paint on the thorax the day before
the field cage tests.

The field cages were cylindrical, with a flat
floor and ceiling (2.9 m diameter and 2.0 m
height) supported by a PVC frame (Calkins &
Webb 1983). A potted 1.8-m high citrus tree was
placed into each cage to serve as a substrate ter-
ritory for sexual interactions.

The testing period covered the time of maxi-
mum sexual activity of medfly (sunrise to 12:00
h), and was conducted according to FAO/IAEA/
USDA (2003). Male flies were released 30 min be-
fore the females so that they could start forming
leks (Prokopy & Hendrichs 1979). In each cage, 60
males (15 from each of 4 treatments) were re-
leased to compete for 30 wild females.

Temperature, relative humidity, and light in-
tensity in the field cages were recorded every 30
min. The mating pairs were recorded during a
continuous census, and after initiation of mating,
pairs were collected in 20-mL vials. The mating
time, location on the tree, and leaf side were re-
corded. The observers had no prior information
about which kind of males were in the cages.

In the field cage tests we measured the propor-
tion of flies mating (PM) (McInnis et al. 1996),
and a mating by origin index (MOI) that mea-
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sures the sexual success of males from different
origins. The former index was adapted from the
relative sterility index (RSI) used in SIT opera-
tions to measure the mating success of sterile
males when competing with wild males (McInnis
et al. 1996). The PM measures the suitability of
the flies and the environment for mating. It rep-
resents the overall mating activity of the flies,
both wild and sterile, and is defined as follows:

The MOI was defined to measure the matings
achieved by males from a certain origin in rela-
tion to the total matings. The expected index
would be 0.25, since we used cages with 4 kinds of
males evenly distributed (15 from each strain).

Data were analyzed by analysis of variance
(ANOVA). If differences in means were detected,
a complementary multiple comparisons of means
test (Tukey’s honest significant difference test)
was performed (Ott & Longnecker 2001). The sig-
nificance value was 95% (

 

α

 

 = 0.05). Statistical
analyses were performed with R software (ver-
sion 2.1.0, www.r-project.org).

R

 

ESULTS

 

Results of the first set of field cage tests show
no significant differences (

 

F

 

 

 

= 3.16, 

 

df

 

 = 2,14; 

 

P

 

 =
0.0737) between the PM of the 3 strains of fe-
males used (Fig. 1). The PM was always above the
minimum required (0.20) for data analysis (FAO/
IAEA/USDA 2003). The MOI index that measures
the relative male sexual success competing for a
female is presented on Table 1, independently
and pooled together. The data show significantly
lower sexual success for mass-reared sterile
males against all kinds of females in the experi-
ment. Surprisingly, PS males performed signifi-
cantly better when competing for SC females, but

not when competing for females of their own
strain (even with slightly higher PM) and the SW
females. The overall data show no significant dif-
ferences between the two wild strains (PS and
SC). However, PS males performed significantly
better than SW and L males, while SC males were
only significantly better than L males.

The second set of field cage tests again showed
no significant differences in PM (

 

F

 

 = 1.768; 

 

df

 

 =
2,21; 

 

P

 

 = 0.1951) among the females tested (SC,
NC, and SW) (Fig. 2). As in the previous experi-
ment, the PM is always above the minimum re-
quired (0.25) for data analysis (FAO/IAEA/USDA
2003). In terms of MOI (Table 2), the data are
slightly different from the first set of experi-
ments. Males from SW and L show a significantly
lower MOI than the other males (NC and SC)
when competing for NC and SW females. The
same is true for the overall data. However, the
MOI data show no significant differences among
the 4 male treatments tested (SC, NC, SW, and L)
when competing for SC females.

D

 

ISCUSSION

 

The data obtained in this study show the normal
lower competitiveness of sterilized mass-reared
males, but clearly no significant isolation in terms
of mating compatibility among all the strains of

PM Number of pairs collected
Number of females released
-------------------------------------------------------------------=

MOI Number of matings of a certain origin male
Total matings

--------------------------------------------------------------------------------------------------------=

Fig. 1. Proportion of Mediterranean fruit fly females
mating (PM ± SD) from different origins (PS—Porto
Santo Island, SC—south coast of Madeira Island, and
SW—semi-wild after 7 generations in laboratory). The
data show no significant differences (P = 0.0737).
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 = 0.05).

Female origin Number of cages

Male origin

PS SC SW L

PS 7 0.37 a 0.29 ab 0.25 b 0.09 c
SC 6 0.42 a 0.26 b 0.23 b 0.09 c
SW 4 0.39 a 0.28 a 0.27 a 0.06 b
Totals 17 0.39 a 0.28 ab 0.24 b 0.09 c
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flies tested. These results were expected in accor-
dance with the compatibility studies of Cayol et al.
(2002) for several medfly strains from many re-
gions of the world, including Madeira Island.

Important results were obtained when re-
cently domesticated male medflies were tested in
the field cages. These semi-wild males performed
significantly worse compared to the best wild
male treatment in each of the experiments. How-
ever, the semi-wild males performed better than
sterilized mass-reared males. The phenomenon of
rapid decrease in mating sexual performance
soon after strains of flies are adapted to mass-
rearing conditions is well documented (Econo-
mopoulos 1992; Orozco & López 1993; Cayol
2000). The loss of sexual competitiveness of re-
cently domesticated flies (only 7 to 10 generations
from the wild) even under low stress conditions,
i.e., low adult fly and larval density, respectively,
in adult cages and in larval diet, is likely a result
of high selection pressure that laboratory condi-
tions impose on the insects.

The phenomenon of rapid strain deterioration
after colonization is likely more evident when un-
der the high stress of mass-rearing conditions as
is common in the medfly factories around the
world. For this reason, the development of a filter
rearing system (Fisher & Cáceres 2000) to man-
age mother colonies under rearing conditions (fly

density, sex-ratio, and physical features) more
similar to conditions found in nature, as described
by Robinson et al. (2002), is recommended.

In conclusion, our data indicate no mating in-
compatibility among strains tested and also sup-
port the need to improve sterile male competitive-
ness by instituting in medfly mass rearing facili-
ties filter rearing systems to manage adult colo-
nies under less stressful conditions.

A

 

CKNOWLEDGMENTS

 

This research was financially supported by the Inter-
national Atomic Energy Agency (IAEA), through research
contract POR 10842, and the Madeira-Med SIT Program.

 

R

 

EFERENCES

 

 C

 

ITED

 

C

 

ALKINS

 

, C. O., 

 

AND

 

 J. C. W

 

EBB

 

. 1983. A cage and sup-
port framework for behavioural tests of fruit flies in
the field. Florida Entomol. 66: 512-514.

C

 

AYOL

 

, J. P. 2000. Changes in sexual behavior and in
some life history traits of tephritid species caused by
mass-rearing process, pp. 843-860 

 

In

 

 M. Aluja and
A. L. Norrbom [eds.], Fruit Flies (Tephritidae): Phy-
logeny and Evolution of Behavior. CRC Press, Boca
Raton, Florida, USA.

C

 

AYOL

 

, J. P., P. C

 

ORONADO

 

, 

 

AND

 

 M. T

 

AHER

 

. 2002. Sexual
compatibility in medfly (Diptera: Tephritidae) from
different origins. Florida Entomol. 85: 51-57.

D

 

ANTAS

 

, L., R. P

 

EREIRA

 

, N. S

 

ILVA

 

, A. R

 

ODRIGUES

 

, 

 

AND

 

R. COSTA. 2004. The SIT control programme against
medfly on Madeira Island, pp 127-130 In B. N. Barnes
[ed.], Proc. 6th International Symposium on Fruit Flies
of Economic Importance. Stellenbosch, South Africa.
Isteg Scientific Publications, Irene, South Africa.

ECONOMOPOULOS, A. P. 1992. Adaptation of the Medi-
terranean fruit fly (Diptera: Tephritidae) to artificial
rearing. J. Econ. Entomol. 85: 753-758.

FAO/IAEA/USDA. 2003. Manual for Product Quality
Control and Shipping Procedures for Sterile Mass-
Reared Tephritid Fruit Flies. Version 5.0. Interna-
tional Atomic Energy Agency, Vienna, Austria.

FISHER, K., AND C. CÁCERES. 2000. A Filter rearing sys-
tem for mass reared genetic sexing strains of Medi-
terranean fruit fly (Diptera: Tephritidae), pp. 543-
550 In T. K. Hong [ed.], Area-wide Control of Fruit
Flies and Other Insect Pests. Universiti Sains Ma-
laysia Press. Penang, Malaysia.

TABLE 2. MATING BY ORIGIN INDICES (MOI) FOR SOUTH COAST OF MADEIRA ISLAND (SC), NORTH COAST OF MADEIRA
ISLAND (NC), SEMI-WILD (SW) AND STERILE MASS-REARED (L) MEDITERRANEAN FRUIT FLY MALES WHEN IN
PRESENCE OF SC, NC, SW FEMALES, AND POOLED RESULTS. ROWS WITH THE SAME LETTER PRESENT NO SIG-
NIFICANT DIFFERENCES AMONG MALES OF DIFFERENT ORIGIN (TUKEY’S HONESTLY SIGNIFICANT DIFFER-
ENCE TEST, α = 0.05).

Female origin Number of cages

Male origin

SC NC SW L

SC 8 0.30 a 0.28 a 0.25 a 0.17 a
NC 8 0.34 a 0.37 a 0.16 b 0.13 b
SW 8 0.34 a 0.34 a 0.19 b 0.13 b
Totals 24 0.33 a 0.32 a 0.20 b 0.15 b

Fig 2. Proportion of Mediterranean fruit fly females
mating (PM ± SD) from different origins (SC—south
coast and NC—north coast of Madeira Island, and SW—
semi-wild after 7 generations in the laboratory). The
data show no significant differences (P = 0.1951).



14 Florida Entomologist 90(1) March 2007

FRANZ, G. 2005. Genetic sexing strains amenable to
large scale rearing as required for the sterile insect
technique, pp. 427-452 In V. A. Dyck, J. Hendrichs,
and A. S. Robinson [eds.], The Sterile Insect Tech-
nique: Principles and Practice in Area-Wide Inte-
grated Pest Management. Springer, Dordrecht, The
Netherlands. 787 pp.

MCINNIS D. O., D R. LANCE, AND C. G. JACKSON. 1996.
Behavioral resistance to sterile insect technique by
the Mediterranean fruit fly in Hawaii. Ann. Ento-
mol. Soc. Am. 89: 739-744.

OROZCO, D., AND R. O. LÓPEZ. 1993. Mating competi-
tiveness of wild and laboratory mass-reared med-
flies: effect of male size, pp. 185-188 In M. Aluja and
P. Liedo [eds.], Fruit flies: Biology and Management.
Springer-Verlag, New York, New York, USA.

OTT, R. L., AND M. LONGNECKER. 2001. An Introduction
of Statistics Methods and Data Analyses (5th edn.).
Duxbury Publishers, Pacific Grove, California, USA. 

PEREIRA, R. 2001. Madeira-Med, pp. 107-114 In Proc.
“Sterile Insect Technique as an Environmentally

Friendly and Effective Insect Control System”, Fun-
chal, Madeira, Portugal.

PEREIRA, R., A. BARBOSA, N. SILVA, L. DANTAS, J. CAL-
DEIRA, AND J. PACHECO. 2000. Madeira-Med pro-
gram, sterile insect technique against Mediterranean
fruit fly in Madeira, Portugal, pp. 443-438 In T. K.
Hong [ed.], Area-wide Control of Fruit Flies and Other
Insect Pests. Universiti Sains Malaysia Press. Pen-
ang, Malaysia.

PROKOPY, R. J., AND J. HENDRICHS. 1979. Mating behav-
iour of Ceratitis capitata on a field-caged host tree.
Ann. Entomol. Soc. Am. 72: 642-648.

ROBINSON, A., J. P. CAYOL, AND J. HENDRICHS. 2002.
Recent findings on medfly sexual behavior: Implica-
tions for SIT. Florida Entomol. 85: 171-181.

THORNHILL, R., AND J. ALCOCK. 1983. The Evolution of
Insect Mating Systems. Harvard University Press,
Cambridge, Massachusetts, USA.

VIEIRA, R. 1952. A mosca da fruta (Ceratitis capitata,
Wied.) na Ilha da Madeira. Grémio dos Exportadores
de Frutas da Ilha da Madeira. Madeira, Portugal,
219 pp.



 

Briceño et al.: Courtship in Wild Medfly Strains 15

 

COURTSHIP BEHAVIOR OF DIFFERENT WILD STRAINS
OF 

 

CERATITIS CAPITATA 

 

(DIPTERA: TEPHRITIDAE)

 

D

 

ANIEL

 

 B

 

RICEÑO

 

1

 

, W

 

ILLIAM

 

 E

 

BERHARD

 

1, 2

 

, J

 

UAN

 

 V

 

ILARDI

 

3

 

, J

 

EAN

 

-P

 

IERRE

 

 C

 

AYOL

 

4

 

 

 

AND

 

 T

 

ODD

 

 S

 

HELLY

 

5

1

 

Escuela de Biología, Universidad de Costa Rica, Ciudad Universitaria, Costa Rica

 

2

 

Smithsonian Tropical Research Institute, Costa Rica

 

3

 

Dpto. de Ciencias Biológicas, Facultad de Ciencias Exactas y Naturales
Universidad de Buenos Aires, 1428 Buenos Aires, Argentina

 

4

 

Technical Cooperation Division, IAEA, Wagramerstrasse 5, P.O. Box 100 A-1400, Vienna, Austria

 

5

 

USDA/APHIS/CPHST, 41-650 Ahiki St. Waimanalo, HI 96795 U.S.A

A

 

BSTRACT

 

This study documents differences in the courtship behavior of wild strains of 

 

Ceratitis cap-
itata

 

 (Wiedemann) from Madeira (Portugal), Hawaii (U.S.A.), Costa Rica, and Patagonia (Ar-
gentina). Some traits showed large variations and others substantial overlaps. The angle at
which the male faced toward the female at the moment of transition from continuous wing
vibration and intermittent buzzing changed very little during the course of courtship in all
strains, but males from Madeira tended to face more directly toward the female than other
males. Females tended to look more, and more directly, toward the males as courtship pro-
gressed in all strains. The distance between male and female tended to decrease as courtship
proceeded in all strains, but the distances at which males initiated continuous vibration, in-
termittent buzzing, and jumped onto the female were relatively less variable between
strains, except for the strain from Costa Rica. Flies of Madeira courted for longer and the
male moved his head and buzzed his wings longer than the other strains.

Key Words: courtship behavior, wild flies, medfly, geographic differences, Madeira, Costa
Rica, Argentina, Hawaii

R

 

ESUMEN

 

Este estudio documenta diferencias en el comportamiento de cortejo de cepas silvestres de

 

Ceratitis capitata

 

 (Wied.) provenientes de Madeira (Portugal), Hawaii (Estados Unidos de
Norte América), Costa Rica y Patagonia (Argentina). Algunas características mostraron
grandes variaciones y traslape substancial. Los ángulos a los cuales los machos miraron ha-
cia las hembras cambiaron muy poco en el momento de la transición de la vibración continua
al zumbido intermitente durante el curso del cortejo en todo las cepas, pero los machos de
Madeira tendieron a enfrentar más directamente a la hembra que otros machos. Los ángulos
de las hembras disminuyeron claramente durante el cortejo en todas las cepas. La distancia
entre el macho y la hembra tendió a disminuir conforme el cortejo continuaba en todas las
cepas, pero las distancias a las cuales los machos iniciaron la vibración continua, el zumbido
intermitente, y el salto sobre la hembra eran relativamente menos variables entre cepas ex-
cepto la cepa de Costa Rica. Moscas de Madeira cortejaron más tiempo y el macho movió su
cabeza y zumbaba sus alas mas prolongadamente que las otras cepas.

 

Translation provided by the author.

 

The use of sterile males for the integrated con-
trol populations of 

 

Ceratitis capitata

 

 (Wiede-
mann) makes it economically important to under-
stand which male stimuli induce females to mate,
in order to design appropriate quality control
measures for mass-reared males (FAO/IAEA/
USDA 2003;Calkins & Parker 2005). Because it is
difficult to induce wild flies to reproduce in the
laboratory (Rössler 1975), some strains have been
maintained under mass-rearing conditions for

many years. These conditions differ from those in
the wild in a number of respects (Cayol 2000).
Briceño & Eberhard (1998) found that males from
mass-reared strains court for shorter periods be-
fore attempting to mount the female, apparently
due to the crowded conditions in mass rearing
cages which result in frequent interruptions of
courtships. There are at least five differences be-
tween the sexual behavior of mass-reared males
and wild males (Briceño & Eberhard 2002a).
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Mass-reared males are generally less able to
induce wild females to copulate than wild males.
Although several aspects of male courtship be-
havior are known to have changed in at least
some mass-reared strains (Zapien et al. 1983; Li-
imatainen et al. 1997; Briceño & Eberhard 1998;
Calcagno et al. 1999; Briceño et al. 2001), it is not
clear whether these or other male traits are more
important in producing this inferiority (Eberhard
2000). Such differences in male behavior may re-
sult in partial reproductive isolation between
strains (Lux et al. 2002).

This paper explores the possibility that there
are differences in courtship behavior among four
wild 

 

C. capitata

 

 populations from Costa Rica, Pa-
tagonia (Argentina), Hawaii (USA) and Madeira
(Portugal). Differences between wild strains may
have important implications for development
strategies for SIT implementation (Dyck et al.
2005).

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Flies of each strain were separated by sex
within 48 h of emergence as adults, and kept in
buckets topped with screen, with 

 

ad libitum

 

 ac-
cess to water and hydrolyzed yeast and sugar
(1:3). Wild flies from Costa Rica were raised from
larvae that emerged from infested tangerines col-
lected at the Estación Experimental Fabio
Baudrit near Alajuela, Costa Rica. Wild flies from
Argentina were a laboratory F

 

2

 

 derivative from
flies raised from fruit collected in the field in the
Alto Valle region of Patagonia. Wild flies from Ha-
waii were raised from larvae collected from coffee
fruit on Kauai. Wild flies from Madeira were col-
lected from infested mixed hosts.

Flies in Costa Rica and Hawaii were video-
taped in plastic chambers that were 13.7 cm
diam. and 1.8 cm tall. They were videotaped from
below through a transparent glass table (Briceño
& Eberhard 1998) with a Sony Hi8 camcorder
equipped with +6 close-up lenses. Pairs from Pat-
agonia and Madeira wild flies were videotaped in
a clear plastic cylinder 7.3 cm high and 9.0 cm in
diameter. Each morning a fresh leaf from a citrus
tree was attached to the ceiling of the cage, and a
male was released in the cage (or mating cham-
ber). Five min after the male began emitting
pheromone, a female was released into the cage,
and the behavior of the 2 flies was recorded for 30
min or until they copulated. Flies in mating trials
were sexually mature, 10 days old, and each fly
was used only once.

Measurements of different aspects of courtship
behavior that led to a mounting attempt by the
male were made from frame by frame analyses of
videotapes. Only a single courtship was analyzed
for each male to avoid pseudoreplication. Dura-
tions of the following male behaviors were ana-
lyzed: (1) continuous wing vibration (wings di-

rected postero-laterally and vibrated rapidly
dorso-ventrally); (2) intermittent buzzing (wings
moved back and forth from being directed poste-
riorly over to the abdomen to anteriorly and also
vibrated rapidly); for detailed descriptions of both
these wing movements, see Briceño & Eberhard
(2000b); (3) head rocking (head was rotated from
side to side and turned and laterally just before
intermittent buzzing began); (4) the total time the
female remained immobile (no walking) before
the male launched his mounting attempt; (5) and
total courtship duration from the start of contin-
uous vibration until the mounting attempt.

The directions the 2 flies were facing with re-
spect to the midpoint of the other fly’s prothorax
and the distances between them were determined
at 3 stages of the courtship (initiation of continu-
ous wing vibration; initiation of intermittent
buzzing; and launch of the male’s jump onto the
female) with 0° indicated that one fly was facing
directly toward the other. The “male angle” was
the angle between the direction the male faced
and the orientation directly toward the female;
the “female angle” was the equivalent for the fe-
male.

In Madeira and Hawaii strains the time dur-
ing which the male’s aristae touched those of the
female was measured because contact with the
male’s sexually dimorphic aristae during head
rocking and buzzing appears to be and important
part of medfly courtship (Briceño & Eberhard
2002b). The number of bouts of wing buzzing was
counted in 2 strains. All means are followed by +
SD. Statistical tests were Mann-Whitney 

 

U

 

 Tests
unless otherwise specified.

R

 

ESULTS

 

Data in Table 1 show that there were differ-
ences between at least 1 pair of geographic
strains in 12 of the 14 variables measured (the fe-
male angle when the male jumped, and the
amount of time the female was quiet before the
male jumped, are exceptions). There were also
large differences in most variables (especially
males vibrating and wing buzzing), and substan-
tial overlaps between different strains in most be-
havioral traits. Madeira males rocked their heads
and buzzed their wings significantly longer, and
their total courtship was also longer.

The male angles at the moment of transition
between wing vibration and wing buzzing
changed very little during the course of courtship
in all strains, but males from Madeira tended to
face more directly toward the female than other
males. Female angles clearly decreased during
courtship in all strains. The distance between the
male and female tended to decrease as courtship
proceeded in all strains. The distances at which
males initiated continuous vibration, intermit-
tent buzzing, and jumped onto the female were
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relatively less variable among strains, except for
the strain from Costa Rica.

D

 

ISCUSSION

 

Our results confirm several conclusions from
previous studies regarding possible female accep-
tance variables. The gradual reduction in the dis-
tance between male and female, the increase in
the female’s tendency to look more directly to-
ward the male, and her relative immobility prior
to the male’s jump are in accordance with the idea
that one result of successful male courtship be-
havior is to induce the female to approach him, to
look directly toward him, and to remain immobile
(Briceño & Eberhard 2002a).

Lux et al. (2002) measured average duration of
vibration and buzzing in 3 wild populations, and
reported that in flies from Israel and Patagonia
these activities lasted longer than in flies from
Kenya (likely to be more similar to the original
ancestor of this African species) but failed to
present data or statistical tests. The values for
wing vibration in the Kenyan populations we
studied were much lower, i.e., 8.6-17.2 compared
to 57.9 (Lux et al. 2002). One behavior (head rock-
ing) that was absent in one of the wild strains (Is-
rael) studied by Lux et al. (2002) was present in
all the strains we studied.

There are several possible reasons for geo-
graphic differences in courtship behavior, includ-
ing founder effects and divergent sexual selection
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Duration (seconds)
femquiet 8.0 ± 6.3 ns 5.9 ± 3.7 ns 5.8 ± 4.9 ns 5.9 ± 5.6 ns
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head rocking 3.9 ± 4.6 c1 0.77 ± 0.45 c2 3.3 ± 4.8 c2,3 1.4 ± 1.3 c1,3

court 29.4 ± 27.1 c1 19.8 ± 20.3 c1,2 15.7 ± 113.5 c2 16.8 ± 10.6
antenna touches 9.4 ± 8.7 ns 5.6 ± 4.3 ns
number buzzes 21.3 ± 13.7 ns 28.7 ± 16.2 ns

N 32 56 17 38

contmal =male angle when continuous vibration began
contfem = female angle when continuous vibration began
intermal = male angle when intermittent buzzing began
interfem = female angle when intermittent buzzing began
jumpmal = male angle when male jumped onto female
jumpfem = female angle when male jumped onto female
distcont = distance in cm between flies when male began continuous vibration
distinter = distance in cm between flies when male began intermittent buzzing
distjump = distance in cm between flies when male jumped onto female
disthead = distance in cm between flies when male began head rocking
femquiet = time in s female was motionless prior to the male’s jump
vibrate = duration in s of continuous wing vibration
buzz = duration in s of intermittent buzzing
court = duration in s of entire courtship
antenna touches = duration in s of the antenna touches by the male during intermittent buzzing
head rocking = duration in s for head rocking



18 Florida Entomologist 90(1) March 2007

in different populations. The behavioral differ-
ences between wild flies indicate that there is ap-
preciable genetic variation for these male court-
ship traits in field populations. The question of
whether variation exists in male traits under sex-
ual selection in natural populations has been con-
troversial. Our results are in accord with the
trend for genetic variation seen in other groups
(Anderson 1994). On a practical level, the vari-
ance we found means that relatively large sam-
ples of courtships are needed to test for signifi-
cant differences among strains. The differences
between strains documented here involved males
interacting with females of the same strain.
Given the probable effects of the behavior of one
sex on that of the other (Briceño & Eberhard
2002b), it is not possible to attribute differences
to one sex or the other until cross-strain pairs are
studied.

There was an apparent tendency of the wild
Madeira males to rock their heads and buzz their
wings significantly longer, and to court for longer
before mounting. Because it appears that Ma-
deira females are the “choosiest” among popula-
tions studied (Cayol et al. 2002), this could sug-
gest that males with this suite of behaviors would
be good candidates for medfly SIT operations
world-wide.
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SEXUAL COMPETITIVENESS AND COMPATIBILITY BETWEEN MASS-REARED
STERILE FLIES AND WILD POPULATIONS OF 

 

ANASTREPHA LUDENS

 

(DIPTERA: TEPHRITIDAE) FROM DIFFERENT REGIONS IN MEXICO
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Central Poniente No. 14 altos—Esq. 2ª Avenida Sur. CP 30700 Tapachula, Chiapas, Mexico

A

 

BSTRACT

 

The mass-reared colony of 

 

Anastrepha ludens

 

 (Loew) currently used in Mexico for suppres-
sion of the Mexican fruit fly has been in use for over 10 years. Sterile flies are released into
a wide range of environmental conditions as part of an integrated area-wide approach to
suppress diverse populations of this pest in the Mexican Republic. This paper assesses the
performance of the sterile flies interacting with wild populations from the different environ-
ments. We investigated the sexual compatibility and competitiveness of the sterile flies
when competing with wild populations from 6 representatives Mexican states: Nuevo León,
Tamaulipas, Sinaloa, Nayarit, Michoacán, and Chiapas. Results show that the males of the
wild populations differed in the time to the onset and peak of sexual activity. Nevertheless,
the index of sexual isolation (ISI) reflected sexual compatibility between the populations and
the mass-reared strain, indicating that the sterile individuals mate satisfactorily with the
wild populations from the 6 states. The male relative performance index (MRPI) showed
that the sterile male is as effective in copulating as the wild males. The female relative per-
formance index (FRPI) reflected a general tendency for wild females to copulate in greater
proportion than the sterile females, except for the strains from Tamaulipas and Chiapas. In
general, the lower participation of the sterile females in copulation increases the possibili-
ties of sterile males to mate with wild females. The relative sterility index (RSI) showed that
the acceptance by wild females of the sterile males (25-55%) was similar to that of wild
males. Females of the Chiapas strain showed the lowest acceptance of sterile males. Finally,
the results obtained in the Fried test (which measures induced sterility in eggs) showed a
competitiveness coefficient ranging from 0.2 to 0.5. This suggests that sterile males success-
fully compete and are compatible with flies from different geographic origins.

Key Words:

 

 

 

Anastrepha ludens

 

, Tephritidae, SIT, sexual compatibility, competitiveness,
Mexico

R

 

ESUMEN

 

La colonia actualmente usada para controlar la mosca mexicana de la fruta, 

 

Anastrepha
ludens

 

 (Loew), en México tiene mas de 10 años en cría masiva. Los insectos estériles son li-
berados en una gran variedad de condiciones ambientales como parte de un control integrado
para suprimir diversas poblaciones de esta plaga dentro de la República Mexicana. El obje-
tivo de este documento esta dirigido a revisar el desempeño de las moscas estériles frente a
poblaciones silvestres procedentes de diferentes ambientes y para esto se realizaron compa-
raciones de compatibilidad y competitividad sexual de las moscas estériles contra poblaciones
silvestres de seis estados representativos de la República Mexicana: Nuevo León, Tamauli-
pas, Sinaloa, Nayarit, Michoacán y Chiapas. Los resultados obtenídos manifiestan diferen-
cias en el horario de inicio de llamado y mayor actividad sexual del macho entre las moscas
provenientes de cada estado. Sin embargo el índice de aislamiento (ISI) reflejó compatibilidad
sexual entre la cepa de laboratorio y todas las poblaciones analizadas, indicando que los in-
dividuos estériles pueden aparearse satisfactoriamente con las poblaciones silvestres de los
seis estados. El índice de efectividad de apareamiento del macho (MRPI) reflejó de manera
global que los machos estériles son tan efectivos para copular como los silvestres. El índice de
efectividad de apareamiento de la hembra (FRPI) reflejó que en la mayoría de los estados las
hembras silvestres copularon en mayor proporción que las hembras estériles, excepto para
las poblaciones de Tamaulipas y Chiapas. En general, la baja participación de las hembras es-
tériles en el campo permitió al macho estéril ampliar su probabilidad de apareamiento con las
hembras silvestres. En cuanto al índice de esterilidad relativa (RSI), observamos que la acep-
tación de las hembras silvestres al macho estéril (25-55%) fue similar a la de los machos sil-
vestres. Las hembras de la población de Chiapas registró la menor aceptación. Finalmente,
los resultados obtenídos en la prueba de Fried, la cual determina la esterilidad inducida pre-
sentaron un coeficiente de competitividad entre 0.2 y 0.5. Esto sugiere que los machos estéri-
les compliten exitosamente y son compatibles con moscas de diferentes orígenes geográficos.
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The extraordinary capacity of 

 

Anastrepha
ludens 

 

(Loew) (Diptera: Tephritidae) to adapt to
diverse environments allows its proliferation in
semitropical, tropical, and desert climates, and it
is considered a pest throughout Mexico (Aluja
1994). The effectiveness of the sterile insect tech-
nique (SIT) applied as part of area-wide integrated
pest management (AW-IPM) programs depends on
the efficient transfer of sperm carrying dominant
lethal mutations from sterile males to wild females
(Knipling 1955). Thus, the success or failure of a
sterile insect release is critically dependent on the
quality and the ability of sterile males to search for
and copulate effectively with wild females.

Mass rearing requires a broad and deep knowl-
edge of the pest insect’s biology and ecology in or-
der to produce large numbers of insects without
compromising insect quality. In most mass-rear-
ing facilities there is a tendency to maintain the
same strain for long periods of time (Roessler
1975). As a consequence, and after a certain num-
ber of generations of mass-rearing, insect quality
tends to deteriorate (Partridge 1996).

Research has been conducted with field caged
host trees and different tephritids to assess the
changes that occur in the sexual behavior of mass-
reared sterile fruit flies in comparison with wild
populations. It has been found that the high den-
sities at which adult flies are commonly kept in
mass-rearing may be selecting for traits such as
males with simpler courting sequences, changes
in sexual competitiveness, shorter copulation, and
less discriminating females (Calkins 1984; Harris
et al. 1986; Boake et al. 1996; Iwahashi 1996;
Briceño & Eberhard 1998). One of the ways to
counteract this development is to regularly re-
place the colony. Nonetheless, one of the main
problems observed during colonization of a new
strain is the production bottleneck that occurs in
the initial phase of colonization, where only a
fraction of the individuals survive and reproduce
(Leppla et al. 1983; Leppla 1989). This increases
the time required to achieve the required colony
size and reduces the initial gene pool of the new
strain. Over the medium term, this reduction may
cause deviations in the behavior of laboratory
flies, such as strain incompatibility and sexual
isolation, with respect to the wild flies.

To monitor mating compatibility and competi-
tiveness changes, quality control field cage tests
have to be conducted (FAO/IAEA/USDA 2003).
For this study, mating compatibility refers to ran-
domness of mating between sterile mass-reared
insects and their wild counterparts. The competi-
tiveness tests measure the ability of sterile males
to achieve copulations with wild females and the
degree of sterility of the eggs produced by wild fe-
males when wild and sterile males compete to
mate with them.

Our goal was to determine the mating compat-
ibility and competitiveness of sterilized mass-

reared 

 

A. ludens

 

 flies of a strain that has been in
use for over 10 years in comparison with wild flies
from different regions of México, where the SIT is
currently applied as a component of area-wide
campaigns to suppress this pest.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Origin of the Biological Material

 

Wild pupae from the Tamaulipas region were
obtained from the townships of Guemez, Hidalgo,
Padilla, and Ciudad Victoria, where they were
collected from yellow sapote fruits (

 

Sargenttia
greggi

 

). In Nuevo León, pupae were obtained from
Linares, El Cercado, Monterrey, and Guadalupe,
also from yellow sapote fruits. In the Sinaloa re-
gion collections covered the townships of Badira-
guato, Mocorito, and Culiacán, where sapote fruit
(

 

Casimiroa eudilis

 

) were the hosts. In Nayarit pu-
pae were obtained from bitter orange (

 

Citrus au-
rentis

 

), white sapote (

 

Casimiroa eduleslleve

 

),
matasano (

 

Pouteria campechiana

 

), and black sa-
pote (

 

Diospyros digynajaca

 

), collected in
Miravalles, Compostela, Xalisco, Testarazo, Aqui-
les Serdán, Emiliano Zapata, Tepíc, Libertad, Lo
de García, Cuachisnes, San Blas, Acaponeta, Túx-
pan, Pantanales, and San Pedro. In Michoacán
the pupae were obtained from bitter orange (

 

Cit-
rus aurentis

 

) collected in Uruapan, and in Chia-
pas from this same fruit collected in the Soco-
nusco region.

Fruit was collected directly from the host plant
and from the ground and taken to the laboratory
where it was placed in containers to let the larvae
mature. Once the larvae had matured, the fruit
was dissected and the larvae and/or pupae were
transferred to a pupation substrate (slightly
damp vermiculite). The pupae obtained were kept
for approximately 20 days in a room at a temper-
ature of 25 ± 1°C and 75 ± 5% RH.

Sterile pupae were obtained directly from the

 

A. ludens

 

 production line at the Moscafrut mass
rearing facility in Metapa de Dominguez, Chia-
pas, México (Dominguez Gordillo 1996). The orig-
inal colony is a mixture of an old colony from Mis-
sion, Texas, and wild material collected from dif-
ferent regions in Chiapas; the Mission colony had
been mass-reared for more than 10 years.

 

Size and Weight of the Pupae

 

Due to the influence of adult size on successful
mating (Burk & Webb 1983; Churchill-Standland
et al. 1986; Orozco & López 1993), 2 days prior to
emergence, and when the pupal eye color was
dark brownish-green, the pupation substrate was
withdrawn and the weight and size-distribution
of the pupae were obtained with aid of a pupal siz-
ing and separating machine (FAO/IAEA/USDA
2003). This equipment was used to distribute the
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sterile and wild pupae into 10 different size
groups (with #1 being the smallest and #10 the
largest class, from 1.30 to 2.90 mm, respectively).
The wild and sterile pupae obtained in the size
categories 7 (2.30-2.45 mm), 8 (2.45-2.60 mm) and
9 (2.60-2.75 mm) were placed into containers, and
these containers were placed into 30 

 

×

 

 30 

 

×

 

 30-cm
cages in a room at 25 ± 1°C temperature and 75 ±
5% RH. After emergence, the flies were sorted by
sex.

 

Field Cages

 

Six field cages, measuring 3 m in diameter and
2 m in height, and supported by a metal frame
(Chambers et al. 1983; Calkins & Webb 1983)
were used. Potted host mango and citrus trees
were placed alternately around the inside circum-
ference and central section of each cage. The
cages were set up in a mango (

 

Ataulfo

 

 cv) planta-
tion in the hills of the municipality of Tapachula,
at an altitude of 137 m above sea level. The tests
were conducted in random blocks with a mini-
mum of 6 replicates

 

Male Calling

 

The numbers of calling males were record in
30-min periods. The required characteristics for
confirmation of male calling were vigorous wing
flapping, everted prostiger, and puffed pleural
glands. Observations were carried out from 15:00
to 19:30 h (summer schedule), since this is the
time when sexual activity in 

 

A. ludens

 

 is the
greatest (Aluja et al. 1983).

 

Sexual Compatibility

 

In each cage 20 males and 20 females of the
tested wild populations and 20 sterile males and
20 sterile females of the mass reared strain were
released. Wild flies were 16-21 d old while sterile
flies were 10 d old (Orozco et al. 2001). In order to
identify the individual flies, a small piece of paper
with a number was stuck to each fly’s dorsal side
by white glue. Throughout the observation period
the number and type of matings was recorded as
wild male and female (WW), sterile male and fe-
male (SS), wild male and sterile female (WS), and
sterile male and wild female (SW).

 

Sexual Competitiveness (Induced Sterility)

 

For each wild population 5 field cages were set
up as follows: (1) “wild control” cage into which 32
wild males were released along with 8 wild fe-
males; (2) “sterile control” cage into which 32 ster-
ile males were released along with 8 sterile fe-
males; and (3) three “competitiveness” cages into
each of which 24 sterile males, 8 wild males and 8
wild females were released. Each cage contained

3 feeding (sugar and hydrolyzed protein in a 3:1
ratio) and watering areas, and 8 artificial host
fruits, placed into each cage in order to collect the
eggs to measure the induced sterility. The flies
were left in the cages for 5 d; after the second d,
the host fruits were changed daily to estimate fe-
cundity and fertility of the females.

 

Data Analysis

 

To estimate sexual compatibility, the index of
sexual isolation (ISI), male and female relative
performance indices MRPI and FRPI (Cayol et al.
1999), and the relative sterility index (RSI) (McIn-
nis 1996) were calculated. We used the 0.25 value
as variance limit for equal mating propensity in
ISI, MRPI, and FRPI, and for equal competitive-
ness in the RSI. The overall competitiveness value
C of sterile males, as indicated by the reduction in
egg hatch, was estimated by the Fried formula
(Fried 1971). Indices between populations were
compared by an ANOVA and Fisher’s PLSD test
with StatView software ver. 5.0.

R

 

ESULTS

 

All the evaluations were carried out during
summer, which corresponds to the rainy season in
Mexico. Humidity ranged between 88 and 99%
and during the tests (at 17:00 h) it was usually
cloudy and rainy. The maximal light intensity re-
corded was 1440 lux and the minimal 0 lux was at
19:30 h. The temperatures recorded ranged be-
tween 24 to 32°C. The only exception was with the
Chiapas strain that was evaluated during spring,
which corresponds to the hot season without rain.
In this case the temperature range was higher
but the relative humidity was significantly lower,
fluctating between 40 and 60%.

Male calling and mating activity during the
sexual activity period are presented in Fig. 1.
Some differences in the sexual activity patterns
were detected. Males from the Nayarit area be-
gan their sexual activity at 16:00 h and reached a
mating peak at 16:30 h. Males from Sinaloa,
Tamaulipas, and Michoacán initiated their sexual
activity at 16:30 h and reached their maximum
level at 19:00 h, 18:30 h and 17:30 h, respectively.
Chiapas and Nuevo León initiated sexual activity
at 17:00 h and reached a maximum at 18:30 h.

The results obtained from the mating compat-
ibility test are shown in Table 1. The propensity
for mating (PM) indicates the overall percentage
of the couples that mated. All the PM values were
larger than 0.20, indicating that the conditions
under which the tests were run were satisfactory
(FAO/IAEA/USDA 2003). The index of sexual iso-
lation (ISI) is a measure of mating compatibility
between populations. The index considers the
number of couples obtained for each possible mat-
ing combination, with values range from -1 (com-
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plete negative assortative mating, that is, all
mating are with members of the opposite popula-
tion) through 0 (random mating) to +1 (complete
positive assortative mating, that is, total mating
isolation of the two populations). The ISI values
(Fig. 2) show satisfactory levels of compatibility
between the sterile insects and the different wild
populations, and there was no significant differ-
ence among populations (

 

F

 

 = 1.159; 

 

df

 

 = 4,26; 

 

P

 

 =
0.3514).

The male relative performance index (MRPI)
is a measure of the propensity of sterile males to
mate with wild females, with values ranking from
-1 to +1. A value of -1 indicates that all matings
were carried out by wild males, while a value of
+1 indicates that all matings were carried out by
sterile males. Zero indicates that males from both
populations participated equally in matings. Fig.
3 shows that the sterile males were as effective at

obtaining mates as the wild males and there was
no overall differences between the populations
(

 

F

 

 = 3.699; 

 

df

 

 = 4,26; 

 

P

 

 = 0.1702). Nevertheless,
between individual populations there was a sig-
nificant difference with the Tamaulipas popula-
tion (

 

F

 

 = 3.699; 

 

df

 

 = 4,26; 

 

P

 

 = 0.0164). This sug-
gests that the sterile males were more effective
when competing against wild flies of the Tamauli-
pas populations.

The female relative performance index (FRPI)
is a measure of the propensity of sterile females to
mate with wild males, with values ranking from -
1 to +1. A value of -1 indicates that all matings
were carried out by wild females, while a value of
+1 indicates that all matings were carried out by
sterile females. Zero indicates that females from
both populations participated equally in mating.
In most regions, the wild females copulated more
than the sterile females (Fig. 4), with the excep-

Fig. 1. Distribution of matings (bars) and males calling (lines) during the sexual activity period (the matings are
with both wild and sterile females).
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State PM

Compatibility and Competitiveness Indices

 

n

 

ISI MRPI FRPI RSI

Tamaulipas 0.65 0.147 ± 0.103 ab 0.200 

 

±

 

 0.076 c 0.148 

 

±

 

 0.083 c 0.530 

 

±

 

 0.061 d 6
Sinaloa 0.66 0.152 ± 0.055 ab -0.114 

 

±

 

 0.058 ab -0.232 

 

±

 

 0.062 ab 0.390 

 

±

 

 0.024 bc 9
Nuevo León 0.40 0.368 ± 0.092 a -0.131 

 

±

 

 0.064 a -0.383 

 

±

 

 0.105 a 0.331 

 

±

 

 0.042 ac 11
Nayarit 0.76 0.013 ± 0.051 b -0.094 

 

±

 

 0.059 ab -0.198 

 

±

 

 0.045 b 0.457 

 

±

 

 0.039 bd 7
Michoacán 0.55 -0.049 ± 0.295 b 0.030 

 

±

 

 0.041 ab -0.424 

 

±

 

 0.118 ab 0.532 

 

±

 

 0.124 bd 3
Chiapas 0.57 0.361 ± 0.052 a -0.011 

 

±

 

 0.032 b 0.244 

 

±

 

 0.055 c 0.240 

 

±

 

 0.053 a 12

 

Propensity of mating (PM) = No. of pairs collected/No. of females released.
Isolation index (ISI) = (SS+WW)-(SW+WS) / (SS+WW+SW+WS).
Male relative performance index (MRPI) = (SS+SW)-(WS+WW) / (SS+WW+SW+WS).
Female relative performance index (FRPI) = (SS+WS)-(SW+WW) / (SS+SW+WS+WW).
Relative sterile index (RSI) = (SW) / (SW+WW).

 

n

 

 = Number of replicates performed for each wild population.
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tion of the Tamaulipas and Chiapas strains (

 

F

 

 =
8.285; 

 

df

 

 = 4,26; 

 

P

 

 = 0.0002), for which a signifi-
cant difference was found in comparison with the
other regions.

The relative sterility index (RSI) indicates the
sexual competitiveness between two strains. Val-

ues range between 0 and +1. Zero means that
wild females mate only with wild males; a value
of +0.5 indicate that wild females mate indiscrim-
inately with wild or sterile males; a value of +1 in-
dicate that wild females mate only with sterile
males. The RSI in most cases reflected the prefer-

Fig. 2. Index of sexual isolation comparing the compatibility of the sterile strain with the wild strain from each
region.

Fig. 3. Male relative performance index between each regional wild strain with the sterile strain.
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ence of wild females for wild males over sterile
males. There was, however, no significant differ-
ence for the strains from Michoacán and Tamauli-
pas (F = 2.422; df = 4,26; P = 0.0136), for which
the wild males were found to be less competitive
(Fig. 5).

Values for the Fried’s competitiveness coeffi-
cient range from 1 to 0. Values of 1 indicate an
equivalent level of competitiveness between the
two types of males, while values close to zero in-
dicate superior competitiveness of the wild male
(Fried 1971). The values obtained ranged from
0.23 to 0.56 (Table 2).

DISCUSSION AND CONCLUSIONS

Mating competitiveness and sexual compati-
bility are important quality control parameters
that affect the performance of released sterile in-
sects. The present study analyzed the sexual com-
petitiveness and compatibility of sterile insects
from the Moscafrut mass-rearing facility with
wild populations of A. ludens coming from differ-
ent regions from México. Unlike the wild popula-
tions, which are exposed to the natural environ-
mental conditions, strains reared under labora-
tory conditions are normally exposed to fairly sta-

Fig. 4. Female relative performance index between each regional wild strain with the sterile strain.

Fig. 5. Relative sterility index for the sterile strain with each of the regional wild strains.



Orozco et al.: Anastrepha ludens Sexual Competitiveness and Compatibility 25

ble environmental conditions. This may lead to a
change in the behavior of the mass-reared adults.

In general there was no evidence of any incom-
patibility between the different wild populations
and the mass reared insects, even though the re-
sults obtained from male pheromone-calling ac-
tivity revealed differences in the time of the onset
of male calling among the wild populations. The
flies from Nayarit began calling earliest in the
day, while the flies from Nuevo León began the
latest, even though both states have relatively
similar latitudes (respectively, 22 and 26 degrees
north) in north-western and north-eastern Mex-
ico, and thus benefit from approximately the
same daylight h. This independence of calling
time initiation from the latitude is also evident
from the fact that the onset of pheromone-calling
in the southern-most population from Chiapas
(16 degrees north), was similar to the Nuevo León
population in the northeast.

The combined data of the different indices (ISI,
MRPI, FRPI, and RSI) provide a complete and re-
liable picture of the sexual compatibility between
the wild populations and the mass reared sterile
flies, as well as their relative competitiveness.
The ISI demonstrated good sexual compatibility
between the wild populations and the mass-
reared strain, indicating that the sterile individu-
als mate satisfactorily with the wild populations
from the 6 states.

The MRPI showed that the sterile males mass-
produced at the Moscafrut facility are as effective
in copulating with wild females as the wild males.
The FRPI reflected a general tendency for wild fe-
males to copulate in greater proportion than the
sterile females, except for the populations from
Tamaulipas and Chiapas. In general, the lower
participation of the sterile females suggests that
the sterile males have greater possibilities of mat-
ing with wild females.

The RSI results show that wild female accep-
tance of the sterile males was high (25-55%). The
results obtained from the Fried test that mea-
sures induced sterility, indicate a competitiveness
coefficient ranging from 0.2 to 0.5 and suggest
that sterile males successfully competed with
flies from different geographic origin. This out-
come supports the results found in the compati-
bility tests.

Compatibility and competitiveness are regu-
lar quality control tests that are used to deter-
mine if a particular mass-rearing strain needs to
be replaced (FAO/IAEA/USDA 2003). Previous
studies have shown that long periods under
mass-rearing conditions adversely can affect the
performance of sterile fruit flies (McInnis 1996).
Other studies have shown that the geographic or-
igin of different strain might result in sexual in-
compatibility (Vera et al. 2006). Our current
work demonstrates that the mass-reared A.
ludens strain currently being produced at the
Moscafrut and used over the last 10 years in dif-
ferent geographic regions for Mexican fruit fly
control programs is still suitable for this purpose.
Our data are very similar to those recently pub-
lished (Rull et al. 2005), although they arrived at
a somewhat different conclusion due to the fact
that a different analysis was carried out. Contin-
ued careful monitoring of the performance of this
mass-reared strain under semi-natural or natu-
ral is required.
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TABLE 2. RESULTS FROM THE COMPETITIVENESS TEST (FRIED) CARRIED OUT IN FIELD CAGES BETWEEN 6 WILD MEXI-
CAN FRUIT FLY POPULATIONS FROM MEXICO AND STERILE FLIES FROM A MASS-REARED STRAIN.

State

Percent egg hatch
Fried competitiveness

value (C)Wild control cage Sterile control cage Competitiveness cage

Tamaulipas 57.73 0.00 21.50 0.36
Sinaloa 88.31 0.00 46.28 0.39
Nuevo León 73.60 0.00 43.07 0.29
Nayarit 76.73 0.00 32.67 0.45
Michoacán 28.06 0.00 16.71 0.23
Chiapas 57.82 0.00 19.71 0.56

Fried competitiveness value (C) = (W/S) X (Hw - Hc) / (Hc - Hs).
W = Number of wild males.
S = Number of sterile males.
Hw = Egg hatch from wild females in the wild control cage.
Hc = Egg hatch from wild females in the competitiveness cage.
Hs = Egg hatch from lab females in the sterile control cage.
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A

 

BSTRACT

 

We evaluated under semi-natural field cage conditions sexual compatibility and competitive-
ness of a laboratory strain (LAB) compared to a wild population (TUC) of 

 

Anastrepha frater-
culus

 

 (Wiedemann). The LAB strain is produced under semi-mass rearing conditions at the
Estación Experimental Agroindustrial Obispo Colombres facility (Tucumán, Argentina).
Wild flies were obtained at Horco Molle (Tucumán, Argentina) from infested guava fruits.
LAB pupae were irradiated (

 

60

 

Co) 48 h before adult emergence. The tested doses were 0 (con-
trol), 40, 70, and 100 Gy. Twenty-five males and 25 females each of TUC and LAB were
released into cages and mating pairs collected. Only 1 irradiation dose was considered at a
time. Females were separated and allowed to lay eggs into artificial fruits to estimate in-
duced sterility from the corresponding hatching rate. Copulation start time did not differ sig-
nificantly between strains nor among irradiation treatments. Copulation duration showed
highly significant differences among irradiation doses, but no differences between strains.
The index of sexual isolation (

 

ISI

 

) and the relative sterility index (

 

RSI

 

) indices indicated that
LAB and TUC are fully compatible, males from TUC and LAB did not differ in mating com-
petitiveness, and irradiation within the range tested did not affect these indices. Non-irradi-
ated LAB females exhibited higher mating propensity than TUC ones. However, a significant
reduction in the female relative performance index (

 

FRPI

 

) index was observed with increas-
ing irradiation dose. The analysis of induced sterility indicated that treatment with 40 Gy
reduces male fertility from about 80% to 0.75%, and higher doses produce total sterility.
In females, the 40 Gy dose reduces fertility to about 2% and higher doses prevent egg laying.

Key Words: mating compatibility, 

 

Anastrepha fraterculus

 

, Irradiation, mating indices, fruit
fly, Tephritidae

R

 

ESUMEN

 

Se evaluó bajo condiciones semi-naturales en jaulas de campo la compatibilidad y la compe-
titividad sexual de una línea de laboratorio (LAB) con respecto a una población salvaje
(TUC) de 

 

Anastrepha fraterculus

 

 (Wiedemann). La línea de laboratorio se produce en condi-
ciones de cría semi-masiva en las instalaciones de la Estación Experimental Agroindustrial
Obispo Colombres (Tucumán, Argentina). Las moscas salvajes se obtuvieron de frutas infes-
tadas de guayabos en Horco Molle (Tucumán, Argentina). Las pupas de laboratorio fueron
irradiadas (

 

60

 

Co) 48 horas antes de la emergencia del adulto. Las dosis utilizadas fueron 0
(control), 40, 70, y 100 Gy. Se liberaron 25 machos y 25 hembras de TUC y LAB dentro de las
jaulas y se recolectaron las parejas formadas. Sólo se considero 1 dosis de irradiación por vez.
Las hembras apareadas fueron separadas y se les permitió poner huevos en frutas artificia-
les para estimar la esterilidad inducida a través del porcentaje de eclosión. La hora de inicio
de la cópula no difirió significativamente entre poblaciones ni entre los tratamientos de irra-
diación. La duración de la cópula mostró grandes diferencias entre dosis de irradiación pero
no entre cepas. Los índices 

 

ISI

 

 (aislamiento) y el 

 

RSI

 

 (esterilidad relativa) indican que LAB
y TUC son totalmente compatibles, los machos de TUC y LAB no difieren en su competitivi-
dad y la irradiación dentro del rango de dosis utilizadas tampoco afectó este índice. Las hem-
bras LAB no irradiadas muestran una mayor propensión para el apareamiento que las
hembras de TUC. Sin embargo se observó una reducción significativa del índice 

 

FRPI

 

 (ac-
tuación relativa de hembras) a medida que se aumenta la dosis de irradiación. El análisis de
la esterilidad inducida indica que con dosis de 40 Gy la fertilidad disminuye del 80% al
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0.75%, y con dosis mayores la esterilidad fue total. Las hembras irradiadas con dosis de 40
Gy tienen una fertilidad de aproximadamente 2% y con dosis mayores no ponen huevos.

 

Translation provided by the authors.

 

Anastrepha fraterculus

 

 (Wiedemann) the South
American fruit fly (Stone 1942) is an important
pest of fruit production in Argentina and the spe-
cies is abundant in the northwestern and north-
eastern regions (Vergani 1956). The range of

 

A. fraterculus

 

 overlaps at least partially with that
of the Mediterranean fruit fly 

 

Ceratitis capitata

 

(Wiedemann). The programs of suppression or
eradication of the latter species, integrating the
Sterile Insect Technique (SIT) in this country, have
shown a remarkable success (SENASA 1997,
http://www.senasa.gov.ar/vegetal/mosca1.php), and
point to the necessity of developing and applying
similar control strategies for 

 

A. fraterculus

 

 (Guillén
& Sanchez 2007).

We analyzed under laboratory conditions the
optimal irradiation dose and pupal age at the mo-
ment of irradiation to induce sterility in 

 

A. frater-
culus 

 

(Allinghi et al. 2007). Irradiated males were
able to transfer sperm and exhibited apparently
minimal effects, if any, of the irradiation on their
performance in comparison with non-irradiated
males. However, the 

 

sine qua non

 

 condition for
the SIT is sexual compatibility between sterilized
and released laboratory reared flies and wild flies.
Therefore, it is necessary to evaluate under quasi-
natural conditions the mating performance of lab-
oratory males when competing with wild males
for wild females.

In the present work we evaluated, on field-
caged host trees the sexual compatibility and
competitiveness of a laboratory strain (LAB) in
relation to a wild population from Tucumán (Ar-
gentina) (TUC). We also analyzed the effects of
different radiation doses on mating competitive-
ness, strain compatibility, fertility, copulation du-
ration, and copulation start time.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

The LAB strain used in this study was pro-
duced under semi-mass rearing conditions (Jaldo
et al. 2001) since 1997 at the Estación Experi-
mental Agroindustrial Obispo Colombres facility
(Tucumán, Argentina). Wild flies were obtained
from fruiting guava trees 

 

Psidium guajava

 

 L.
(Myrtaceae) at Horco Molle (26°48’S, 65°20’W)
from Tucumán, Argentina. The LAB strain and
the collected fruits were sent to the Laboratory of
Insects, Instituto Nacional de Tecnología
Agropecuaria (INTA), in Castelar, Argentina. The
collected fruits were placed on plastic trays over a
layer of sand to allow pupation. The sand was pe-
riodically sifted to obtain pupae, which were then
placed in plastic 1-L flasks. The LAB and the TUC

pupae were maintained under controlled condi-
tions (25 ± 1°C, 80 ± 5% rh and a photoperiod of
12:12 L:D) until adult emergence.

LAB pupae were irradiated 48 h before adult
emergence (Allinghi et al. 2007) at the Centro
Atómico Ezeiza facility (Comisión Nacional de
Energía Atómica, Argentina) in a Gammacell 220
(MDS Nordion, Canada) irradiator (

 

60

 

Co source)
with a dose rate of 1.4 Gy/min. Lots of 500 pupae
were held in 20-mL ventilated glass containers
during the exposures of 40, 70, and 100 Gy in nor-
mal atmosphere. After irradiation, the pupae
were placed in 3-L glass containers. Flies of the
control group were subjected to all of the same
handling procedures except irradiation. Emerg-
ing adults were removed from the flasks every 24
h. To facilitate sorting by sex, flies were anaesthe-
tized by exposure to a temperature of 0°C for 10
min. Fifty individuals of each sex were placed in
separate 3-L glass containers and supplied with
water and adult food. The food consisted of a 2:1
dry mixture of brown sugar: hydrolyzed corn pro-
tein (R. M. SAIC). Manso (1998) showed that lab-
oratory strain adults fed this diet developed to
sexual maturity. Adults were kept under labora-
tory conditions (25 ± 2°C, 60 ± 20% r.h.), and a
photoperiod of 12:12 (L:D) until sexually mature.
De Lima et al. (1994) reported flies under such
conditions reach sexual maturity in 16 d. In a pi-
lot field cage test, we found an increasing propor-
tion of mating with fly age; however, mortality
also increased with age. The age of 20 ± 1 d after
emergence was found to be the best compromise
between maturity and viability.

Three d prior to each experiment, flies were la-
beled to identify their origin. This was done by
placing approximately 10 flies in a mesh bag
(1 mm mesh diameter) where, one at a time, they
were gently immobilized and painted on the tho-
rax with a dot of water-based paint (Tempera
Alba, Alba, Inc., Argentina). Colors green, red,
white, and yellow were interchanged sequentially
each day. After labeling, 25 flies were placed in 1-
L containers with food and water and held under
laboratory conditions until required. Outdoor ny-
lon screened cages (2.9 m tall 

 

×

 

 3 m diameter)
were erected over rooted 1.5 m tall, 4-year-old
tangerine trees, 

 

Citrus reticulata

 

 Blanco (Ruta-
ceae). Field cages were identified by number, and
each day treatments and observers were ran-
domly assigned to them. In field cages, 25 males
and 25 females each of TUC and LAB strains
were released. For each radiation dose, 6 repli-
cates were made. Only 1 irradiation dose was con-
sidered at a time.
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Because mating occurs mainly in the morning
(Malavasi et al. 1983; Morgante et al. 1983; De
Lima et al. 1994; Petit-Marty et al. 2004), the ob-
servation period was from 08.00 h to 13.00 h.
Males were released 15 min before females to al-
low establishment in the cage. Only healthy
marked flies were released, while non-active or
dead flies were replaced. For each mating pair,
the following data were recorded: copulation start
time, copulation location (fruit, net, ground, stem,
abaxial-adaxial side of a leaf, height in the tree),
and male and female colors. The pairs were gently
induced to walk into 20-mL plastic vials and
placed in the shade until the mating couple disen-
gaged. This moment was recorded as the copula-
tion end-time. These field cage tests were per-
formed at INTA Castelar (Buenos Aires Province)
between April 4 and 16, 2002. Temperatures, rel-
ative humidity, and sunshine records during this
period were favorable for fly requirements. Copu-
lation start time and copulation duration were
compared among laboratory irradiated flies by
one-way analysis of variance.

Sexual compatibility was estimated by means
of the index of sexual isolation (

 

ISI

 

) (Cayol et al.
1999) and the relative sterile index (

 

RSI

 

) (McIn-
nis et al. 1996). Male and female competitiveness
was evaluated respectively through male (

 

MRPI

 

)
and female relative performance (

 

FRPI

 

) indices
(Cayol et al. 1999). The statistical significance of
any departure from random mating or equal per-
formance of each sex was tested, following Petit-
Marty et al. (2004), by means of an independence
chi squared test taking into account the total
number of each mating combination (

 

ISI

 

), the to-
tal number of mated and unmated males (

 

MRPI

 

)
or females (

 

FRPI

 

), of each population. Compati-
bility and relative performance analyses were
based only on those trials where the percentage of
mating was sufficiently high (>20% of mated fe-
males). Matings occurring on the cage screen or
on the floor were not included, following the inter-

national fruit fly quality control manual (FAO/
IAEA/USDA 2003).

For each treatment, induced sterility was eval-
uated from the percent of egg hatching. At the end
of the experiments in the field cages, females
were separated according to radiation treatment
and male origin and transferred to 3-L flasks.
They were allowed to lay eggs into artificial fruits
(Manso 1998). Eggs were collected and incubated
in Petri dishes, and the hatching rate was re-
corded.

R

 

ESULTS

 

For both LAB and TUC flies, most matings oc-
curred on the lower side of peripheral leaves at an
intermediate canopy height. Copulation start time
(Table 1) did not differ significantly between
strains and the irradiation treatment did not show
any effect on this variable (

 

F 

 

= 0.23, 

 

P 

 

= 0.63 and

 

F 

 

= 3.16, 

 

P 

 

= 0.08 for males and females, respec-
tively). Copulation duration (Table 1) showed
highly significant differences among treatments
(

 

F 

 

= 4.97, 

 

P 

 

< 10

 

-3

 

 and 

 

F 

 

= 10.08, 

 

P 

 

< 10

 

-7

 

 for males
and females, respectively). These differences are
totally attributable to the irradiation treatment.
Indeed, TUC and non-irradiated LAB flies did not
differ significantly in copulation duration (

 

P 

 

= 0.88
and 

 

P 

 

= 0.41 for males and females, respectively),
but if these two classes are grouped and compared
with irradiated flies the differences are highly sig-
nificant (

 

F 

 

= 18.71, 

 

P 

 

< 10

 

-4

 

 and 

 

F 

 

= 40.08, 

 

P 

 

< 10

 

-9

 

for males and females, respectively).
The analysis of mating compatibility by means

of the 

 

ISI

 

 indicated that LAB and TUC are fully
compatible. The estimated values did not depart
significantly from that expected for random mat-
ing, and no effect of irradiation was observed (Ta-
ble 2). Males from TUC and LAB did not differ in
mating competitiveness, and irradiation did not
affect this index. Non-irradiated LAB females ex-
hibited higher mating propensity (

 

FRPI

 

 signifi-

 

T

 

ABLE

 

 1. C

 

OPULATION

 

 

 

START

 

 

 

TIMES

 

 

 

AND

 

 

 

MATING

 

 

 

DURATION

 

 (

 

HRS

 

:

 

MIN

 

) 

 

OF

 

 TUC

 

1

 

 

 

AND

 

 LAB

 

2

 

 

 

FLIES

 

 

 

WITH

 

 

 

DIFFERENT

 

 

 

IR-
RADIATION

 

 

 

DOSES

 

.

Strain/dose

Males Females

Start time Duration

 

n

 

Start time Duration

 

n

 

Avg SE Avg SE Avg SE Avg SE

TUC 9:11 0:42 1:14 0:37 554 9:13 0:42 1:15 0:36 523
LAB/0 9:16 0:46 1:19 0:41 136 9:14 0:46 1:21 0:43 154
LAB/40 9:11 0:41 1:07 0:35 134 9:07 0:42 1:04 0:34 144
LAB/70 9:11 0:43 1:02 0:30 135 9:12 0:40 1:03 0:33 144
LAB/100 9:19 0:45 1:05 0:33 128 9:13 0:44 1:02 0:32 122

 

1

 

TUC = wild flies from Tucumán obtained from guava fruits; non irradiated controls.

 

2

 

LAB = laboratory strain reared at the Estación Experimental Agroindustrial Obispo Colombres.
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cantly higher than 0) than TUC females. How-
ever, a significant reduction in the FRPI was ob-
served as irradiation dose was increased (r =
-0.98; P = 0.014). The mating competitiveness of
irradiated LAB males with TUC males for TUC
female mates was measured by the RSI. The esti-
mated RSI values approached 0.5, showing that
at all radiation doses LAB males competed effi-
ciently with TUC males for mating with TUC fe-
males (Table 2).

The analysis of induced sterility as a function
of irradiation dose was based on the proportion of
eggs hatching for the TUC strain. Egg hatch rate
was estimated from all reciprocal crosses in all
tests with the exception of the 70 Gy TUC-LAB
test, in which the data collection was missed (Ta-
ble 3). In each case 4 egg collections were obtained
during a 12 d period. The results indicated that a
treatment with 40 Gy reduces male fertility from
about 80% to 0.75% and higher doses produce to-
tal sterility. In females, the 40 Gy dose reduces

fertility to about 2% and higher doses prevent egg
laying. No differences were observed among egg
collection dates, indicating that fertility is not re-
covered after the irradiation.

DISCUSSION

The adaptation of insects to laboratory condi-
tions, mass rearing, and sterilizing by irradiation is
known to produce genetic and physiological effects
in strains (Shelly et al. 1994; Lance et al. 2000; Al-
phey 2002; Benedict & Robinson 2003). These fac-
tors can influence the efficiency of mass reared and
sterilized flies once they are released into the field
in support of control programs integrating the ster-
ile insect technique. Males of the Mexican fruit fly
Anastrepha ludens (Loew) produced in bio-facto-
ries, for example, start their sexual activity well be-
fore wild ones. This may pose a problem in conven-
tional strains involving the release of both sterile
males and females, as these may mate among

TABLE 2. COEFFICIENTS OF SEXUAL ISOLATION (ISI), MALE (MRPI) AND FEMALE (FRPI) REPRODUCTIVE PERFORMANCE
(CAYOL ET AL. 1999), AND RELATIVE STERILITY (RSI) (MCINNIS ET AL. 1996). P: SIGNIFICANCE WITH RESPECT
TO RANDOM EXPECTED VALUES.

Dose ISI P1 MRPI P FRPI P RSI

0 -0.029 0.238 0.046 0.477 0.121 0.061 0.543
40 0.008 0.909 -0.023 0.709 0.034 0.534 0.484
70 0.067 0.585 -0.052 0.392 0 1 0.440
100 -0.004 0.751 0.004 0.949 -0.050 0.273 0.504

1P = probability of obtaining the observed results assuming random mating.

TABLE 3. NUMBER OF EGGS SCORED, NUMBER OF EGGS HATCHED AND PERCENTAGE EGG HATCH IN ALL RECIPROCAL
CROSSES AT VARIOUS RADIATION DOSES.

Treatment
Mating

(male-female) No. pairs Hatched eggs Total eggs % hatch

0 Gy LAB1-TUC2 57 351 437 80.32
TUC-LAB 66 506 547 92.50
TUC-TUC 48 336 422 79.62
LAB-LAB 68 349 459 76.03

40 Gy LAB-TUC 62 4 536 0.75
TUC-LAB 68 1 46 2.17
TUC-TUC 64 425 460 92.39
LAB-LAB 66 0 0 0.00

70 Gy LAB-TUC 59 0 464 0.00
TUC-LAB 66 * * *
TUC-TUC 75 291 336 86.61
LAB-LAB 68 0 0 0.00

100 Gy LAB-TUC 65 0 625 0.00
TUC-TUC 64 316 398 79.40
TUC-LAB 56 0 0 0.00
LAB-LAB 56 0 0 0.00

*Missing data.
1TUC = wild flies from Tucumán obtained from guava fruits; non-irradiated controls.
2LAB = laboratory strain reared at the Estación Experimental Agroindustrial Obispo Colombres.
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themselves before having the opportunity to mate
with wild counterparts (Moreno et al. 1991;
Hernández et al. 2003). Liedo et al. (2002) observed
that laboratory-reared females of C. capitata have
greater mating propensity than wild females, and
their age of maximum mating activity is earlier.
Furthermore, Cayol (2000) reported that the high
densities of flies in breeding cages may affect court-
ship, and matings tend to be faster.

During the strain colonization process for SIT
application, the insects are faced with artificial
conditions very different from nature and may ex-
perience genetic changes due to genetic drift and
particular selective forces. These factors some-
times affect the efficiency of the SIT (Cayol 2000).
The irradiation treatment to induce sterility was
claimed to affect courtship behavior (Lux et al.
2002). Thus, the strain of A. fraterculus that is
reared under semi-mass rearing conditions at the
Obispo Colombres facility was evaluated under
conditions that imitate those in nature as a pre-
requisite to being used in control programs with
an SIT component. Outdoor field cages are an ac-
ceptable compromise between natural conditions
and a controlled laboratory experimental system
for monitoring strains (Robinson et al. 2002; FAO/
IAEA/USDA 2003).

The present results show that the behavior of
this laboratory strain is not substantially modi-
fied with respect to the natural population for
Horco Molle. Average copulation start time was
not statistically different between LAB and TUC.
The preferred position in the tree for mating was
conserved. Copulation duration was similar in
non-irradiated LAB and TUC, but irradiation
treatment significantly reduced this time. A simi-
lar trend was observed in C. capitata (Cayol et al.
1999), but the importance of this effect on the ef-
ficiency of the SIT is not clear. This is because
there is not a direct relationship between copula-
tion duration and the ability of males to transfer
sperm. However, matings that are too short might
increase the probability of female remating (FAO/
IAEA/USDA; 2003).

The estimated ISI (-0.03 to 0.07) and RSI (0.44
to 0.54) values suggest total compatibility be-
tween the laboratory strain and the natural pop-
ulation of A. fraterculus analyzed here. MRPI
(-0.05 to 0.05) did not differ from the expected, in-
dicating similar male mating competitiveness of
LAB and TUC. An important result linked to the
possibility of applying the SIT to control A. frater-
culus is that compatibility and mating perfor-
mance of male LAB flies are not affected by irra-
diation for all tested doses. This results contrasts
with those of Cayol et al (1999), who observed
that under similar conditions LAB flies of C. cap-
itata had reduced competitiveness (MRPI ≅ 0.09;
RSI ≅ 0.33) and compatibility ISI ≅ 0.31).

According to our FRPI estimates, LAB females
have higher mating propensity than TUC fe-

males. A similar result was observed in other te-
phritids (Cayol 2000; Liedo et al. 2002), which
suggests that LAB females are sexually more ac-
tive and less selective. However, this higher mat-
ing propensity of LAB females was reduced as the
applied irradiation dose increased.

Some authors observed that irradiated fe-
males do not lay eggs depending on the radiation
dose and the developmental stage at the time of
the irradiation treatment (Burditt et al. 1975; Ve-
lasco & Enkerlin 1982; Calkins et al. 1988). Ac-
cording to the present analysis of egg laying and
hatching, A. fraterculus females treated with 40
Gy oviposited a reduced number of eggs compared
to control females. Higher doses prevented all egg
laying. Moreover, the treatment with 70 Gy of
gamma irradiation applied 48 h before adult
emergence ensured 100% sterility both in males
and females. Furthermore, during the evaluation
period (12 d) there was no evidence of recovery of
fertility in females or males.

Recent results by Vera et al. (2006) indicate that
some A. fraterculus populations from different re-
gions in South America might be sexually incom-
patible and reproductively isolated, while Petit-
Marty et al. (2004) observed complete compatibil-
ity between TUC and several geographically iso-
lated populations from within Argentina. Alberti
et al. (2002) also concluded that TUC and other
populations from Argentina and southern Brazil
(Pelotas) are not differentiated genetically. There-
fore, it is expected that the LAB population from
Obispo Colombres facility will behave similarly
when facing natural populations from Argentina
and southern Brazil. The high compatibility of
LAB and TUC flies and the good competitiveness
of irradiated LAB males observed in the present
work encourage the application of the SIT at least
at a sub-regional level to control A. fraterculus pop-
ulations from Argentina and southern Brazil.
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IMPROVING MATING PERFORMANCE OF MASS-REARED
STERILE MEDITERRANEAN FRUIT FLIES (DIPTERA: TEPHRITIDAE)

THROUGH CHANGES IN ADULT HOLDING CONDITIONS:
DEMOGRAPHY AND MATING COMPETITIVENESS
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A

 

BSTRACT

 

Mass rearing conditions affect the mating behavior of Mediterranean fruit flies (medflies)

 

Ceratitis capitata

 

 (Wiedemann). We evaluated the effect of slight changes in the adult hold-
ing conditions of adult flies maintained for egg production on their mating performance. Col-
onization was initiated from wild flies collected as larvae from infested coffee berries (

 

Coffea
arabica

 

 L.). When pupae were close to adult emergence, they were randomly divided into 3
groups and the emerging adults were reared under the following conditions: (1) Metapa Sys-
tem (MS, control), consisting of 70 

 

×

 

 45 

 

×

 

 15 cm aluminum frame, mesh covered cages, with
a density of 2,200 flies per cage and a 1:1 initial sex ratio; (2) Insert System (IS), with the
same type of cage, and the same fly density and sex ratio as in the MS treatment, but con-
taining twelve Plexiglas® pieces (23 

 

×

 

 8.5 cm) to provide additional horizontal surface areas
inside the cage; and (3) Sex-ratio System (SS), same as IS, but in this case the initial male:
female ratio was 4:1. Three d later, newly emerged females were introduced, so the ratio be-
came 3:1 and on the 6th d another group of newly emerged females was added to provide a
2:1 final sex ratio, at which the final density reached 1,675 flies per cage. The eggs collected
from each of the 3 treatments were reared independently following standard procedures and
the adults were held under the same experimental conditions. This process was repeated for
over 10 to 13 generations (1 year). The experiment was repeated 3 times in 3 consecutive
years, starting each replicate with a new collection of wild flies. Life tables were constructed
for each treatment at the parental, 3rd, 6th, and 9th generations. Standard quality control
parameters (pupation at 24 h, pupal weight, adult emergence, and flight ability), were esti-
mated for each treatment every third generation in the third year. For the last generation
each year, mating competitiveness was evaluated in field cage tests with wild flies. As colo-
nization progressed, life expectancy and fecundity rates increased in the 3 rearing systems.
There was no significant difference in standard quality control parameters among the 3
rearing systems. Wild males always achieved more matings than any of the mass reared
males. Mating competitiveness of males from the IS, although surprisingly not from the SS,
was significantly greater than that of males from the MS. Our results indicate that these
slight changes in the adult holding conditions can significantly reduce the harmful effects of
mass rearing on the mating performance of sterile flies.

Key Words: 

 

Ceratitis capitata

 

, sterile insect technique, colonization, mating behavior, insect
demography, mother colony

R

 

ESUMEN

 

Se ha demostrado que las condiciones de cría masiva afectan el comportamiento de aparea-
miento de la mosca del Mediterráneo 

 

Ceratitis capitata

 

 (Wiedemann). Nosotros evaluamos
el efecto de ligeros cambios en las condiciones en las que los adultos son mantenidos para la
producción de huevos, en el desempeño de apareamiento de las moscas estériles. La coloni-
zación se inició con moscas silvestres colectadas como larvas en cerezas de café (

 

Coffea ara-
bica

 

 L.) infestadas. Cuando las pupas estuvieron cerca de la emergencia de los adultos, se
dividieron en tres grupos al azar y los adultos recién emergidos fueron criados en las siguien-
tes condiciones: (1) Sistema Metapa (MS, testigo), consistente en jaulas con marco de alumi-
nio de 70 

 

×

 

 45 

 

×

 

 15 cm, cubiertas con malla, con una densidad de 2,200 moscas por jaula y
una relación de sexos inicial de 1:1; (2); Sistema Insertos (IS), con el mismo tipo de jaula,
densidad de moscas, y relación de sexos que en el MS, pero conteniendo 12 piezas de plexi-
glas (23 

 

×

 

 8.5 cm) para proporcionar superficie horizontal al interior de la jaula; y (3) Sistema
de Relación de Sexos (SS), igual que el IS, pero en este caso la relación inicial macho: hembra
fue de 4:1, tres días después se introdujeron hembras recién emergidas para tener una rela-
ción de 3:1 y en el 6° día se añadió otro grupo de hembras para tener una relación final de
sexos de 2:1, que equivale a una densidad final de 1,675 moscas por jaula. Los huevos colec-
tados de cada tratamiento fueron criados independientemente siguiendo los procedimientos
estándares y los adultos fueron mantenidos en las mismas condiciones experimentales. Esto
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se repitió por 10 a 13 generaciones (un año). El experimento se repitió en tres ocasiones en
años consecutivos, iniciando cada repetición con una nueva colecta de moscas silvestres. Se
construyeron tablas de vida de cada tratamiento en las generaciones parental, 3

 

a

 

, 6

 

a

 

 y 9

 

a

 

. Se
estimaron los parametros estándares de calidad (pupación a las 24 h, peso de pupa, emer-
gencia de adultos y habilidad de vuelo) para cada tratamiento, cada tercera generación en el
tercer año. En la última generación de cada año, se evaluó la competitividad sexual en prue-
bas en jaulas de campo con moscas silvestres. Conforme avanzó la colonización, se encontró
que la esperanza de vida y las tasas de fecundidad se incrementaron en los tres sistemas de
cría. No hubo diferencia significativa en los parámetros estándar de control de calidad entre
los tres sistemas. Los machos silvestres siempre lograron más apareamientos que los ma-
chos procedentes de cada sistema de cría masiva. La competitividad de los machos del sis-
tema IS fue significativamente mayor que la de los machos del sistema MS. Nuestros
resultados indican que estas ligeras modificaciones en las condiciones de la colonia de adul-
tos reducen los efectos adversos de la cría masiva sobre el desempeño de apareamiento de los
machos estériles.

 

Translation provided by the authors.

 

Since the early stages of the sterile insect tech-
nique (SIT), it was recognized that the mating
competitiveness of the sterile insects was a criti-
cal factor for the successful application of the
technique (Knipling 1955). Research results
showed that the exposure to irradiation for steril-
ization affected the mating performance of the
sterile fruit flies (Holbrook & Fujimoto 1970;
Hooper 1971; Ohinata et al. 1977; Knipling 1979;
Lux et al. 2002a). Later, it was found that both ir-
radiation and the selection that occurs during col-
onization could adversely affect the mating per-
formance of sterile flies (Rössler 1975; Wong &
Nakahara 1978; Leppla et al. 1983; Wong et al.
1983; Harris et al. 1986).

In the case of the Mediterranean fruit fly (med-
fly) 

 

Ceratitis capitata

 

 (Wiedemann) however, it
has been shown that, despite a long time under
mass rearing conditions, sterile males are still ca-
pable of locating hosts, mating arenas or leks, and
mix and interact with their wild counterparts un-
der natural conditions (Zapien et al. 1983; Whit-
tier et al. 1992; Shelly & Whittier 1996; Katsoy-
annos et al. 1999). Also, it has been documented
that the courtship patterns of flies from different
geographical areas are sexually compatible
(Cayol et al. 2002; Lux et al. 2002b). However, it
has been shown that slight quantitative changes
in the courtship displays of males might result in
female rejection and that these changes could be
attributed to the selection that occurs under mass
rearing conditions. Male courtship behavior of
mass reared flies tends to be less elaborate, and
the degree to which it is affected was found to be
associated with the time under mass rearing con-
ditions (McInnis et al. 1996; Briceño & Eberhard
2002; Gaskin et al. 2002; Lux et al. 2002b; Robin-
son et al. 2002).

Harris et al. (1986) suggested that conditions
for mass rearing select for fast mating. Since most
flies in the rearing cages are of the same age and
reach sexual maturity at nearly the same time, we
speculated that the close to 1:1 “operational” sex

ratio favored short male courtships and less
choosy females, resulting in this fast mating be-
havior. Detailed observations of the mating behav-
ior of flies in the mass rearing cages showed that
male courtship was frequently interrupted (W.
Eberhard & D. Briceño, personal communication).

Under natural conditions, this fast mating be-
havior results in less competitive sterile males in
view of wild female mate choice, and therefore,
less effective programs integrating the SIT. The
goal of this study was to evaluate whether slight
changes in the colony holding conditions, where
adult flies are maintained for egg production,
could reduce this selection for fast mating and
thus produce more competitive flies. Two changes
from the standard mass-rearing procedures
(Schwarz et al. 1985) were tested: (1) horizontal
clear inserts were introduced inside the rearing
cages to increase the overall resting surface avail-
able and to imitate the undersurfaces of leaves
where males usually perform their courtship un-
der natural conditions (Prokopy & Hendrichs
1979), possibly reducing the frequency of court-
ship interruption; and (2) variation in the opera-
tional sex ratio by introducing the females into
the cages at four different times, so the number of
sexually mature males was always greater than
the number of sexually mature females (Calkins
1989).

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Biological Material

 

The study was initiated with wild flies col-
lected from naturally infested coffee berries (

 

Cof-
fea arabica

 

 L.) in southwestern Guatemala. New
collections were made in each of 3 consecutive
years, each year being considered as a replicate of
the whole experiment. The location, amount of
coffee collected, and the approximate number of
larvae and adults obtained for each collection are
shown in Table 1.
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Rearing Systems

 

Experimental work was carried out at the
Moscamed mass rearing facility in Metapa, Chia-
pas, Mexico. Standard rearing procedures and en-
vironmental conditions were used (Schwarz et al.
1985). 3 adult rearing systems were evaluated: (1)
Metapa System (MS, control), which consisted of
an aluminum frame, mesh covered cage (70 

 

×

 

 45 

 

×

 

15 cm) with an initial density of 1,100 males and
1,100 females per cage, and an average surface
area of 3.91 cm

 

2

 

 per fly; (2) Insert System (IS), as
above but with the addition of 12 pieces of clear
plexiglas (polycarbonate) (23 

 

×

 

 8.5 cm) inside the
cage as horizontal surface areas, resulting in a
surface area of 5.85 cm

 

2

 

 per fly; and (3) Sex-ratio
System (SS), same as IS, but with an initial den-
sity of 1,100 males and 275 females (4:1 male: fe-
male ratio). Three d later 92 recently emerged vir-
gin females were introduced to make a 3:1 ratio,
and at the 6th day 183 recently emerged virgin fe-
males were introduced to make a 2:1 ratio, and a
total of 1,100 males and 550 females. The surface
area was 6.94 cm

 

2

 

 per fly.
Adults were fed 

 

ad libitum 

 

with a mixture of
enzymatic yeast hydrolysate (ICN Biomedical,
Costa Mesa, CA) and sucrose (1:3). Water was
provided in test tubes covered with cotton plugs.
On both sides at the bottom of the cages, water
channels were placed for egg collection. These
eggs were reared following the standard proce-
dures at the Metapa facility (Schwarz et al. 1985).

 

Demographic Analysis

 

To compute life tables, the number of dead flies
and the volume of eggs collected were recorded
daily from the cages. In addition, a sample of 30
pairs from each treatment, every third genera-
tion, was taken and placed in plastic cages (8 cm
diameter by 15 cm long, one male and one female
per cage) with food, water, and a 2-cm diameter
agar sphere (3 L of water + 80 g of agar dyed with
green food coloring and wrapped in Parafilm®) as
an oviposition device (Boller 1968, Freeman &
Carey 1990). These spheres were replaced every
24 h and the number of eggs laid were recorded.
This was done until the last female in the cohort
died.

 

Male Sexual Competitiveness

 

Each year, after 10 to 13 generations, field cage
mating tests with host trees were conducted
(FAO/IAEA/USDA 2003). In each cage, 50 wild fe-
males, 50 wild males, and 50 males of each rear-
ing system were released. Wild flies were 9-13 d
old and mass-reared sterile flies were 7-11 d old.
These ages were selected following the results of
Liedo et al. (2002). The tests were conducted at
coffee plantations in Guatemala during 5 consec-
utive d. Each d, 3 replicates (field cages) were set
up. The males were color marked on the thorax
for treatment identification.

In the third year, in addition to these mating
tests, the “Fried” field cage test was used (Fried
1971). In each cage, 50 wild females, 50 wild
males, and 150 sterile mass-reared males were
released (one field cage for each treatment), and
25 agar oviposition devices (as described above)
were placed inside each cage. After 24 h, the agar
devices were removed, and egg hatch was deter-
mined from the eggs obtained from these devices.
One hundred wild flies (1:1 male: female ratio)
were placed in a field control cage to collect eggs
and determine egg hatch without sterile fly com-
petition. Sterility induced was estimated from the
difference between egg hatch in the control and
egg hatch in competition. There were 3 cages per
treatment, and the test was run during 2 d, mak-
ing 6 replicates per adult holding system.

 

Standard Quality Control Tests

 

In the third year, standard quality control pa-
rameters (FAO/IAEA/USDA 2003) were deter-
mined for each treatment at the parental, 3rd,
6th, and 9th generations. The parameters evalu-
ated were pupal weight, adult emergence, and
flight ability.

 

Statistical Analysis

 

Life table demographic parameters used in this
study are defined by Carey (1993). Laboratory and
field tests followed the methods described in the
international quality control manual for tephritid
flies (FAO/IAEA/USDA 2003). Data from observed
proportions were transformed as 

 

√

 

 x + 0.5, and

 

T

 

ABLE

 

 1. A

 

MOUNT

 

 

 

OF

 

 

 

MATURE

 

 

 

COFFEE

 

 

 

BERRIES

 

 

 

COLLECTED

 

, 

 

APPROXIMATE

 

 

 

NUMBER

 

 

 

OF

 

 

 

LARVAE

 

 

 

AND

 

 

 

ADULTS

 

 

 

OB-
TAINED

 

, 

 

AND

 

 

 

LOCATION

 

 

 

IN

 

 

 

GUATEMALA

 

 

 

OF

 

 

 

COLLECTIONS

 

.

Year of collection Location Coffee berries (kg) Larvae recovered Adults emerged

2000 Colomba 1,650 18,549 10,701
2001 Colomba 2,000 15,000 12,325
2002 Antigua 2,500 21,550 13,435
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subjected to analysis of variance (ANOVA), fol-
lowed by means separations by the Tukey test (

 

P

 

≤

 

 0.05) (SAS Institute 1992).

R

 

ESULTS

 

Demographic Analysis

 

Survival rapidly increased through coloniza-
tion in the 3 treatments. Mean adult life expect-
ancy increased significantly from the parental to
the 3rd generation, then gradually increased or
remained stable in the following generations,
both in males and females. This trend was ob-
served when the flies were evaluated individually
(Fig. 1), although differences among generations
were not significant (

 

F

 

 = 0.4355, 

 

P

 

 = 0.6556 for
males; 

 

F

 

 = 2.9684, 

 

P

 

 = 0.0801 for females). There
were no significant differences among rearing
systems (

 

F

 

 = 0.0790, 

 

P

 

 = 0.9244 for males; 

 

F

 

 =
0.1569, 

 

P

 

 = 0.8561 for females) and there was no
significant interaction between rearing systems
and generations (

 

F

 

 = 0.2214, 

 

P

 

 = 0.9225 for males;

 

F

 

 = 0.4244, 

 

P

 

 = 0.7888 for females).
When survival data were taken directly from

the rearing cages, there were highly significant
differences among generations (

 

F

 

 = 7.7843, 

 

P

 

 =
0.0010 for males; 

 

F

 

 = 8.4050, 

 

P

 

 = 0.0006). How-
ever, the differences among rearing systems were
not significant (

 

F

 

 = 1.4461, 

 

P

 

 = 0.2570 for males;

 

F

 

 = 0.5255, 

 

P

 

 = 0.5985 for females) and there were

also no interactions between generations and
rearing systems (

 

F

 

 = 0.2589; 

 

P

 

 = 0.9502 for males;

 

F

 

 = 0.1551, 

 

P

 

 = 0.9859 for females) (Fig. 2).
Fecundity increased in a similar pattern. The

number of eggs laid per female increased signifi-
cantly from the parental generation to the 3rd
generation in all treatments, then gradually in-
creased every third generation. This was ob-
served both in the data collected from single pairs
(Fig. 3 top), as well as in those from the rearing
cages (Fig. 3 bottom). There was wide variation in
this parameter among treatments, particularly
during the first 3 to 6 generations, but no statisti-
cal differences among treatments were found (

 

F

 

 =
2.2959, 

 

P

 

 = 0.1328 for single pairs; 

 

F

 

 = 0.0510, 

 

P

 

= 0.9504 for rearing cages). The difference among
generations was highly significant in both cases,
when the flies were obtained from single pairs (

 

F

 

= 11.0348, 

 

P

 

 = 0.0009), and when data were col-
lected from the rearing cages (

 

F

 

 = 35.8365, 

 

P

 

 =
1.208 

 

×

 

 10

 

-8

 

). The interaction between rearing sys-
tems and generations was not significant (

 

F

 

 =
0.2406, 

 

P

 

 = 0.9111 for single pairs; 

 

F

 

 = 0.4048, 

 

P

 

 =
0.8678 for rearing cages). It is important to note
the demographic implications of the significant

Fig. 1. Life expectancy (e0) (days ± SE) of male (top)
and female (bottom) Mediterranean fruit flies from 3
different adult colony holding systems (MS = conven-
tional Metapa System, IS = Insert System, SS = Sex-ra-
tio System), estimated from single pair cages.

Fig. 2. Life expectancy (e0) (days ± SE) of male (top)
and female (bottom) Mediterranean fruit flies from 3
adult colony holding systems (MS = conventional
Metapa System, IS = Insert System, SS = Sex-ratio Sys-
tem), estimated from rearing cages.
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differences between the parental and the 9th gen-
erations in both, survival and fecundity, in the 3
rearing systems.

Male Sexual Competitiveness

Results from the field cage mating tests during
the 3 years were rather consistent. Wild males
were always the most successful in terms of the
average percent of matings achieved and the dif-
ferences were statistically significant (F = 26.92;
df = 3, 6; P < 0.001) (Fig. 4). Among the 3 rearing
systems, there was a significant difference be-
tween the IS and the MS (control). The differ-
ences between the SS and the other 2 rearing sys-
tems were not significant.

The average mating index (± SE) estimated for
each rearing system, according to the interna-
tional quality control manual (FAO/IAEA/USDA
2003), also showed a significant difference be-
tween the IS and MS, and a non significant differ-
ence between the SS and the other 2 rearing sys-
tems (F = 35.08; df = 2, 6; P = 0.042) (Fig. 5).

Results from the Fried test showed that males
from the IS were the ones that induced the great-
est level of sterility (34%). Males from the SS and
MS treatments only induced 18.3 and 16.3% ste-
rility, respectively. However, differences among
treatments were not statistically significant (F =
32.87; df = 2, 15; P = 0.101). Fig. 6 shows the
average (± SE) level of sterility induced by each
treatment. Natural sterility was 13.3%.

Standard Quality Control Tests

The results of the standard quality control
tests applied to the 3 rearing systems at the pa-
rental, 3rd, 6th, and 9th generations are shown in
Fig. 7. All these values were within acceptable in-
ternational ranges (FAO/IAEA/USDA 2003).
There was a significant increase in pupal weight,
from the parental flies to the mass reared flies. In
the other 2 parameters, there were no significant
differences among generations, although a simi-
lar pattern can be observed.

Pupal weight in the 3rd generation was
greater in the SS compared with the other 2 treat-
ments (F = 0.84; df = 2, 9; P < 0.001). There were
no significant differences at the 6th generation (F
= 1.36; df = 2, 9; P = 0.052). In the 9th generation,
the IS produced the heaviest pupae (F = 1.62; df =
2, 9; P = 0.011).

Mean adult emergence was greater in the IS
and SS than in the MS at the 3rd (F = 4.66; df =

Fig. 3. Net fecundity rate (Σlxmx) (eggs/female ± SE)
of Mediterranean fruit fly females from 3 adult colony
holding rearing systems (MS = conventional Metapa
System, IS = Insert System, SS = Sex-ratio System) at
four different generations. Estimated from single pair
cages (top) and from rearing cages (bottom).

Fig. 4. Average percent of matings (%± SE) in field
cage tests of Mediterranean fruit fly males reared under
3 different adult colony holding systems (MS = conven-
tional Metapa System, IS = Insert System, SS = Sex-ra-
tio System) (P < 0.05).

Fig. 5. Average mating index (± SE) for 3 adult colony
holding systems (MS = conventional Metapa System, IS
= Insert System, SS = Sex-ratio System). This index was
estimated following the quality control manual (FAO/
IAEA/USDA 2003).
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2, 9; P = 0.013) and 6th generations (F = 9.36; df
= 2, 9; P = 0.021). Differences in this parameter
were not statistically significant at the 9th gener-
ation (F = 9.08; df = 2, 9; P = 0.301).

There were no significant differences among
treatments in flight ability at the 3rd (F = 2.43; df
= 2, 9; P = 0.655) and 9th (F = 3.67; df = 2, 9; P =
0.231) generations. At the 6th generation, flight
ability was significantly greater in the IS than in
the MS (F = 5.64; df = 2, 9; P = 0.037).

DISCUSSION

Demographic data confirm that mass-reared
flies have greater reproductive rates than wild
flies (Liedo & Carey 1996) and show that coloni-
zation for mass-rearing is a selection process in
which insects adapt to the new rearing conditions

(Leppla et al. 1983; Leppla 1989). For mass rear-
ing purposes, this is desirable and necessary in
order to produce large number of insects in an ef-
ficient manner. However, this same selection pro-
cess can result in negative effects on other biolog-
ical attributes, such as mating behavior.

The results from the single pair cages and the
rearing cages showed that the conditions in which
flies are held affect the demographic parameters
obtained, with greater values at the single pair
cages than at the more stressful adult holding
cages. However, in both cases, the general trends
were similar, with mean expectation of life and
net reproductive rates increasing with genera-
tions, as the flies gradually adapted to the
crowded mass-rearing conditions. At the same
time only very small or no differences were found
among rearing systems.

Our results from the field cage mating tests
corroborate that mass-rearing adversely affects
the mating competitiveness of the reared insects
compared to wild flies (Wong & Nakahara 1978;
Wong et al. 1983; McInnis et al. 1996). The intro-
duction of horizontal inserts in the rearing cages
contributed to a significantly better mating per-
formance of the IS mass-reared insects when
compared to the standard-produced MS males.
Although there were no significant differences in
the level of sterility induced (Fried test), the pat-
tern was similar (IS > SS > MS). This suggests
that the number of matings recorded during the
observation period in the field cage mating test is
correlated with the induction of sterility in the
wild population and that males from the IS were
more competitive than males from the other 2
rearing systems.

The manipulation of the sex ratio did not have
a significant effect on the mating performance of
mass-reared flies. This result was unexpected. We

Fig. 6. Sterility levels (mean ± SE) induced by sterile
Mediterranean fruit fly males reared under 3 different
adult colony holding systems (MS = conventional
Metapa System, IS = Insert System, SS = Sex-ratio Sys-
tem) when competing with wild males in field cages (the
natural sterility in the control was 13.3%).

Fig. 7. Standard quality control tests: (A) pupal weight (mg), (B) adult emergence (%), (C) flight ability (%) of the
3 adult colony holding systems (MS = conventional Metapa System, IS = Insert System, SS = Sex-ratio System).
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were expecting that the biased sex ratio in favor
of males would allow females to be more selective
and result in more competitive males. One expla-
nation for this could be the reduced offspring pro-
duced by the smaller number of females and as a
result of harassment of ovipositing females by the
excess of males in the cage; however, there are
other potential causes that need to be investi-
gated. The small number of offspring was partic-
ularly critical in the second year. Manipulation of
operational sex ratio in adult holding cages is now
feasible due to the current availability of genetic
sexing strains. We believe that this research line,
and the interaction with increased surface area in
cages, should be further explored.

Data from the standard quality control tests
demonstrate that the 3 colonization methods
have no detrimental effect on most of these pa-
rameters. Pupal weight was the only attribute
that significantly changed (increased) through
colonization. These findings suggests that while
the demographic and mating attributes, as well
as pupal weight, were under selection pressure
during colonization, this was not the case for at-
tributes such as adult emergence and flight abil-
ity. This raises the question of whether other bio-
logical attributes could be under selection pres-
sure during colonization (Harris 1988; Calkins
1989; Miyatake & Haraguchi 1996). Rodrigueiro
et al. (2002) reported differences between wild
and mass-reared medflies in some morphological
traits. Lux et al. (2002b) found quantitative dif-
ferences in the courtship behavior of wild and
mass-reared Mediterranean fruit fly males. The
biological attributes that show significant differ-
ences between wild and mass-reared flies deserve
further research.

In the current study, we started all 3 treat-
ments from wild collected flies. It will be interest-
ing to investigate whether the introduction of in-
serts might have a reverse effect. Will a long term
mass-reared strain increase its competitiveness if
horizontal inserts are introduced to the mass rear-
ing process, without starting a new colony from
wild flies? Based on our results, the introduction
of inserts in the rearing cages is strongly recom-
mended, because its represent a minor change in
the production process, with negligible costs, and
important benefits in the application of the SIT.
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BSTRACT

 

A mass-rearing facility for Mediterranean fruit fly 

 

Ceratitis capitata

 

 (Wiedemann) was com-
missioned in Stellenbosch in 1999 to produce sterile male fruit flies for a sterile insect tech-
nique (SIT) project in commercial fruit orchards and vineyards in the Western Cape province
of South Africa. The mass-rearing procedure was largely based on systems developed by the
FAO/IAEA Agriculture and Biotechnology Laboratory, Seibersdorf, Austria. A number of ge-
netic sexing strains were used to produce only males for release. Initial cramped rearing and
quality management conditions were alleviated in 2001 with the construction of a new adult
rearing room and quality control laboratory. In 2002 a comprehensive Quality Management
System was implemented, and in 2003 an improved genetic sexing strain, VIENNA 8, was
supplied by the FAO/IAEA Laboratory in Seibersdorf. For most of the first 3 years the facility
was unable to supply the required number of sterile male Mediterranean fruit flies for the
SIT program without importing sterile male pupae from another facility. From mid-2002, af-
ter the quality management system was implemented, both production and quality im-
proved but remained below optimum. After the introduction of the VIENNA 8 genetic sexing
strain, and together with an improvement in the climate control equipment, production sta-
bility, and quality assurance parameters improved substantially. The critical factors influ-
encing production and quality were an inadequate rearing infrastructure, problems with the
quality of the larval diet, and the initial absence of a quality management system. The re-
sults highlight the importance of effective quality management, the value of a stable and
productive genetic sexing strain, and the necessity for a sound funding base for the mass-
rearing facility.

Key Words: genetic sexing strain, mass rearing, Mediterranean fruit fly, sterile insect tech-
nique, quality management

R

 

ESUMEN

 

La facilidad para criar en masa la mosca mediterránea de la fruta, 

 

Ceratitis capitata

 

 (Wie-
demann) fue comisionada en Stellenbosch en 1999 para producir machos estériles de moscas
para el proyecto de la técnica del insecto estéril (TIE) en huertos de frutos y viñas comercia-
les en la provincia del Cabo Occidental del Sudáfrica. El procedimiento de criar en masa fue
en su mayor parte basado en los sistemas desarrollados por el Laboratorio de Agricultura y
Biotecnología de la FAO/IAEA, Seibersdorf, Austria. Un número de razas que separara los
sexos genéticamente fueron utilizadas para producir solo machos para la liberación. La con-
gestionada condición inicial para criar las moscas y su manejo de calidad fueron aliviadas en
2001 con la construcción de un nuevo cuarto de cria para adultos y un laboratorio de control
de calidad. En 2002, un Sistema de Manejo de Calidad comprensivo fue implementado, y en
2003 una raza mejorada que separa los sexos genéticamente, VIENNA 8, fue proveido por el
Laboratorio de la FAO/IAEA en Seibersdorf. En la mayor parte de los primeros 3 años la fa-
cilidad no pudo suplir el número requerido de machos estériles de la mosca mediterránea de
la fruta para el programa de TIE sin la necesidad para importar machos estériles de otra fa-
cilidad. Desde medio del año de 2002, después que el sistema de manejo de calidad fue im-
plementado, la producción y la calidad mejoraron pero aún quedaron por debajo del nivel
óptimo. Después de la introducción de la raza VIENNA 8 que separa los sexos genética-
mente, y junto con el equipo mejorado de control de clima, la estabilidad y los parámetros de
seguridad de calidad mejoraron substancialmente. Los factores críticos que influyeron en la
producción y la calidad fueron la infraestructura inadecuada para criar las moscas, proble-
mas con la calidad de la dieta para las larvas y la ausencia inicial de un sistema de manejo
de calidad. Los resultados muestran claramente la importancia de un manejo efectivo de la
calidad, el valor de una raza productiva que separa los sexos genéticamente y la necesidad

 

de contar con una base sólida de financimiento para la infraestructura de una cria en masa.
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The export deciduous fruit industry is of great
economic importance to South Africa. Nearly 90
million cartons are exported annually, with total
earnings of approximately US$1 billion per an-
num. The Western Cape is the most important re-
gion for the production of deciduous fruit, with
approximately 58,000 ha under cultivation (Opti-
mal Agricultural Business Systems 2005).

The Western Cape is host to 2 species of te-
phritid fruit flies of economic importance, the
Mediterranean fruit fly (medfly) 

 

Ceratitis capi-
tata

 

 (Wiedemann), and the Natal fruit fly 

 

Cerati-
tis rosa

 

 (Karsch). Between them, they attack a
wide variety of subtropical, tropical, and decidu-
ous fruits (Annecke & Moran 1982). Both species
are international quarantine pests with the po-
tential to restrict international fruit trade with
South Africa. Further details of their occurrence,
behavior, and management in the Western Cape
is given by Myburgh (1964) and Barnes (1994). It
has been estimated that crop losses and control
costs due to fruit flies in the Western Cape alone
exceed US$3.2 million per annum (Mumford &
Tween 1997). While the economic impact of te-
phritid fruit flies country-wide has not been de-
termined, the impact on the South African export
fruit industry of a quarantine embargo on South
African fruit due to the presence of fruit flies
would be devastating. For the South African ex-
port fruit industry to remain viable, the creation
of fruit fly-free or low prevalence areas is there-
fore an urgent necessity. The sterile insect tech-
nique (SIT), integrated with other measures, is
widely regarded as the most practical and cost-ef-
fective means of establishing such areas.

A pilot project to suppress 

 

C. capitata

 

 in an iso-
lated export table grape production area in the
Western Cape, the Hex River Valley, with an SIT
component was initiated in 1997. Sterile 

 

C. capi-
tata

 

 were produced in a mass-rearing facility lo-
cated at the Infruitec-Nietvoorbij Fruit, Vine and
Wine Research Institute of the Agricultural Re-
search Council (ARC) in Stellenbosch, with a
number of different 

 

temperature-sensitive lethal

 

(

 

tsl

 

) genetic sexing strains (Franz 2005). Produc-
tion at the facility started in Apr 1999, with aerial
releases of sterile males over 10,000 ha starting
in Oct that year. Further details of the pilot
project are described by Barnes et al. (2004).
Aerial releases over the entire 10,000 ha were
later replaced by ground releases due to the high
cost of aerial releases in view of the relative small
release area.

The SIT operations were not supported finan-
cially by the national government, although the
provincial government sporadically funded the
mass-rearing facility. As a result, the facility was
initially financed through a formal SIT Partner-
ship between the ARC, which coordinated the SIT
component of the program, and the Deciduous
Fruit Producer’s Trust, a fruit-grower organiza-

tion. Continued lack of national support, together
with the inability of the SIT Partnership to con-
tinue funding the mass-rearing facility, led to the
commercialization of the production and distribu-
tion of sterile medflies via SIT Africa (Pty) Ltd. in
2003. The SIT programme has since expanded to
2 other production areas, and at the time of writ-
ing a total of 6 million sterile male medflies per
week were being ground-released, specifically
targeting backyards and host plants, over a total
fruit production area of 15,600 ha.

Production volumes and quality parameters of
sterile medflies produced by the rearing facility
were well below optimum and varied a great deal
during the course of the program. This article de-
scribes the rearing process, the genetic sexing
strains used, and the production and quality pa-
rameters achieved over a period of 1 to 5 years,
and discusses causes of the poor rearing perfor-
mance and the factors that led to improved pro-
duction and quality in the facility.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Genetic Sexing Strains

 

A number of genetic sexing strains obtained
from the Entomology Unit, FAO/IAEA Agricul-
ture and Biotechnology Laboratory, Seibersdorf,
Austria, were used to produce sterile male med-
flies. In such strains, the females carry a 

 

tsl

 

 mu-
tation that results in their mortality as embryos
by heat treatment so that females can be elimi-
nated before mass rearing of the males destined
for sterilization and release (Franz et al. 1994).
This results in greater cost-effectiveness as only
the males are the active agent in the SIT (Hen-
drichs et al. 1995). In addition, the females are
homozygous for the mutation 

 

white pupae

 

 (

 

wp

 

).
This allows the integrity of the sexing system and
the accuracy of the temperature treatment to be
monitored and is required for a Filter Rearing
System to manage the mother colony (Fisher &
Cáceres 2000).

The genetic sexing strain VIENNA 7-97 was
initially used when mass-rearing started in Apr
1999. This strain was replaced in Aug/Sep 1999
with a refreshed genetic sexing strain, VIENNA
7/Mix-99 (Fisher 1999) that was initially used for
the first sterile male releases that started in Oct
1999. Due to genetic instability of this genetic
sexing strain under local rearing conditions, espe-
cially in the absence of a filter rearing system, the
colony strain was replaced three times between
May 2000 and Dec 2001, with strains VIENNA 7/
Tol 2000 in May 2000, VIENNA 7/Mix 2000 in
Nov 2000, and VIENNA 7-D53/Mix 2001 in Dec
2001 (Robinson et al. 1999).

A filter rearing system to control the accumu-
lation of genetic recombinants (Franz 2002) in the
genetic sexing strain was set up in mid-2000. In
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this system, recombinant individuals (females in
brown pupae and males in white pupae; termed
‘wrong sex’) are removed from a mother colony
maintained under more relaxed conditions. Pro-
duction of sterile males with a filter rearing sys-
tem comprised three reproductive ‘streams’—the
filter (or mother colony), amplification 1, and am-
plification 2. A fourth non-reproductive male-only
(or release) stream produced all the males for
sterilization and release (Fisher & Cáceres 2000).

In Sep 2003 a new genetic sexing strain with
improved production and quality potential, VI-
ENNA 8, was provided to the SIT Africa Facility
by the Entomology Unit, FAO/IAEA Agriculture
and Biotechnology Laboratory, Seibersdorf, Aus-
tria. This facility was the first operational 

 

C. cap-
itata

 

 facility to be provided with this strain.

 

Production and Release Procedure

 

Production. Initially, an old, disused building
at the Pest Management Division of ARC In-
fruitec-Nietvoorbij was refurbished and used as a
sterile fruit fly production facility. In Apr 2001, a
new building was erected to house the adult col-
ony and a quality control laboratory, alleviating
cramped rearing conditions in the old building
and providing for better management of quality
control. This raised the maximum production po-
tential to an estimated 10 million sterile males
per week.

The mass-rearing procedure was largely devel-
oped by the FAO/IAEA Laboratory in Seibersdorf.
Larvae were reared on the following artificial
diet: digestive bran (28.75%), torula yeast
(7.00%), white sugar (13.00%), sodium benzoate
(0.25%), 30% hydrochloric acid (1.50%), formalin
(0.08%) and water (49.43%). The pH of the diet
was buffered to between 3.2 and 3.5. Five kg of
diet were placed in each rearing tray, and 3.2 mL
of eggs (for the colony stream) and 12.5 mL of eggs
(male-only stream) were seeded per tray on an
egg raft of toilet tissue.

After seeding, the trays were moved to Larvae
Room #1 (25°C, 90-100% R.H.). After 3 d the trays
were moved to Larvae Room #2 (22°C, 75-80%
R.H.). After 3 d, trays were then moved to Larvae
Room #3 (20°C, 65-70% R.H.), where mature lar-
vae left the medium and were collected in water-
filled gutters for either 5 d (colony production) or
2 d (male-only production). Each day’s larval col-
lection was mixed with fine vermiculite and kept
at 20°C and 80-85% RH for pupation.

In the adult room, egging cages measuring
0.74 m 

 

×

 

 0.84 m in cross section and 2 m in height
were surrounded on all 4 sides with fine mesh
screen through which the females oviposited. The
cages were mounted on wheels that ran on rails in
a water bath. Each cage was loaded with 3.2 liters
of pupae at a male:female ratio of 1:3, resulting in
a total cage content of approximately 186,600

flies. Adult food consisted of a 1:3 mixture of enzy-
matic yeast hydrolysate (Separations, Johannes-
burg, South Africa) and sugar, and water was pro-
vided through soft cloths protruding through
pipes filled with water. Eggs oviposited through
the screen sides fell into the water bath that was
drained once a day and the eggs were collected in
a sieve. Each cage was kept in production for 12 d.
Conditions in the adult room were maintained at
25°C and 60-65% R.H., with a photoperiod of
15.5:8.5 (L:D). All eggs were bubbled in water con-
taining 0.1% sodium benzoate for 48 h under the
same conditions. Eggs for the male-only stream
were additionally heat-treated at 34°C for 16 h,
which killed the female eggs.

Irradiation. Male pupae were sterilized 1 d be-
fore adult emergence (based on eye color; FAO/
IAEA/USDA 2003) with 90 Gy from 

 

60

 

Co in the
ARC Infruitec-Nietvoorbij walk-in irradiator. It
was equipped with a sealed point-source of 

 

60

 

Co
(Mayak Production Association, Ozyorsk, Russia)
stored in a below-floor, lead-filled drum that was
raised hydraulically to the required level when
needed. The dose-rate was 5.5 Gy/min, initially
determined with Fricke dosimeters and verified
by Gafchromic dosimetry (IAEA 2004). Pupae
packed in plastic bags (sample size = 180 mm 

 

×

 

150 mm; volume = 5 L) were irradiated under hy-
poxia on a rotating table (diameter 1.0 m; 60 s for
1 rotation) fixed around the vertical axis of the

 

60

 

Co source lifting rods. Eight rotating discs (di-
ameter 0.2 m; 20 s for 1 rotation) were built into
the table around its perimeter. The resulting dual
rotation of the pupae facilitated optimum dose
distribution throughout the sample. The dose was
verified by Sterin® or RadTag® indicators in each
container of pupae.

Irradiated pupae were dyed with Day-Glo®
fluorescent dye (Radiant Color, Houthalen, Bel-
gium) and were placed in paper bags (110 mL per
bag) in Plastic Adult Release Containers (“PARC
boxes”). During the period of aerial releases (VI-
ENNA 7 genetic sexing strain) this yielded ap-
proximately 4,250 fliers/bag at 65% flight ability.
During later ground releases (with VIENNA 8 ge-
netic sexing strain) an improved flight ability of
75% yielded approximately 5,000 fliers/bag.

Food for the flies was provided by means of
cakes of food grade agar plus sugar placed onto
gauze vents on top of each PARC box for aerial re-
leases, or for ground releases, by brown paper
strips soaked in the agar and sugar mixture and
placed into each bag. After poor performance of
the food strips, food was later provided more effec-
tively by means of small agar and sugar cakes in
plastic containers (50 mm diameter, 20 mm deep)
placed in the bottom of the bag.

Release. Details of aerial releases over the Hex
River Valley are given by Barnes et al. (2004).
These were replaced by ground releases in Jun
2003. For ground releases, bags of sterile flies
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were transported to the release areas from 3 to 5
d after emergence and released the following day.
All flies were released in fruit fly host plants in
gardens and backyards, and in any other ne-
glected fruit trees, at a density of 2,000 flies per
hectar (Ortíz-Moreno 2002). This release system
has resulted in effective suppression of 

 

C. capitata

 

in the Hex River Valley at a reduced cost to the
growers (I. Sutherland, SIT Africa [Pty] Ltd., Stel-
lenbosch, South Africa, personal communication).

The targeted nature of ground releases re-
sulted in a decrease in demand for sterile med-
flies in the Hex River Valley to 1.4 million sterile
flies per week. In Dec 2003 releases of sterile flies
started in a second area (Elgin, Grabouw, Vye-
boom and Villiersdorp) increasing the demand to
4.2 million sterile flies per week. In Aug 2004 a
third area (Riebeek Valley) joined the SIT pro-
gram, and the total requirement for releases was
increased to 6 million sterile flies per week. The
facility’s production output goal was not reduced
following the decrease in demand for sterile flies –
the facility management decided rather to have
an output safety ‘cushion’ to accommodate any
unexpected decrease in production.

 

Production Performance and Quality Assurance

 

All rearing procedures and quality control
measurements were carried out according to the
international fruit fly quality control manual
(FAO/IAEA/USDA 2003). Up to Dec 2001 the fa-
cility had no formal quality management system.
Following consistent problems encountered with
production volumes and sterile fly quality, a com-
prehensive Quality Management System was in-
troduced in Jan 2002.

The quality management system covered two
main aspects: production and quality assurance.
A weekly review meeting evaluated each of these
aspects according to set targets as follows: (1)
Production (all reproductive streams)—number
of adult cages set up, egg production (mL per day),
number of trays seeded, number of pupae irradi-
ated, number of sterile flies delivered; (2) Quality
control (all streams)—egg hatch (%; 0 h and 48 h),
egg to pupa efficiency (%); flight ability (%), ge-
netic recombination (males in white pupae; %), fe-
males in the male-only stream (%), sterility of
males for release (% fertility). Definitions of these
parameters and the methods of assessment are
given in FAO/IAEA/USDA (2003). Other quality
parameters, e.g., of raw diet ingredients and wa-
ter, were not at that point incorporated into the
quality management system.

For the purposes of this article only the follow-
ing production parameters are discussed: produc-
tion—daily egg production, and number of pupae
irradiated per week; quality assurance—egg
hatch (48 h), egg to pupa efficiency in the male-
only stream, flight ability of sterile males, and

percentage females in the male-only stream (as
an indication of genetic recombination of the ge-
netic sexing strain). Some records from the ear-
lier part of the programme, before the new quality
control laboratory was established, are incom-
plete and the data unreliable. Results are there-
fore given from as far back in each case as they
were considered reliable. Data are presented as
means ± SD.

R

 

ESULTS

 

Egg Production

 

Daily egg production with the genetic sexing
strains VIENNA 7/Mix 2000 and VIENNA 7-D53/
Mix 2001 from Jan 2001, and with genetic sexing
strain VIENNA 8 from Aug 2003 to Sep 2004, is il-
lustrated in Fig. 1a and b. A target of 495 mL of
eggs per day was initially set in order to achieve
production levels of five million sterile males per
week for aerial releases over the Hex River Valley.
As illustrated by Fig. 1a between Jan 2001 and
Aug 2002, this target was seldom achieved. From
Aug 2002 the target was exceeded virtually with-
out exception. After the introduction of VIENNA
8, the daily egg production target was reduced to
360 mL per day due to the better egg to pupa effi-
ciency of this strain. Fig. 1b shows that with VI-
ENNA 8, this target also was exceeded on all but
one occasion (Feb to Mar 2004). Relatively wide
fluctuations in egg production from Sep to Dec
2003 narrowed noticeably thereafter, probably as
a result of adaptation by the new strain to local
conditions.

 

Egg Hatch

 

Egg hatch after 48 h in the male-only stream is
illustrated in Fig. 2a (VIENNA 7-D53/Mix 2001)
and Fig. 2b (VIENNA 8). Except for a sharp drop
in Sep/Oct 2002, egg hatch in the VIENNA 7
strain fluctuated (mean = 55.3 ± 9.65%) for most
of the reported period until Mar 2003, when it
dropped an average of 5% below the target level.
In the case of VIENNA 8, mean egg hatch was
somewhat lower at 38.8 ± 11.01%, but very close
to the target of 40% for this strain (C. Cáceres,
FAO/IAEA Biotechnology Laboratory, Seibers-
dorf, Austria, personal communication).

 

Egg to Pupa Efficiency

 

Egg to pupa efficiency in the male-only stream
is illustrated in Fig. 3a (VIENNA 7D53/Mix 2001)
and Fig. 3b (VIENNA 8). The target egg to pupa
efficiency for the VIENNA 7 strain was 12%. Al-
though the FAO/IAEA (2002) target for the VI-
ENNA 8 strain is 20%, the rearing facility set an
interim target of 16%. Efficiency in the VIENNA
7 strain fluctuated between 5 and 15%, with a
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mean of 11.2 ± 4.60% and was characterized by
three periods of substantial decreases in effi-
ciency. There were only 2 periods of relative sta-
bility in efficiency, between May and Sep 2002
and Mar and Jul 2003. After the introduction of
the VIENNA 8 strain, egg to pupa efficiency im-
mediately improved to a mean of 16.8 ± 4.18%.
Two significant decreases in efficiency occurred

from Dec 2003 to Jan 2004 and from Mar to May
2004, both as a result of equipment malfunction.

 

Number of Pupae Irradiated per Week

 

The number of pupae irradiated per week from
Oct 1999 to Sep 2004, as an illustration of produc-
tion of sterile flies by the facility, is presented in

Fig. 1. Daily egg production (14-day moving average) by two genetic sexing strains of C. capitata; (a) by two
strains of VIENNA 7 from Jan 2001to Jul 2003, and (b) by VIENNA 8 from Aug 2003 to Sep 2004.
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Fig. 4. With few exceptions, production by the fa-
cility was very poor and variable during the first
two and a half years until mid-2002. On only three
occasions, Jun and Aug 2001 and Nov/Dec 2002,
did production match demand. During this period,
sterile 

 

C. capitata

 

 pupae were frequently imported
from the El Pino facility in Guatemala to supple-
ment aerial releases. From Aug 2002, production
steadily increased to more than 8 million sterilized

pupae per week for the next 10 months, albeit with
1 major slump in Jan and Feb 2003. In Jun 2003
production was deliberately decreased to approxi-
mately one million sterilized pupae per week when
aerial releases were changed to ground releases.
Production was then increased to 4 million and
later 6 million sterilized pupae per week between
Dec 2003 and Aug 2004 to accommodate addi-
tional fruit production areas implementing SIT.

Fig. 2. Egg hatch at 48 h (7-day moving average) of two genetic sexing strains of C. capitata; (a) VIENNA 7-D53/
Mix 2001, from Apr 2002 to Jul 2003, and (b) by VIENNA 8 from Sep 2003 to Sep 2004.
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Flight Ability of Sterile Males

 

Flight ability of sterile males is given in Fig. 5a
(VIENNA 7-D53/Mix 2001) and Fig. 5b (VIENNA
8). The target flight ability for the VIENNA 7 and
VIENNA 8 strains was 75% (C. Cáceres, Seibers-
dorf, Austria, personal communication). A target

of 82% for the VIENNA 8 strain is specified by
FAO/IAEA (2002), but this is for the smaller col-
ony reared by the IAEA at Seibersdorf. Flight
ability for the VIENNA 7 strain fluctuated be-
tween 60 and 85%, with a mean of 73.0 ± 10.92%.
Flight ability improved with the VIENNA 8
strain, increasing to a mean of 78.3 ± 7.37%.

Fig. 3. Percentage egg to pupa efficiency (7-day moving average) in the male-only stream for (a) VIENNA 7-D53/
Mix 2001 genetic sexing strain from Jan 2002 to Jul 2003, and (b) VIENNA 8 genetic sexing strain from Aug 2003
to Sep 2004. 
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Females in Male-Only Stream

 

The occurrence of females in the male-only
stream is summarized in Fig. 6a (VIENNA 7-D53/
Mix 2001) and Fig. 6b (VIENNA 8). As sterile
stings by females in commercial fruit can lead to
infection by pathogens and secondary pests, a
maximum level of 2% females in the male-only
stream was set. From Dec 2002 to Apr 2003, the
occurrence of females from the VIENNA 7 strain
varied from about 1 to 3%, exceeding the maxi-
mum nearly 30% of the time. From Apr 2003, a
steady increase in females of up to 11% was re-
corded until just before the introduction of the VI-
ENNA 8 strain. The mean was 2.63 ± 2.46%.

Following the introduction of VIENNA 8 in
Aug 2004, the occurrence of females in the male-
only stream dropped dramatically to a maximum
of less than 0.4%, with females being recorded on
only three occasions in 13 months. The mean was
0.02 ± 0.09%.

D

 

ISCUSSION

 

During the period 1999 to mid-2002, produc-
tion of sterile 

 

C. capitata

 

 by the facility was sel-
dom sufficient to supply the requirements for
aerial releases in the Hex River Valley, i.e., 5 mil-
lion per week from Sep to May and 1 million per
week from Jun to Aug. From mid-2002, after the
positive effect of the implementation of the qual-

ity management system took effect, production
was generally adequate with only one exception.
Production and quality further improved and sta-
bilized after the introduction of the VIENNA 8
strain in Aug 2003. Many factors contributed to
the initial sub-standard production and quality
parameters, the most important of which were
the following:

 

(1) Lack of adequate funding. In the absence of
sustained government funding for opera-
tional expenses, and with an inadequate bud-
get, the mass-rearing facility was constantly
under financial duress. This negatively af-
fected the integrity of the entire mass-rear-
ing infrastructure, and consequently
production and quality, and affected the over-
all success of the project.

(2) Short start-up time for rearing facility. The
rearing facility was required to supply 5 mil-
lion sterile males per week to a fully opera-
tional SIT program within 7 months of
starting up in a converted facility with new
equipment and with new rearing staff with
little experience. There was little opportunity
for analyzing and solving initial problems
common in a new mass-rearing operation.
The rearing technicians had to gain most of
their experience while the release program
was in operation.

(3) Cramped rearing conditions. Until mid-2001,
all rearing took place in a small building that
was converted into a rearing facility on a low
budget. Inadequate space in both the adult

Fig. 4. Number in millions of C. capitata pupae irradiated from Oct 1999 to Sep 2004 (3-week moving average).
The target number of sterile flies for release during different periods is indicated by dotted lines.
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and larval rooms led to poor egg production
(e.g., Jan and Jun 2001) and poor larval pro-
duction, which in turn resulted in failure to
meet production targets. A new, spacious and
well-equipped adult room was commissioned
in Jun 2001, with a concomitant improve-
ment in egg production thereafter.

(4) Problems with larval diet. During late 1999,
very poor larval production was ascribed to
bran contaminated at source with the insecti-
cide chlorpyriphos. This resulted in reduced
numbers of pupae being produced between
Dec 1999 and Jan 2000. During Nov 2002 to
Feb 2003, a build up of rust in the larval diet

Fig. 5. Percentage flight ability of sterile males for (a) VIENNA 7-D53/Mix 2001 genetic sexing strain from Sep
2002 to Sep 2003, and (b) VIENNA 8 genetic sexing strain from Aug 2003 to Sep 2004.
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mixer resulted in the diet containing toxic
levels of rust (C. Cáceres, FAO/IAEA Biotech-
nology Laboratory, Seibersdorf, Austria, per-
sonal communication), that reduced the egg
to pupa efficiency and thus the number of pu-
pae irradiated from Dec 2002 to Jan/Feb
2003. On a number of occasions, bran of vary-
ing consistency was delivered, being some-
times too fine and sometimes of mixed size
grading. This resulted in sub-standard larval

diet and egg to pupa efficiency (Mar to May
2002; Apr/May 2004) and in the decrease in
the number of pupae irradiated during Mar
to May 2002.

(5) Colony replacements. The lack of an effective
filter rearing system until mid-2001 contrib-
uted to unacceptable levels of genetic recom-
bination of the genetic sexing strain and to
consequent poor production and quality. As a
result, the rearing colony had to be replaced 4

Fig. 6. Percentage females in the male-only stream for (a) VIENNA 7-D53/Mix 2001 genetic sexing strain from
Dec 2002 to Sep 2003, and (b) VIENNA 8 genetic sexing strain from Aug 2003 to Sep 2004.
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times during which production was severely
affected (May 2000, Nov 2000, Oct/Nov, and
July 2003). Production quantity and quality,
and strain stability, started improving once a
filter rearing system was introduced.

(6) Equipment malfunction. Equipment in-
stalled in the new facility in 1999, in particu-
lar climate control equipment, broke down
repeatedly. This was due mainly to budget re-
strictions precluding the purchase of higher-
specification and higher-quality equipment,
but also because high ambient temperatures
during the hot summer months (Dec to Feb)
raised temperatures in the larval rooms and
put stress on the climate control equipment.
Power failures also occurred. Production was
negatively affected on each occasion.

(7) Lack of a quality management system. Pro-
duction and quality were generally poor in
the absence of a quality management system.
The benefit of the introduction of the quality
management system in Jun 2002 can best be
seen in daily egg production and number of
pupae irradiated with the VIENNA 7 strains.
Egg production increased from an average of
250 mL per day for 17 months pre-quality
management system to 690 mL per day for 13
months post-quality management system.
The average number of VIENNA 7 pupae ir-
radiated increased from 1.4 million per week
for 32 weeks pre-quality management sys-
tem to 5.8 million per week for 13 months
post-quality management system.

Performance of the VIENNA 8 Genetic Sexing Strain

 

The VIENNA 8 strain has been reported to
show an approximate 20% improvement in per-
formance relative to VIENNA 7-D53/Mix 2001
(Cáceres 2002). A comparison of data in Figs. 1a,
1b, 3a, 3b, 5a, 5b, 6a and 6b confirms the superi-
ority of the VIENNA 8 strain. Egg production
with VIENNA 8 was easily maintained at a high
level and, once the strain had adapted to the new
conditions, was relatively stable. Mean egg to
pupa efficiency increased by 50% from 11.2% for
VIENNA 7-D53/Mix 2001 to 16.8% for VIENNA
8. Mean flight ability increased by 7.3% from
73.0% with VIENNA 7-D53/Mix 2001 to 78.3%
with VIENNA 8. The occurrence of females in the
male-only stream decreased from a mean of
2.63% with VIENNA 7-D53/Mix 2001 to 0.02%
with VIENNA 8, an improvement of 99.2%.

VIENNA 8 proved to be more genetically sta-
ble than the VIENNA 7 strains, exhibiting less
genetic recombination (occurrence of ‘wrong sex’
pupae) following handling and environmental
stress. After the introduction of VIENNA 8,
equipment failure occurred on numerous occa-
sions, yet, very low levels of recombination were
recorded. Due to the better performance of VI-
ENNA 8 it was possible to reduce the number of
adult cages set up for the male-only stream from
12 per week to 8 per week without compromising

egg production. This in turn led to an estimated
savings in production costs of 30%.

In conclusion, the experiences in South Africa
have highlighted the importance for effective
fruit fly SIT operations of the following factors: (a)
sound rearing infrastructure with high quality
equipment; (b) an adequate period of staff train-
ing and equipment testing before delivering ster-
ile flies to an operational program; (c) an effective
quality management system during the produc-
tion of sterile insects; (d) a stable and productive
genetic sexing strain; and (e) a sound funding
base for the mass-rearing facility.
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A

 

BSTRACT

 

The integration of the sterile insect technique (SIT) in the management of the South Amer-
ican fruit fly 

 

Anastrepha fraterculus

 

 (Wiedemann) (Diptera: Tephritidae) is a promising al-
ternative to chemically-based control in those areas where it is sympatric with 

 

Ceratitis
capitata

 

 (Wiedemann) (Diptera: Tephritidae) or other tephritid species for which the SIT is
being used. Implementation of the SIT requires the development of a cost effective mass-
rearing protocol. In this work, we present demographic and quality control parameters for
the 

 

A. fraterculus

 

 strain reared at the Estación Experimental Agroindustrial Obispo Colom-
bres, Tucumán, Argentina. Considering the rearing cage as the reproduction unit, we ob-
served that fecundity is optimal during the first 3 weeks after the onset of oviposition.
Fertility was constant during this period. During 2003 and 2004, some improvements were
made to the existing rearing protocol, which resulted in increased larval viability, pupal
weight, and adult emergence. Current weekly egg production is 1 million per week. These
eggs are used to maintain the colony and to assess quality parameters. Finally, research
needs leading to improved yields and fly quality are discussed.

Key Words: 

 

Anastrepha fraterculus

 

, sterile insect technique, mass-rearing, larval viability,
fertility, fecundity

R

 

ESUMEN

 

La integración de la Técnica del Insecto Estéril (TIE) en el combate integrado de la mosca
Sudamericana de la fruta, 

 

Anastrepha fraterculus 

 

(Wiedemann) (Diptera: Tephritidae), es
una alternativa interesante para reemplazar al control químico en aquellas zonas donde
esta especie es simpátrica con 

 

Ceratitis capitata

 

 (Wiedemann) (Diptera: Tephritidae) u otros
tefrítidos para los que ya se utiliza la TIE. La implementación de la TIE requiere del desa-
rrollo de un protocolo de cría masiva que sea costo-efectivo. En este trabajo presentamos pa-
rámetros demográficos y de control de calidad de la cepa criada en la Estación Experimental
Agroindustrial Obispo Colombres, Tucumán, Argentina. Considerando a la jaula de cría
como unidad reproductiva, se observó que la fecundidad es óptima durante las tres primeras
semanas de iniciada la oviposición y que la fertilidad se mantiene constante durante ese pe-
ríodo. Durante 2003-2004 se implementaron mejoras en el protocolo de cría existente lo que
resultó en un incremento de la viabilidad larvaria, del peso de pupas y del porcentaje de
emergencia de adultos. La producción actual semanal es de un millón de huevos. Los mismos
son utilizados para mantener la colonia y realizar distintos estudios de calidad de esta cepa.
Por último, se sugieren necesidades de investigación para alcanzar mejores rendimientos.

 

Translation provided by the authors.

 

The South American fruit fly 

 

Anastrepha
fraterculus

 

 (Wiedemann) (Diptera: Tephritidae) is
a serious pest that occurs from the southern
United States (Texas) to Argentina (Salles 1995;
Steck 1998). It attacks over 80 species of plants,
including major fruit crops, and represents a seri-
ous threat in some fruit production areas. In addi-
tion, its presence results in quarantine restric-
tions for fresh fruit exports by importing countries
(Steck 1998). At present the only control method
available is the use of bait sprays. This presents a

problem in areas where it coexists with other fruit
fly pests against which the sterile insect technique
(SIT) is being used. Such is the case for some re-
gions in Argentina, where 

 

A. fraterculus

 

 is sympa-
tric with the Mediterranean fruit fly (medfly) 

 

Cer-
atitis capitata

 

 (Wiedemann) (Diptera: Tephriti-
dae). In such situations, the application of the SIT
against 

 

A. fraterculus

 

 can be considered an attrac-
tive alternative (Ortíz 1999).

One paramount prerequisite for SIT imple-
mentation is the development of cost-effective
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mass-rearing protocols. Large-scale mass rearing
has not been achieved for 

 

A. fraterculus

 

. Efforts to
colonize this species and to develop mass rearing
methods have been reported in many countries
(Ortíz 1999). Major constraints were related to
oviposition and egg fertility. A preliminary mass-
rearing strategy was developed by Jaldo et al.
(2001). This procedure followed a simple egg col-
lection method with minimal handling and high
egg fertility. However, egg to pupae recovery was
not optimal and rearing parameters reported
were obtained from small-scale rearing in Petri
dishes with egg densities lower than those used in
the routine maintenance of the colony. Additional
demographic parameters were published by
Salles (1992) and Jaldo (2001).

Although individual females are responsible
for total fecundity and fertility of the colony, un-
der mass rearing conditions, demographic param-
eters such as egg production are more informative
when the rearing cage is considered as the pro-
duction unit.

In this work, we evaluate the fecundity and
fertility of the 

 

A. fraterculus

 

 colony maintained at
the Estación Experimental Agroindustrial Obispo
Colombres in Tucumán, Argentina and provide
rearing and quality control parameters.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Colony Maintenance

 

The colony established at the Estación Experi-
mental Agroindustrial Obispo Colombres, Tucu-
mán, Argentina, was derived from infested gua-
vas collected in 1997 from the vicinity of Tafí
Viejo, Tucumán province (northwestern Argen-
tina). Since then, no wild material has been intro-
duced into the colony. Rearing conditions were
those proposed by Jaldo et al. (2001) with minor
modifications, mainly related to humidity condi-
tions in the rearing room and egg seeding density. 

Adult colony cages were set up with 10,000 pu-
pae and provided with water and adult food,
which consisted of a mixture of hydrolyzed yeast,
corn protein, and sugar (1:1:4) with a supply of vi-
tamins and amino acids (Jaldo et al. 2001). Cages
were held in a rearing room with 25 ± 1°C and a
photoperiod of 12:12 (L:D). Humidity control was
difficult during 2002-2003, and ranged from 50 to
90%, but normally it was at the lower values.
From Jan 2004, with the addition of a new humid-
ifier, the relative humidity in the rearing room
was higher and more stable (80 ± 10% R.H.).

Egg collection began 1 week after adult emer-
gence and eggs were collected 3 times per week.
Females laid their eggs through one of the panels
of the cage that was coated with a thin layer of sil-
icon rubber (hereafter referred to as the oviposi-
tion panel). To avoid dehydration, moist foam rub-
ber was applied to the outer side of the oviposition

panel and held with clips to a transparent polycar-
bonate panel which was attached to the cage. After
24 h the foam rubber was removed and eggs were
collected from the oviposition panel with the aid of
a rubber sponge. The volume of eggs obtained for
each cage was measured. Eggs were air bubbled in
water within a plastic bottle (v/v ratio of 1:100) for
48 h and later seeded on larval diet (Salles 1992).

Seeding density decreased from 34 eggs/g of
diet in 2003, to 22-15 eggs/g of diet during Jan-
May 2004, to 11 eggs/g of diet from Jun 2004 on-
wards. Egg seeding density was reduced due to an
increase in egg-pupae recovery and hence a need
to avoid larval overcrowding. Approximately at d
7, larvae started leaving the diet and pupated in
sand placed in a pan below the trays. Two d after
pupation began; sand was sieved to remove pu-
pae. The same pupal collection procedure was re-
peated twice. Pupae were placed in trays with a
thin layer of sand and held 10-12 d for matura-
tion. Two d before emergence, the total pupal pro-
duction was weighted. Each week 2 batches of 120
g of pupae were prepared to set up 2 new adult
holding cages. From Jun 2004, 2 batches of 45,000
eggs each were seeded per week to obtain enough
pupae (around 60,000) to maintain the colony;
any remaining eggs were discarded.

 

Demographic Analysis

 

Egg production was estimated by considering
the total number of eggs collected during the
lifespan of the production cages. Egg collection
was carried out for the period of 4 weeks, for a to-
tal of 12 collections per cage. For each cage in each
collection the volume of eggs collected was mea-
sured and the number of eggs obtained in each
cage for each collection was determined by multi-
plying the volume of eggs (in mL) in each collec-
tion by 14,900, which was estimated as the num-
ber of eggs in 1 mL. In addition, from each cage in
each egg collection, 3 samples of 100 eggs were
placed in a Petri dish with moistened sponge to
assess egg hatch over the oviposition period. This
procedure was repeated in 7 cages from Oct to
Nov 2003. Differences in mean values of egg
hatch along the collections dates were tested by
means of ANOVA with InfoStat (2004).

 

Quality Control Parameters

 

Several parameters related to the process of
rearing and the quality of the pupae produced were
estimated, including egg hatch, egg to pupae recov-
ery, larval viability, number of eggs obtained per
cage in each collection, number of eggs obtained per
female in each collection, weekly egg and pupal pro-
duction, pupal weight, adult emergence, and sex ra-
tio. Egg hatch was determined 3 d after eggs were
placed in Petri dishes containing a moistened cotton
sponge. The number of unhatched eggs was counted
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and the percentage of egg hatch was estimated. Egg
to pupae recovery was estimated as the number of
pupae recovered in each batch/eggs seeded 

 

×

 

 100.
For larval viability, the formula considered the
number of viable eggs (obtained from the percent-
age of egg hatch). The number of eggs per female in
each egg collection was determined by dividing the
number of eggs obtained in each cage by the num-
ber of estimated females per cage. The number of fe-
males per cage was estimated from the amount of
pupae used to set up the cage, the percentage of
adult emergence, and the sex ratio. No mortality
was assumed during this collection period.

Weekly egg production was determined by add-
ing the number of eggs obtained for each cage in
each of the 3 collections performed each week. Pu-
pal weekly production was determined consider-
ing all the pupae obtained each week from the dif-
ferent batches. Pupal weight was assessed from 3
samples of 100 pupae weighed 2 d before adult
emergence. These pupae were kept without food
and water until all flies emerged and died. The
number of emerged flies of each sex was recorded
taking into account whether they were non-
deformed, deformed, or partially emerged. Adult
emergence and sex ratio were estimated from
these figures as explained in the international
fruit fly quality control manual (FAO/IAEA/USDA
2003). According to the changes in seeding density
implemented from 2002 to the present, rearing
and quality control parameters were estimated for
4 periods: 2002, 2003, Jan-May 2004 and Jun-Aug
2004. Egg hatch, egg to pupae recovery, and larval
survival were determined for each pupal batch.

R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

 

Fecundity and fertility for each egg collection
during the period Oct-Nov 2003 is presented in
Table 1. Fecundity over the 4-week period totaled

413,179 ± 53,026 eggs per cage. Considering the
period in which this value was obtained, as well
as the percentage of emergence, pupal weight,
and sex ratio, the number of eggs per female
along the complete oviposition period (i.e., until
the cage was discarded) was 102 eggs. In other
studies values from 394 eggs per female (Salles
1992) to 625 eggs per female (Jaldo et al. 2001)
have been recorded. Our value is underestimated
since it assumes no mortality during the collec-
tion period; and as mentioned before, values re-
ported previously come from studies in which
eggs were collected during the complete reproduc-
tive period of females confined in small cages and
under relaxed, non-crowded, conditions. As such,
they neither provide an estimate of the number of
eggs to be collected per female or cage, nor an in-
formative figure for the rearing facilities regard-
ing the optimal time to discard the production
cage. The eggs from the first 3 weeks of collection
represented approximately 90% of the total col-
lected (Table 1). During the fourth week the pro-
duction dropped and it is expected that collecting
for longer periods, where flies are more than 35 d
old, would not increase overall egg production.
This, and the fact that old cages are sources of
fungal and mite infections in the rearing rooms,
prompts us to suggest that 3 weeks of egg collec-
tion is optimal for a rearing facility, hence produc-
tion cages should be discarded on d 28.

For 

 

Anastrepha obliqua 

 

(Macquart), 

 

Anas-
trepha ludens

 

 (Loew), and 

 

Anastrepha serpentina

 

(Wiedemann), 41, 64, and 36 d, respectively, have
been proposed as the life of the production cage
(Liedo & Carey 1994). These periods take into ac-
count the amount of pupae that will be harvested
in the facility to be released in the field and have
been estimated from wild flies, which probably ex-
plains the higher values obtained (Liedo & Carey
1994). Our suggestion is more in agreement with

 

T

 

ABLE

 

 1. 

 

A

 

NASTREPHA

 

 

 

FRATERCULUS

 

 

 

FERTILITY

 

 

 

AND

 

 

 

FECUNDITY

 

 

 

FROM

 

 O

 

CT

 

 

 

TO

 

 N

 

OV

 

 2003: 

 

MEAN

 

 

 

NUMBER

 

 

 

OF

 

 

 

EGGS

 

 (±
SEM) 

 

COLLECTED

 

 

 

IN

 

 

 

EACH

 

 

 

EGG

 

 

 

COLLECTION

 

 

 

AND

 

 

 

PERCENTAGE

 

 

 

OF

 

 

 

EGG

 

 

 

HATCH

 

.

Week Collection Number of eggs/cage

 

1

 

Cumulative percentage Egg hatch (%)

First 1 40,443 ± 9,437 9.8 76.0 ± 5.6
2 46,214 ± 8,076 21.0 76.8 ± 6.7
3 45,551 ± 8,321 32.0 85.8 ± 3.6

Second 1 46,829 ± 8,003 43.3 86.3 ± 1.8
2 43,849 ± 5,067 53.9 87.9 ± 1.3
3 43,423 ± 7,786 64.5 85.2 ± 3.0

Third 1 40,656 ± 11,025 74.3 87.2 ± 2.5
2 38,101 ± 8,963 83.5 87.5 ± 2.6
3 25,543 ± 5,775 89.7 88.4 ± 1.1

Fourth 1 17,241 ± 4,940 93.9 85.6 ± 3.2
2 10,856 ± 2,383 96.5 82.2 ± 2.8
3 14,474 ± 3,230 100.0 80.0 ± 4.3

Mean 34,432 ± 3,895 84.1 ± 1.2

 

1

 

Adult colony cages were set up with approximately 10,000 pupae which produced approximately 4,060 females.
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values proposed by Carey & Vargas (1985), ob-
tained from other tephritids, which were already
adapted to mass rearing conditions, as well as the
21 and 17 d used in the Moscafrut Metapa facility
in Mexico to mass rear 

 

A. ludens

 

 and 

 

A. obliqua

 

,
respectively, (Artiaga-López & Hernández, pers.
comm.). More recent values obtained from Jun-
Aug 2004 revealed that females laid approxi-
mately 135 eggs during the first 3 weeks of ovipo-
sition before the cage was discarded (Table 2).
This value increased, compared to the one ob-
tained during the trial in 2003, as a result of an
improvement of some rearing parameters such as
pupal weight, which resulted in larger and proba-
bly more fecund females (see below).

During the 4 weeks of egg collection from Oct
to Nov 2003, egg hatch averaged 84.1 ± 1.2% (Ta-
ble 1). Although for the first collections mean val-
ues were lower, probably due to oviposition of vir-
gin females, there were no statistical differences
among the collections (

 

F 

 

= 1.39; 

 

df

 

 = 11,56; 

 

P

 

 >
0.05). Because the differences are not significant,
and the production of eggs during the first week is
important, it is not recommended to discard these
eggs nor to start egg collection later.

Rearing and quality control data are presented
in Table 2. The higher humidity in the rearing
room from Jan 2004 may have been responsible
for the higher egg to pupae recovery, because the
larval diet did not dry out during the first days in
which first instars require high humidity. This led
to the need to reduce the seeding density from 34
eggs/g of diet to 22-15 eggs/g of diet. By Jun 2004,
it was decided to seed eggs at an even lower den-
sity (11 eggs/g of diet). To prevent water loss from
the diet, trays were covered with a polystyrene
tray for the first 5 d of larval development. Cover-
ing rearing trays to prevent dehydration is a com-
mon practice in other insectaries and for other

 

Anastrepha

 

 species (Pinsón et al. 1993). Subse-
quently, trays were uncovered and sugarcane ba-

gasse was added to the diet to allow larvae to
crawl outside the diet. Because the diet uses agar
as a gelling agent (Salles 1992), we found that
some larvae become stuck in the diet when trying
to leave to pupate. The addition of sugarcane ba-
gasse, which is produced locally as a by-product of
the sugar industry, provides an adequate sub-
strate for the larvae to crawl out of the diet and
enhances larval recovery. In all, changes applied
to the rearing conditions (higher and more stable
relative humidity in the rearing room, lower seed-
ing density and handling during the larval devel-
opment), resulted in the increase of the viability,
recovery, and quality control parameters (Table 2).

Egg to pupae recovery was higher than the
44% reported by Jaldo et al. (2001), even when
those values were obtained from batches of 100
eggs seeded on Petri dishes under very relaxed
conditions. Our values under such favorable con-
ditions are approximately 83% recovery. Besides
the increase in larval viability, the reduction in
egg seeding density resulted in an increase in pu-
pal weight and adult emergence. A gain in pupal
weight may have resulted in larger and probably
more fecund females. This may also explain the
increase in the number of eggs collected per fe-
male as shown for other tephritids (Krainacker et
al. 1989; Liedo et al. 1992).

Although larval viability improved, more im-
provement is still needed. The results obtained in
the small-scale trials suggest that nutrients are
not affecting the viability, but probably the struc-
ture of the diet. Finding the optimal moisture
level and a good bulking agent to maximize in-
take of nutrients from the diet is an important
goal to achieve. The present diet, which uses agar
as a gelling agent, is too expensive for mass-rear-
ing, and presents the added drawback of being
difficult for larvae to leave and pupate. Sugarcane
bagasse can be used to help the larvae leave the
diet, it is locally available from the sugarcane in-
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Parameter 2002 2003 Jan-May 2004 Jun-Aug 2004

Egg hatch (%) 74.1 ± 4.2 84.9 ± 1.3 83.1 ± 1.1 84.4 ± 0.9
Egg-pupae recovery (%) — 29.3 ± 1.7 37.9 ± 2.1 56.3 ± 2.1
Larval viability (%) — 33.8 ± 1.2 49.3 ± 3.8 66.6 ± 2.3
Eggs/cage/collection — 28,221 ± 3,181 43,822 ± 3,099 63,323 ± 3,183
Eggs/female/collection — 6 ± 1 11 ± 1 15 ± 1
Weekly egg production — 83,531 ± 11,077 691,740 ± 41,580 1,074,425 ± 43,733
Weekly pupae production

 

1

 

— — 124,963 ± 17,754 55,894 ± 4,559
Pupal weight (mg) 10.9 ± 0.4 11.3 ± 0.4 12.0 ± 0.3 13.1 ± 0.2
Non-deformed adult emergence (%) 73.0 ± 2.5 77.3 ± 1.8 75.8 ± 3.2 85.0 ± 2.5
Adult emergence (%) 77.1 ± 2.3 81.6 ± 1.7 80.0 ± 3.1 88.6 ± 2.6
Male:female ratio 0.85 ± 0.03 0.95 ± 0.03 0.97 ± 0.04 0.93 ± 0.05

 

1

 

From Jun 2004 onwards only 90,000 eggs per week were seeded; this explains the drop in the production of pupae.
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dustry in the region, and it is free from insecti-
cides. However, preliminary studies (unpublished
data) have shown that yields with bagasse are not
as good as those obtained with agar, indicating
more improvement is still possible.
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DEVELOPMENT OF QUALITY CONTROL PROCEDURES FOR
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A

 

BSTRACT

 

Quality control procedures for 

 

Bactrocera philippinensis

 

 Drew & Hancock 1994 (Diptera: Te-
phritidae) used in sterile insect technique (SIT) programs were established in the mass rear-
ing facility at the Philippine Nuclear Research Institute. Basic studies on pupal irradiation,
holding/packaging systems, shipping procedures, longevity, sterility studies, and pupal eye
color determination in relation to physiological development at different temperature re-
gimes were investigated. These studies will provide baseline data for the development of
quality control protocols for an expansion of 

 

B. philippinensis

 

 field programs with an SIT
component in the future.

Key Words: 

 

Bactrocera philippinensis

 

, quality control, Oriental fruit flies, pupal eye color,
longevity, sterility

R

 

ESUMEN

 

Los procedimientos de control de calidad para 

 

Bactrocera philippinensis

 

 Drew & Hancock
1994 (Diptera: Tephritidae) usados en programas de la técnica de insecto estéril (TIE) fueron
establecidos en la facilidad de cria en masa del Instituto Filipino de Investigación Nuclear.
Estudios básicos sobre la irradiación de las pupas, sistemas de almacenaje/empaque, proce-
dimientos del envio, longevidad, estudios de esterilidad y la determinación del color de ojo de
la pupa en relación con el desarrollo fisiológico en regimenes diferentes de temperatura fue-
ron investigados. Estos estudios proveerán una linea de información básica para el desarro-
llo de protocolos de control de calidad para una expansión de los programas de campo para

 

B. philippinensis

 

 con un componente de TIS en el futuro.

 

Quality control is important for monitoring the
performance of mass reared insects for use in the
sterile insect technique (SIT) (Boller et al. 1981).
To meet this requirement, routine quality control
tests on egg hatchability, pupal weight and size,
percent adult emergence, longevity, flight dis-
persal, and mating ability are used. The effect of
pupal holding conditions, irradiation, and pack-
aging procedures must also be assessed and
threshold values for each quality control parame-
ter need to be established.

After eradication of 

 

Bactrocera philippinensis

 

Drew & Hancock 1994 (Diptera: Tephritidae) with
the SIT in Naoway Islet, Philippines (Manoto et al.
1996), a feasibility study based on an integrated
control program was initiated in Guimaras Island
(Covacha et al. 2000). The Philippine Nuclear Re-
search Institute upgraded the fruit fly mass rear-
ing facility in order to produce 25 million pupae
per week. The 

 

B. philippinensis

 

 colony has been
mass reared in the laboratory for more than 100
generations (Rejesus et al. 1975). The quality con-

trol procedures being developed for this species
were based on those developed for the Mediterra-
nean fruit fly 

 

Ceratitis capitata

 

 (Wiedemann).

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Standard Specifications

 

Routine quality control includes measure-
ments of pupal size, percent adult emergence,
flight ability, sex ratio, response to stress, and
mating propensity. Preparation of samples, obser-
vation, and gathering of data were done by follow-
ing or modifying the procedures in the manual for
“Product Quality Control and Shipping Proce-
dures for Sterile Mass-Reared Tephritid Fruit
Flies” (FAO/IAEA/USDA 2003). Minimum specifi-
cations required for weekly and monthly routine
quality control tests were established on pre-irra-
diation, post-irradiation, and post shipment pu-
pae to serve as guides in monitoring fly quality
and for inclusion into the manual.
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Monitoring Fruit Fly Quality

 

Release of sterile flies in Guimaras Island by
ground commenced in Apr 2001 and for every
batch of released sterile flies routine quality con-
trol checks in the pre-irradiation, post-irradiation,
and post-shipment were carried out. Data from
quality control tests were tabulated and analyzed
to assess variation in the quality specifications. A
database of results for routine quality control
tests was constructed for reference purposes.

 

Pupal Irradiation

 

Samples of 

 

B. philippinensis

 

 pupae obtained
from the stock colony were marked with 1.5 g fluor-
escent dye (Dayglo®) and held in glass vials 2 d be-
fore emergence. The glass vials containing 25 mL
of pupae were irradiated with 

 

60

 

Co Gamma Cell
220 Irradiator facility with doses of 0, 25, 40, 50,
75, 100, 150, and 200 Gy. After irradiation, sam-
ples of pupae were prepared for the following tests.

 

Emergence and Flight Ability Tests

 

One hundred pupae, counted into a Petri dish,
were placed at the base of a 10-cm black PVC pipe
coated with talcum powder, inside a large cage.
Percent adult emergence was based on the num-
ber of adults emerging from the pupal samples.
Non-flying, fully emerged, partially-emerged, and
deformed flies were counted and recorded. Flight
ability (flies escaping from the black PVC pipe)
was determined based on the number of une-
merged pupae and residual flies remaining in the
Petri dish.

 

Fecundity and Sterility Tests

 

Five replicates of 100 pupae of each dose were
counted and placed for emergence in screened
cages (30 

 

×

 

 30 

 

×

 

 40 cm) and provided with food
and water. The flies were allowed to lay eggs for
10 d after emergence in a small egging device con-
taining a wet sponge. Samples of eggs were
counted, held in Petri dishes on damp cloth, and
observed for egg hatch 3 d later.

 

Holding/Packaging of Pupae for Irradiation
and Shipment to Guimaras Island

 

Trials on horizontal and vertical holding/pack-
aging of pupae for irradiation and shipment were
conducted and compared with the standard pack-
aging system currently used. Each holding/pack-
aging method was evaluated to determine the ef-
fect of length, size, and position/arrangement of
polyethylene plastic bags. Three soft ice packs
measuring 11 

 

×

 

 7.5 inches were placed inside the
cardboard box as coolant. A laboratory thermom-
eter was inserted inside the box to check the tem-

perature at 4 h intervals for 48 h. At the same
time, samples of pupae were taken at random
from different sausage bags to determine the ef-
fect of each treatment on adult emergence and
flight ability. The packages used with their corre-
sponding specifications are shown in Fig. 1. Per-
cent adult emergence and fliers were tabulated
and checked to see if they passed the minimum
specifications (Obra & Resilva 2003).

Fig. 1. Specifications and arrangement of 3 different
packaging systems evaluated for irradiation and pupal
shipment. a. Standard arrangement size of bags (cm) =
10.16 × 28, weight of pupae/sausage = 460 g, No. of sau-
sage/box = 52, No. pupae/box = 1.9 million. b.Vertical ar-
rangement size of bags (cm) = 10 × 40, weight. of pupae/
sausage = 600 g. No. of sausage/box = 36, No. pupae/box
= 1.7 million. c. Horizontal arrangement size of bags
(cm) = 15 × 51, weight of pupae/sausage = 2000 g, No. of
sausage/box = 12, No. pupae/box = 1.9 million.

a

b

c
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Determination of Pupal Eye Color
in Relation to Physiological Development

 

Development of pupae based on daily eye color
changes (Ruhm & Calkins 1981) at different tem-
peratures of 22-32°C (room temperature), 15, 19,
and 28°C were determined. Pupal samples at 15,
19, and 28°C were placed in a controlled environ-
ment with an Echo Therm Chilling Incubator.
Daily changes of eye color at each temperature
were monitored by taking close up photographs
with an Intel QX3 Computer Microscope at 60

 

×

 

magnification. Duration of pupal development
and eye color changes of each pupal group were
noted and matched with the color scale of the Soil
Munsel Color Charts (Anonymous 2000).

 

Evaluation of Different Shipping Coolants
for Sterile Pupae

 

Different shipping coolants such as soft ice, ice
packs, and plastic ice trays were evaluated to de-
termine suitable cooling materials for pupal ship-
ment. Three boxes of pupal samples, arranged in
the standard packaging system, were prepared
and irradiated with the multi-purpose gamma ir-
radiation facility. After irradiation, three sets of
each coolant wrapped in newspaper were placed
on the top of each cardboard box. The lids of the
boxes were closed and secured with packaging
tape. Data collection procedures were similar to
those used for packing/holding.

 

Determination of Optimal Irradiation Doses Range

 

Samples of pupae were prepared and irradi-
ated with doses inside of the irradiation chamber
ranging from 52-56 Gy, 63-67 Gy, and 67-74 Gy.
Sterility was checked by mating 50 irradiated
males or females with 50 non-irradiated males or
females in cages 30 

 

×

 

 30 

 

×

 

 40 cm. Samples of eggs
were collected weekly in moistened plastic vials
over a 3-week period to determine egg hatch for
each treatment. As many as 500 eggs were col-
lected and counted during each egging.

 

Statistical Analysis

 

All data obtained in all experiments were
tested in a randomized complete block design
with 5 replications, evaluated, and subjected to
an analysis of variance (ANOVA), with the hon-
estly significant difference value calculated as
Tukey’s statistic at 

 

α

 

 = 0.05 (SAS Institute 1990).

R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

 

Standard Specifications for

 

 B. philippinensis

 

Table 1 shows the standard specifications for
the essential weekly and monthly quality control

tests of mass-reared 

 

B. philippinensis

 

. These val-
ues were based on the minimum mean data ob-
tained in a year’s production in the rearing facil-
ity. The minimum weight set for pupae was 11.13
mg with a diameter of 1.75 mm. Minimum emer-
gence rate and fliers with a 10-cm flight tube in
pre-, post-irradiation, and post-shipment were
90.3, 85.2, and 80.4% for emergence, respectively,
and 77.3, 73.2, and 70.1% for fliers, respectively.
Minimum values of 50.2, 45.3, and 40.2% survival
after 28-32 h was acceptable when newly emerged
flies were subjected to stress tests in pre- and
post-irradiation and post shipment, respectively.
Mating propensity indicates an acceptable mean
mating index of 50.2% (pre-irradiation), 45.1%
(post-irradiation), and 40.3% (post-shipment) for
10 day-old flies.

Routine quality control checks were done on
sterile flies sent to Guimaras for release. Re-
leased sterile flies passed the minimum specifica-
tions set for pupal size, adult emergence, adult fli-
ers, and other quality control parameters tested.

 

Irradiation Studies

 

Table 2 shows data on the effects of different
doses of gamma radiation on adult emergence,
flight ability, fertility, and longevity. Statistical
analysis of the adult emergence data showed no
significant difference for all doses tested, com-
pared to the control group. Flight ability data in-
dicate that a high proportion of flies, 93.3-97.7%,
escaped from the flight tube after doses of 25-100
Gy. At higher doses, the number of fliers progres-
sively decreased from 73.9 to 69.0%. Females irra-
diated as pupae with 25-40 Gy were not sterile
with egg hatch of 25.0 and 3.2%, respectively.
When pupae were irradiated at 50 Gy and above,
100% sterility was achieved in all adult females.
With regard to longevity tests, no significant dif-
ference was observed following irradiation with
25-75 Gy. However, increasing the dose beyond
100 Gy progressively affected the survival, result-
ing in a decrease in adult longevity after 5 weeks.

 

Holding/Packaging of Pupae for Irradiation
and Shipment to Guimaras

 

Mean percent emergence and adult fliers in all
packaging arrangements showed satisfactory re-
sults on pupae randomly-sampled every 4 h from
0-48 h. Similar results were observed in flight
ability tests in which a high proportion of adults
capable of flight (75-99%) escaped from a 10-cm
flight tube. These findings indicate that horizon-
tal and vertical arrangement of pupae were ac-
ceptable holding/packaging methods comparable
to the standard packing system currently used for
sterile fly shipment in Guimaras. Packing of pu-
pae in cardboard boxes with 3 ice packs elimi-
nates overheating of the pupae inside the box.
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Temperature was maintained between 15 to 28°C
for 48 h. In addition, lining with plastic bubble
wrap between the layers of “sausage bags” pro-
tects the pupae from mechanical injury by serv-
ing as a cushion while in transit.

 

Determination of Pupal Eye Color in Relation
to Physiological Development

 

Daily changes in eye color during pupal devel-
opment at 22-32°C (room temperature), 15, 19,

and 28°C are shown in Table 3. The method for es-
timation of the pupal age is based on color
changes compared with the color scale in the
Munsel Soil Color Charts (Anonymous 2000).

At 22-32°C (room temperature), pupal devel-
opment is approximately 9 d. Dissection of the an-
terior part of the puparium is possible on the sec-
ond day. On d 7 when pupae are irradiated, eye
color is dark yellowish brown (HUE 10 YR 3/6).
Adult flies start to emerge at 9 d and emergence is
complete at 10 d.
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PROGRAMS
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HILIPPINES

 

.

Parameter Frequency Pre-irradiation Post-irradiation Post-Shipment

A. Established minimum specifications

 

1 

 

Pupal size weekly
min. pupal weight (mg) 11.00 nr nr
min. pupal diameter (mm) 1.75 nr nr
Sex ratio: min.% males weekly 50.00 nr nr
Emergence & flight ability weekly
min.% emergence 90.00 85.0 80.0
min.% fliers (10-cm tube) 77.00 73.0 70.0
Stress test: min.% survival, 28-32 h weekly 50.00 45.0 45.0
Mating propensity
Boller’s index (min), 10-d-old flies

monthly 50.00 45.0 40.0

B. Mean QC test results

 

2

 

Pupal size weekly
min. pupal weight (mg) 12.52 nr nr
min. pupal diameter (mm) 1.75 nr nr
Sex ratio: min.% males weekly 50.30 nr nr
Emergence & flight ability weekly
min.% emergence 94.50 92.7 91.6
min.% fliers (10-cm tube) 86.10 81.5 71.7
Stress test: min.% survival, 28-32 h weekly 57.60 56.3 53.4
Mating propensity
Boller’s index (min), 10-d-old flies

monthly 46.00 39.0 48.0

 

1

 

Minimum standard specification established for one year period.

 

2

 

Mean quality control test results of flies used in SIT release program. All data were collected in replicates. nr =not required.
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DIFFERENT

 

 

 

DOSES
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GAMMA

 

 

 

RADIATION

 

 (X ± SEM) 

 

ON

 

 

 

THE

 

 

 

ORIENTAL

 

 

 

FRUIT

 

 

 

FLY

 

 B

 

ACTROCERA
PHILIPPINENSIS

 

 

 

IRRADIATED

 

 2 

 

DAYS

 

 

 

BEFORE

 

 

 

EMERGENCE

 

.* W

 

ITHIN

 

 

 

A

 

 

 

ROW

 

, 

 

MEANS

 

 

 

FOLLOWED

 

 

 

BY

 

 

 

THE

 

 

 

SAME
LETTER

 

 

 

ARE

 

 

 

NOT

 

 

 

SIGNIFICANTLY

 

 

 

DIFFERENT

 

 (

 

α = 0.05; ANOVA TEST).

Dose (Gy) Emergence1 (%) Fliers1 (%) Mortality1 (%) Egg hatch1 (%)

0 98.7 ± 0.4 ab 97.9 ± 0.6 a 14.8 ± 3.8 a 83.8 ± 4.6 a
25 98.4 ± 1.0 ab 94.4 ± 1.7 ab 15.9 ± 2.9 ab 25.1 ± 5.2 b
40 97.4 ± 1.9 ab 94.9 ± 2.1 b 14.9 ± 3.8 a 3.2 ± 2.8 c
50 98.8 ± 0.8 a 94.2 ± 0.9 b 12.4 ± 2.4 a 0
75 98.1 ± 0.6 ab 93.2 ± 0.8 b 13.5 ± 3.3 a 0
100 97.9 ± 0.6 ab 93.3 ± 0.9 b 26.3 ± 5.45 c 0
150 97.5 ± 0.8 b 73.9 ± 4.6 c 19.4 ± 3.8 b 0
200 95.3 ± 2.7 c 69.0 ± 5.0 d 30.7 ± 5.2 d 0

*Data are means of 5 replicates. 1Analysis of variance results for % emergence were (F = 2.06; df = 7,16; P > 0.11030, % fliers (F
= 49.99; df = 7,16; P < 0.0001), % mortality (F = 8.43; df = 7,16; P < 0.00002), % egg hatch (F = 371.31; df = 7,16; P < 0.0001).
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At 15°C, pupal development takes about 29 d.
Dissection of the puparium is possible 4 d after
pupation, and at d 22-23 the eyes are dark yellow-
ish brown (HUE 10 YR 3/6 and 3/4, respectively)
and the pupae can be irradiated. Adult flies begin
emerging on d 30.

Pupal development is approximately 15 d at
19°C. Radiation can be applied at d 12 with eye
color of dark yellowish brown (HUE 10 YR 3/8).
Adult flies start to emerge after 16 d.

At 28°C, pupal development requires 9 d. Eye
color is dark yellowish brown (HUE 10 YR 3/6)

TABLE 3. CHANGES IN EYE-COLOR OF THE ORIENTAL FRUIT FLY, B. PHILIPPINENSIS AT DIFFERENT TEMPERATURE OF PU-
PAL DEVELOPMENT.

TABLE 4. STERILITY OF ORIENTAL FRUIT FLY, B. PHILIPPINENSIS IRRADIATED WITH DIFFERENT RANGE DOSES OF GAMMA
IRRADIATION.

Dose range (Gy) Crosses1 (50 Males × 50 Females) Number of eggs sampled % Egg hatched

A. 52-56 Gy U × U 8,000 86.76
U × IR 1,055 8.93

IR × U 8,000 0.66
IR × IR  360 3.10

B. 63-67 Gy U × U 8,000 90.40
U × IR  687 7.13

IR × U 7,900 0.33
IR × IR  176 2.50

C. 67-74 Gy U × U 8,000 87.71
U × IR — —

IR × U 7,956 —
IR × IR — —

1U = non-irradiated flies; IR = irradiated flies. Eggs were collected starting 10 d after emergence for 3 consecutive weeks.



Resilva et al.: Oriental Fruit Fly Quality Control 63

and is noticeable on d 7 when the pupae can be ir-
radiated. Adult flies started emerging after 9 d
and emergence was complete in 10 d.

Evaluation of Different Shipping Coolants

Mean adult emergence and flight ability data
were obtained from pupae packed in boxes with
soft ice, ice packs, and plastic ice trays in a stan-
dard arrangement/packaging system. The use of
ice packs and soft ice were equivalent and met the
minimum specifications set for emergence and
adult fliers. Similar results were also observed for
plastic ice trays; however, a decrease in adult fli-
ers was noted when pupae were stored more than
44 h. A possible explanation for low fliers in plas-
tic ice trays appeared to be due to an increase in
temperature up to 32°C that begins after 44 h.

Determination of Optimal Irradiation Doses Range

Table 4 shows the effects of irradiation on the
sterility of irradiated with 4 different dose
ranges. Pupal irradiation with doses lower than
67 Gy did not prevent egg hatch. When pupae
were irradiated with doses ranging from 63-67
Gy, egg hatch was between 0.3-0.7% when irradi-
ated males were paired with non-irradiated fe-
males, or from 7.1-8.9% when non-irradiated
males were paired with irradiated females. How-
ever, when the dose range was increased to 67-74
Gy, egg hatch was completely suppressed. These
results suggested that the best irradiation range
to achieve complete sterility with a Gamma-cell
220 should be between 67 and 74 Gy.
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QUALITY CONTROL METHOD TO MEASURE PREDATOR EVASION
IN WILD AND MASS-REARED MEDITERRANEAN FRUIT FLIES

(DIPTERA: TEPHRITIDAE)
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A

 

BSTRACT

 

Sterile male insects, mass-reared and released as part of sterile insect technique (SIT) pro-
grams, must survive long enough in the field to mature sexually and compete effectively
with wild males for wild females. An often reported problem in Mediterranean fruit fly (med-
fly) 

 

Ceratitis capitata

 

 (Wiedemann) SIT programs is that numbers of released sterile males
decrease rapidly in the field for various reasons, including losses to different types of pred-
ators. This is a serious issue in view that most operational programs release sterile flies at
an age when they are still immature. Previous field and field-cage tests have confirmed that
flies of laboratory strains are less able to evade predators than wild flies. Such tests involve,
however, considerable manipulation and observation of predators and are therefore not suit-
able for routine measurements of predator evasion. Here we describe a simple quality con-
trol method with aspirators to measure agility in medflies and show that this parameter is
related to the capacity of flies to evade predators. Although further standardization of the
test is necessary to allow more accurate inter-strain comparisons, results confirm the rele-
vance of measuring predator evasion in mass-reared medfly strains. Besides being a mea-
sure of this sterile male quality parameter, the described method could be used for the
systematic selection of strains with a higher capacity for predator evasion.

Key Words: predator evasion, predation, survival, sterile males, Tephritidae, 

 

Ceratitis capi-
tata

 

, 

 

Vespula germanica

 

R

 

ESUMEN

 

Insectos machos estériles criados en forma masiva para ser liberados en programas que uti-
lizan la técnica del insecto estéril (TIE), tienen que tener la capacidad de sobrevivir en el
campo el tiempo necesario para poder madurar sexualmente y competir efectivamente con
los machos silvestres por hembras silvestres. Un problema frecuentemente reportado por di-
chos programas de la mosca del Mediterráneo, 

 

Ceratitis capitata

 

 (Wiedemann), es que el nú-
mero de machos estériles de laboratorio liberados en el campo, decrecen rápidamente por
varias razones, incluyendo pérdidas debidas a diferentes tipos de depredadores. Estudios
anteriores conducidos en el campo, y en jaulas de campo, han confirmado que las cepas de
machos de laboratorio tienen menos capacidad de evadir depredadores que los machos sil-
vestres. Estos estudios involucran, sin embargo, una considerable cantidad de manipulación
y observación de depredadores, por lo que no son adecuados para ser usados como medidas
rutinarias en los programas de cría masiva. Aquí describimos un método sencillo de control
de calidad usando aspiradores para medir agilidad en la mosca del Mediterráneo y mostra-
mos que este parámetro esta relacionado a la capacidad de la moscas a evadir a depredado-
res. Aunque aún es necesario refinar la estandarización de éste método para permitir la
comparación entre cepas, los resultados confirman la importancia de tener un método ruti-
nario para medir la capacidad de evasión de depredadores en cepas de cría de laboratorio de
la mosca del Mediterráneo. Además de medir este parámetro de control de calidad de los ma-
chos estériles, el método descrito podría también ser usado para la selección sistemática de
cepas con una mayor capacidad de evasión de depredadores.

 

Translation provided by the authors.

 

Sterile male insects, mass-reared and released
as part of a sterile insect technique (SIT) program,

must survive long enough in the field to compete
effectively with wild males for wild females.
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An often-reported problem in Mediterranean
fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann),
area-wide control programs integrating the SIT,
is the short period after sterile male release dur-
ing which the males can be recaptured. To date, a
number of very thorough field assessments of the
dispersal and survival of sterile medflies have
been carried out (Wong et al.1986; Baker & Chan
1991; Plant & Cunningham 1991; Baker & van
der Valk 1992; Bloem et al. 1994). Most of these
studies report rapid declines in numbers of re-
leased sterile flies. On average, the last recap-
tures of released medflies in these studies have
been on d 8. This rapid decrease of flies occurred
even where the recapture covered a 1 km

 

2

 

 area,
and fly emigration was shown to be insignificant
as evidenced by the few flies that reached the
outer perimeter of traps (Plant & Cunningham
1991). As a result, medfly SIT programs often
have to release twice a week to ensure a sufficient
presence of sterile males in a given area (Bloem et
al. 1994; Dowell et al. 2000).

The rapid decrease of released sterile flies is
probably the result of many abiotic and biotic fac-
tors, including predation. Various studies under
natural conditions confirm the importance of ver-
tebrate and arthropod predators in medfly biology
(Hendrichs & Hendrichs 1990; Hendrichs et al.
1991; Baker & van der Valk 1992). During field-
testing of dispersal and survival of a 

 

temperature
sensitive lethal

 

 (

 

tsl

 

) genetic sexing strain, VI-
ENNA 42 (Franz et al. 1994) in a citrus orchard,
the rate of decrease was again high, and recap-
tured males appeared to be locating and feeding
at the same natural food sites as wild males (Hen-
drichs et al. 1993). At the same time, there was a
ten-fold difference in survival in favor of VIENNA
42 males held in control field cages in the orchard
compared with those released into the same or-
chard. However, during the same study it was
shown that in control cages with orange trees, in
which the entrance was left slightly open, sterile
males suffered heavy losses due to predation by a
yellowjacket wasp 

 

Vespula germanica

 

 L. On each
of the 4 occasions that the study was replicated,
wasps entered the open field cage in large num-
bers and within 5-7 h captured all of the flies that
had been released onto the field-caged host tree
(Hendrichs et al. 1993). In another related field
study, it could be demonstrated that foraging 

 

V.
germanica

 

 wasps followed the odor plume to pher-
omone-calling medfly males aggregated in leks
within dense host foliage (Hendrichs et al. 1994).
Other field and field-cage studies have confirmed
the sexually-biased predation suffered by mature
medflies in nature (Hendrichs & Hendrichs 1998).

In view of the above findings, the objective of
the present study was to develop a simple quality
control test to measure predator evasion in wild
and mass-reared medfly males. The development
of such a test is the first step in assessing the low

escape ability of mass-reared flies, with the even-
tual goal of improving the effectiveness of appli-
cation of SIT against medfly.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Tests in Chios, Greece

 

All tests were conducted on orange trees, 

 

Cit-
rus sinensis 

 

Ob., (approximately 2.0 m tall with
2.2 m wide crowns) within field-cages used for be-
havioral studies (2.2 m height 

 

×

 

 3 m diameter).
The first 2 tests (Tests 1 and 2) took place in a cit-
rus orchard in Chios, Greece, with wild medfly
males, originating from sour oranges and figs,
and laboratory males of a medfly genetic sexing
strain VIENNA 42 (a temperature shock in the
egg stage kills the female eggs, Franz et al. 1994),
mass-reared and sterilized (90 Gy) at the FAO/
IAEA Agriculture and Biotechnology Laboratory
in Seibersdorf, Austria. The males were shipped
from Vienna to Chios, Greece (total transport
time 12 h), for field-testing (Hendrichs et al.
1993). Wild and sterile laboratory reared males
were marked with a different color on the thorax
and released together into the field-cage the day
before testing. The methodology followed was de-
scribed in Hendrichs & Hendrichs (1998).

In Test 1, the field cage entrance zipper was
left open (approximately 0.15 m wide) to allow ac-
cess to foraging yellowjacket wasps, 

 

V. germanica

 

L. Whenever a wasp entered the cage, the zipper
was closed and all attacks of the wasp on wild and
sterile medfly males were followed by two observ-
ers and recorded until the wasp captured a fly and
was allowed to leave the cage.

In Test 2, no wasps were allowed into the field
cage by keeping the cage zipper closed. Two observ-
ers simulated predation attacks on flies by at-
tempting to capture flies by sucking them into aspi-
rators normally used to handle flies in laboratories.
The 2 observers alternated every 20 attempts each
to capture wild (10 attempts) and sterile males (10
attempts) within the orange tree foliage. The aspi-
rators were held at the lower end of a 20-cm glass
tube inserted into a flexible plastic hose, the end of
which was held in the mouth of the person attempt-
ing to capture flies. The opposite end of the glass
tubing, through which flies were sucked, had a 5-
mm diameter opening that was bent at an angle of
about 70-75 degrees to facilitate reaching for flies
present on or below surfaces such as host foliage.
On average there were 2 capture attempts per min.
The ability of flies, involved either in pheromone-
calling or other activities such as resting or feeding,
to escape from aspirating humans was quantified.

 

Tests in Seibersdorf, Austria

 

Tests 3 and 4, carried out at Seibersdorf, Aus-
tria, were based on the use of aspirators to cap-
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ture flies on potted orange trees in field cages
(same dimensions as above). Unmarked flies of
different treatments were placed into separate
but adjacent field cages. In Test 3, with laboratory
flies of the pupal color dimorphism medfly genetic
sexing strain SEIB 30-C (Robinson et al. 1999),
we compared non-irradiated and irradiated flies,
which were exposed to gamma radiation (90 Gy)
as mature pupae two days before adult emer-
gence. Flies were compared, while involved in dif-
ferent activities on the host tree, in their capacity
to evade capture with aspirators. This compari-
son was carried at 2-d intervals, starting with
adult emergence, to assess changes in evasive
ability during the fly maturation period.

In Test 4, we carried out inter-strain compari-
sons to measure the capacity to evade capture in 3
different laboratory strains: genetic sexing strain
VIENNA 42, pupal color genetic sexing strain
SEIB 1-61, and a strain originating from coffee in
Guatemala and held in the laboratory for 22 gen-
erations. Flies of all strains were mature (6-8 d old)
when tested. One-half of all capture attempts in
Test 4 were made by an observer with no previous
experience with aspirators, the other by an experi-
enced user of aspirators. In addition, both observ-
ers repeated the comparison of the 3 strains under
2 environmental regimes: sunny with approxi-
mately 23-25°C, or overcast and only 20-21°C.

In all 4 tests, conducted in Chios as well as
Seibersdorf, care was taken that flies captured
did not exceed 40% of flies released or originally
emerged in a cage, in order to prevent the fly pop-
ulation in the cage from being constituted pre-
dominantly of individuals who had succeeded in
escaping capture. Furthermore, although not re-
corded as part of the tests, every effort was made
to remove flies that had escaped in the first cap-
ture attempt to eliminate them from the popula-
tion to be sampled. However, this was not possible
in the first test where wasps were often seen at-
tacking the same fly several times in succession

before capture or definite escape of the fly. Data of
all tests were analyzed by Kruskal-Wallis non-
parametric one-way analysis of variance. In Tests
1 and 2 each replicate consisted of the percent
capture in 10 capture attempts; in Tests 3 and 4
each replicate consisted of 5 capture attempts.

R

 

ESULTS

 

Tests in Chios, Greece

 

Results of Tests 1 and 2 conducted in Chios,
comparing wasp attacks and simulated attacks
with aspirators, are shown in Table 1. Three to 4
times more sterile VIENNA 42 males than wild
males were captured by wasps. This highly signif-
icant difference was found for both pheromone-
calling males and for males engaged in other ac-
tivities (Table 1A).

In Test 2 (Table 1B), the simulated predator at-
tacks with aspirators resulted also in signifi-
cantly higher captures of sterile VIENNA 42
males, which were 2 to 3 times more likely to be
captured than wild males. Overall, the percent
capture of medfly males, irrespective of fly type or
fly activity, was 18.2 ± 13.6% (SD) for wasps and
55.7 ± 25.6% (SD) for aspirators. In spite of this
difference between wasps (Test 1) and observers
with aspirators (Test 2) in capturing flies (

 

P

 

 <
0.0001), the capture ratios between fly types and
fly activities in general were similar for both
tests. In addition (Test 2), there were no differ-
ences in percentage captures between the two ob-
servers experienced with the aspirators used to
handle flies (

 

P

 

 = 0.4576).

 

Tests in Seibersdorf, Austria

 

Results of Test 3, again measuring evasion of
capture with aspirators, are shown in Tables 2 and
3. Overall, capacity to avoid capture increased di-
rectly with days since adult emergence in the field
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Fly activity

Successful capture attempts (%)

Significance

 

1

 

Fertile wild males Sterile lab. males

A. Wasps
Sexual activities 8.2 ± 8.7 (100) 36.7 ± 13.4 (90)

 

P

 

 = 0.0003**
Other activities

 

2

 

13.7 ± 6.8 (540) 40.6 ± 12.1 (80)

 

P

 

 < 0.0001**

B. Aspirators
Sexual activities 27.6 ± 6.9 (29) 80.7 ± 8.0 (150)

 

P

 

 = 0.0058**
Other activities

 

2

 

28.4 ± 11.7 (101) 62.3 ± 19.9 (220)

 

P

 

 < 0.0001**

 

1

 

Kruskal-Wallis One-Way Nonparametric ANOVA.

 

2

 

Includes feeding and resting males, both on the cage wall and foliage.
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cage (Table 2). Although this trend was observable
in non-irradiated flies, it was not statistically sig-
nificant. For irradiated flies the difference was
highly significant, with recently emerged flies
having the lowest capacity for evading predators.
The comparison of non-irradiated and irradiated
flies involved in different activities on an orange
tree is shown in Table 3. Overall, irradiated flies
were significantly more susceptible to being cap-
tured than non-irradiated flies (

 

P

 

 = 0.0019). This
was particularly so for activities or locations for
which alertness or wariness of flies is normally
higher, such as male presence on leaf tops or fe-
male approaching male leks (females on the same
or neighboring leaves within a radius of 10-15 cm
of pheromone calling males). On the other hand,
there was no significant difference for activities in
which the attention of males is diverted in sexual
activities, for example pheromone-calling, male-
male aggressive encounters, courting or mating.

Results of Test 4 are presented in Tables 4 and
5. As shown in Table 4, no differences were found
in capture avoidance between the 3 laboratory
strains under comparison (

 

P

 

 = 0.2544) and cap-
ture rates were only slightly, but not significantly,
higher at the cooler temperatures (Table 4). While
differences in capture rates between the respec-
tive fly activities (Table 5) were similar to the pre-
ceding aspirator tests, observer experience in
with aspirators played a role for those fly activi-
ties in which alertness is normally higher, such as
male presence on leaf tops or females on fruit. For
these activities significant differences in fly cap-
ture were obtained between the experienced and
the inexperienced observer, whereas for those ac-
tivities in which flies are less wary because of in-
volvement in sexual activities or feeding no such
differences were found (Table 5).

D

 

ISCUSSION

 

Our results, comparing wasp attacks and sim-
ulated attacks with aspirators under semi-natu-
ral conditions, show that sterile laboratory med-

flies are less likely to evade capture than wild
flies. This confirms the relevance of measuring
predator evasion in strains mass-produced for
many generations under standard medfly mass-
rearing conditions.

Considering the significantly higher suscepti-
bility of laboratory reared flies to capture by for-
aging predators, resulting in significant losses for
fruit fly control programs that integrate the SIT,
it appears important to develop and apply a sim-
ple quality control test for tephritid fruit flies that
addresses sterile fly capacity to avoid capture.
Presently, the FAO/IAEA/USDA (2003) manual,
which is used as a standard for quality control
procedures in fruit fly programs incorporating the
SIT, does not make reference to this aspect of ster-
ile fly behavior, or fly agility or irritability, in gen-
eral. Even the “startle” test, recommended as part
of the RAPID quality control system (Boller et al.
1981), and listed in a quality control manual used
in Latin America (Orozco et al. 1983), is not in-
cluded in the above international fruit fly quality
control manual.

Open field mating tests consistently require
much higher sterile to wild male overflooding ra-
tios than are needed within relatively protected
field cages or large field enclosures to achieve the
same levels of egg sterility (Rendón et al. 2004;
Shelly et al. 2005). As the successful food foraging
ability of sterile males has been repeatedly con-
firmed (Maor et al. 2004), this discrepancy be-
tween open field and field enclosure results must
derive from the very high mortality that sterile
males incur in the field before maturing sexually
and encountering potential mates. Thus, ability
to avoid capture is a fundamental aspect of sterile
male quality that needs to be considered in oper-
ational programs.

The startle test measures a complex of reac-
tions involved in fly response to light. It was orig-
inally developed by Schroeder et al. (1973), later
modified by Boller et al. (1981), and further im-
proved by C. O. Calkins (personal communica-
tion), including a compact mobile startle test
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 PERIODS AFTER FLY EMERGENCE. NUMBERS IN PARENTHESIS REPRESENT FLY CAP-
TURE ATTEMPTS.

Treatment

Fly age (days after emergence)

Significance1

1-2 3-4 5-6

Successful capture attempts (%)

Non-irradiated flies2 85.0 ± 15.5 (80) 78.0 ± 17.4 (200) 71.3 ± 25.3 (160) P = 0.2113N.S.

Irradiated flies2 93.8 ± 12.0 (80) 83.5 ± 14.2 (200) 73.9 ± 23.0 (160) P = 0.0022**

1Kruskal-Wallis One-Way Nonparametric ANOVA.
2Mass reared flies of pupal color sexing strain SEIB 30-C.
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machine with 10 test units. It is the only test
currently available that, indirectly, may give an
indication of fly agility or predator evasion capac-
ity in mass-reared flies. However, the startle test
is actually a type of flight propensity test that dis-
tinguishes between flies that will fly when stimu-
lated from those that do so at a much slower rate.
This flight is not in response to a sudden ap-
proach by a dark object (e.g., a predator) or a sud-
den falling object (Schroeder & Chambers 1977),
but to a sudden onset of light experienced by flies
held previously in total darkness for 30 min.

In terms of measuring capacity to avoid cap-
ture, there are additional disadvantages with the
startle test. Not only is the test carried out under
unnatural conditions, but previous placement of
flies into the test units requires considerable fly
manipulation, often involving CO2. There is also
the possibility of pheromone contamination of the
test units. However, it is not possible to distin-
guish between fly activities nor to detect some of
these problems because flies are concealed within
black holding containers. Finally, the startle test
lasts for a period of 3 min, allowing flies during
this rather long period to fly in the direction of the
light source, whereas responses to a predator at-
tack occur within fractions of a second to, at most,
several seconds.

Fly response to real predation attacks is com-
plex and its measurement even more so. It re-
quires extensive observation not readily amena-
ble to standardization, as well as the availability
of predators (Hendrichs & Hendrichs 1998). Pred-
ators are not available at all locations and during
all seasons. To overcome these complications, we
have described here a simple quality control
method for measuring male medfly capacity to
avoid capture. Unlike the startle test, the test re-
quires no special equipment and does not mea-
sure flight response to onset of light and other
stimuli but rather reflects more directly fly escape
ability under more realistic conditions. Although
we found absolute losses to simulated predation
with aspirators higher than to real predation by
foraging yellowjacket wasps, the relative ability
to avoid capture is similar in mass-reared and
wild males.

Our quality control method for measuring ca-
pacity to avoid capture in fruit fly males would not
require routine testing as part of the RAPID labo-
ratory quality control tests (Boller et al. 1981).
Rather, it could be conducted at longer intervals
as part of the more valuable confirmation quality
control tests carried out under semi-natural con-
ditions (Chambers et al. 1983). Only such tests,
which must be carried out in greenhouses or on

TABLE 3. SUCCESS OF CAPTURE ATTEMPTS (PERCENTAGE ± SD) OF IRRADIATED AND NON-IRRADIATED LABORATORY
REARED MALE AND FEMALE MEDFLIES IN RELATION TO FLY ACTIVITIES BY EXPERIMENTERS WITH ASPIRATORS
ON A FIELD-CAGED ORANGE TREE. NUMBERS IN PARENTHESIS REPRESENT FLY CAPTURE ATTEMPTS.

Fly activity

Successful capture attempts (%)

Significance2Non-irradiated flies1 Irradiated flies1

Females approaching leks 62.5 ± 21.8 (80) 81.3 ± 20.0 (80) P = 0.0157*
Males present on leaf tops 65.8 ± 16.1 (120) 80.0 ± 19.6 (120) P = 0.0086**
Males resting on leaf bottoms 75.8 ± 22.1 (120) 82.5 ± 18.9 (120) P = 0.2979N.S.

Males involved in sexual activities 81.3 ± 18.6 (80) 80.0 ± 14.6 (80) P = 0.6872N.S.

Mating pairs 86.7 ± 17.3 (40) 95.0 ± 8.9 (40) P = 0.2139N.S.

1Mass reared flies of pupal color sexing strain SEIB 30-C.
2Kruskal-Wallis One-Way Nonparametric ANOVA.

TABLE 4. SUCCESS OF CAPTURE ATTEMPTS (PERCENTAGE ± SD) OF LABORATORY REARED MEDFLIES WITH ASPIRATORS
ON A FIELD-CAGED ORANGE TREE UNDER DIFFERENT ENVIRONMENTAL CONDITIONS. NUMBERS IN PARENTHE-
SIS REPRESENT FLY CAPTURE ATTEMPTS.

Laboratory strain1

Successful capture attempts (%)

Significance2Sunny (23-25°C) Overcast (20-21°C)

Pupal color sexing strain SEIB 1-61 88.9 ± 14.1 (90) 96.0 ± 8.2 (100) P = 0.0845N.S.

tsl sexing strain VIENNA 42 92.0 ± 10.1 (200) 95.0 ± 8.9 (200) P = 0.3173N.S.

Bisexual strain from Guatemala 95.0 ± 8.9 (100) 97.9 ± 6.3 (95) P = 0.2452N.S.

1Only those fly activities are included in which there were no differences in capture rates between experimenters (see Table 5).
No difference between the 3 strains in percent capture (P = 0.2544N.S.).

2Kruskal-Wallis One-Way Nonparametric ANOVA.
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field-caged host trees, and preferably including
wild females as a quality baseline, will provide a
more definite verification of sterile fly quality.

Results, both with wasps and aspirators, con-
firm that mass-rearing conditions favor the pro-
duction of flies with a decreased irritability or “ner-
vousness”. Highly irritable flies appear to die
sooner in crowded adult colony cages of mass-rear-
ing facilities than do more sedentary flies (Calkins,
personal communication), and less irritable flies
appear to have a higher mating success under
these conditions (Briceño & Eberhard 2002).

To counter this inadvertent selection, the de-
scribed method, besides measuring capacity to
avoid capture, could be useful for the systematic
selection of strains with a lower threshold for star-
tle activity (Ewing 1963; Schroeder & Chambers
1977). The “filter rearing system” (Fisher &
Cáceres 2000; Cáceres et al. 2004), involves man-
aging a mother colony that is filtered to maintain
the purity of genetic sexing strains, and from
which large colonies are regularly derived for ster-
ile male mass-production. This same approach
could be extended to establish small “pre-filter”
mother colonies under relaxed low density condi-
tions, preferably in greenhouses or field-enclosures
with trees and include the selection for males that
achieve matings with wild females, and that main-
tain a certain irritability to reduce easy capture.

As in the case of the startle test, a number of
variables have to be controlled to standardize the
aspirator method to make it more reproducible.
These include temperature and light conditions,
fly location, fly sex, fly age, fly numbers (in rela-
tion to foliage surface), and nutritional history of
the flies. For example, temperatures during test-
ing should not fall outside the 24-28°C range, and
flies located on the cage wall should not be in-
cluded in the measurements, in view that flies
away from the host tree are less able to evade cap-
ture attempt than those present within the host
foliage.

A major disadvantage, as shown by our tests,
is individual variation in skill in the use of aspi-
rators. However, preliminary tests have shown
that better uniformity can be achieved by with
battery-powered mechanical aspirators or by not
applying suction until just before the tip of the as-
pirator reaches the fly. In addition, as shown in
Table 5, the observer effect can largely be reduced
by restricting measurements to males involved in
sexual activities, as they are the main targets of
foraging predators (Hendrichs et al. 1994; Hen-
drichs & Hendrichs 1998), presumably because
sexually active males are, in general, less wary of
predator attacks (Nagamine & Itô 1980; Burk
1982; M.A.H., unpublished data).

In summary, we present a method that allows
measuring the capacity of medflies to evade cap-
ture by predators, essential for sterile males to
reach sexual maturation under open field condi-
tions. It is recognized, that further standardiza-
tion of the test is required to allow more accurate
inter-strain comparisons to be made. However, it
can be concluded that standard medfly mass-
rearing conditions result in the production of ster-
ile males that are much less able to evade preda-
tion than are wild males. Recognition of this prob-
lem and development of a corresponding quality
control test could significantly improve the reli-
ability and economics of sterile insect technology
for fruit flies.
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TABLE 5. SUCCESS OF CAPTURE ATTEMPTS (PERCENTAGE ± SD) OF LABORATORY REARED MEDFLIES WHEN COMPARING
EXPERIMENTERS WITH DIFFERENT EXPERIENCE IN USING ASPIRATORS ON A FIELD-CAGED ORANGE TREE.
NUMBERS IN PARENTHESIS REPRESENT FLY CAPTURE ATTEMPTS.

Successful capture attempts (%)

Significance3Fly activity1 Inexperienced2 person Experienced person

Females present on fruit 72.0 ± 11.0 (25) 96.0 ± 8.9 (25) P = 0.0139*
Males present on leaf tops 72.0 ± 29.1 (75) 94.7 ± 9.2 (75) P = 0.0057**
Males resting on leaf bottoms 88.0 ± 14.7 (75) 93.3 ± 9.8 (75) P = 0.3373N.S.

Males feeding 96.0 ± 8.3 (75) 98.7 ± 5.2 (75) P = 0.2909N.S.

Males pheromone-calling 90.7 ± 10.3 (75) 92.0 ± 10.1 (75) P = 0.7172N.S.

Mating pairs 98.5 ± 5.5 (65) 97.8 ± 7.3 (70) P = 0.5930N.S.

1Combined data of comparison of 3 mass reared laboratory strains.
2No previous experience.
3Kruskal-Wallis One-Way Nonparametric ANOVA.
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GAS-EXCHANGE PATTERNS OF MEDITERRANEAN FRUIT FLY PUPAE
(DIPTERA: TEPHRITIDAE): A TOOL TO FORECAST DEVELOPMENTAL STAGE
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A

 

BSTRACT

 

The pattern of gas-exchange (CO

 

2

 

 emission) was investigated for developing Mediterranean
fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann) pupae incubated at different temperatures.
This study was undertaken to explore the usefulness of gas-exchange systems in the deter-
mination of physiological age in developing pupae that are mass produced for sterile insect
technique projects. The rate of CO

 

2

 

 emission was measured in a closed flow-through system
connected to commercial infrared gas analysis equipment. Metabolic activity (rate of CO

 

2

 

emission) was related to pupal eye-color, which is the current technique used to determine
physiological age. Eye-color was characterized digitally with 3 variables (Hue, Saturation
and Intensity), and color separated by discriminant analysis. The rate of CO

 

2

 

 emission
throughout pupal development followed a U-shape, with high levels of emission during pu-
pariation, pupal transformation and final pharate adult stages. Temperature affected the
development time of pupae, but not the basic CO

 

2

 

 emission patterns during development. In
all temperatures, rates of CO

 

2

 

 emission 1 and 2 d before adult emergence were very similar.
After mid larval-adult transition (e.g., phanerocephalic pupa), digital eye-color was signifi-
cantly correlated with CO

 

2

 

 emission. Results support the suggestion that gas-exchange
should be explored further as a system to determine pupal physiological age in mass produc-
tion of fruit flies.

Key Words: carbon dioxide emission, sterile insect technique, metabolic rate, pupal respira-
tion, physiological age, irradiation time, digital eye-color

R

 

ESUMEN

 

En el presente estudio se investigaron los patrones de intercambio gaseoso (emisión de CO

 

2

 

) en
pupas de la mosca de las frutas del Mediterráneo (

 

Ceratitis capitata

 

 Wiedemann) incubadas a
diferentes temperaturas. El estudio fue realizado con la finalidad de explorar la utilización de
sistemas de intercambio gaseoso en la determinación de la edad fisiológica de pupas durante
su producción masiva en proyectos de mosca estéril. La proporción de emisión de CO

 

2

 

 fue me-
dido en un sistema cerrado de “flujo a través del sistema” conectado a un detector infrarrojo de
gases. La actividad metabólica de la pupa (emisión de CO

 

2

 

) fue contrastado al color del ojo de
la pupa en desarrollo, que constituye la actual técnica de determinación de la edad fisiológica.
El color de ojos en pupa fue determinado digitalmente, usando tres variables (Tendencia, Sa-
turación e Intensidad). Los colores fueron separados utilizando el análisis discriminatorio. Los
patrones de emisión de CO

 

2

 

 durante el desarrollo de la pupa sugieren una tendencia de U: una
alta actividad metabólica durante la fase inicial de pupación y transformación y durante la
fase final del adulto. La temperatura de incubación afecto el tiempo de desarrollo pero no el pa-
trón básico de actividad metabólica. La proporción de emisión de CO

 

2

 

 uno y dos días antes de
la emergencia del adulto fue muy similar para pupas mantenidas en las diversas temperatu-
ras. El color digital del ojo de la pupa se correlaciono significativamente con los patrones de
emisión de CO

 

2

 

 detectados a partir de la fase media de la transformación de larva a adulto. Los
resultados soportan la utilización de sistemas de intercambio gaseoso como un sistema auxi-
liar para la determinación de la edad fisiológica en cría masiva de moscas de la fruta.

 

Translation provided by the authors.

 

The sterile insect production capacity has
greatly expanded during the last decades and
evolved into an industrial process. For fruit flies,
many mass-produces sterile insects for field re-
lease to control the damage exerted by these pest

insects; released sterile males copulate with wild
fertile females curtailing their ability to produce
a new generation of wild flies. The success and in-
creased interest in the SIT, is based on scientific
achievements and technological innovations de-
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veloped during the last decades, and on the abil-
ity to produce and deliver sterile fruit flies of good
quality and sexual competitiveness (Fisher 1997;
Hendrichs et al. 2002; Tween 2002).

This technological advance has opened the
doors for the participation of the private sector in
this enterprise, which was solely financed in the
past by the public sector. New facilities, some of
them based on private capital (such as “Bio-Fly”
in Israel and “Insecta” in Europe) are being
opened, where labor is expensive and production
is capital intensive. These new tendencies in the
industrial production process of sterile insects are
driving research and development in the direc-
tion of process automation, labor saving activi-
ties, and the reduction in production uncertain-
ties. Our aim in this study was to support this
tendency by exploring the ability of available gas-
exchange measuring technologies to forecast im-
portant biological events of the developing flies.
Specifically, we characterized the gas-exchange
patterns of developing pupae and explored ana-
lytical methods to forecast and monitor key
events in the production process.

Key biological events during mass production
of Mediterranean fruit flies (medflies) 

 

Ceratitis
capitata

 

 (Wiedemann) for SIT purposes include,
among others, egg hatching, larval jumping, pu-
pation (Quesada-Allue et al. 1996), stage of pupal
development, and adult emergence. Knowledge
on the precise pupal physiological age is of impor-
tance for the management of mass-production
and for sterilization purposes (Ruhm & Calkins
1981). Medflies are sterilized by exposing pupae
to gamma-radiation. The outcome of such expo-
sure on induced sterility and fly quality depends
on the physiological age and dose at which pupae
are irradiated (Ruhm & Calkins 1981). Pupae ir-
radiated earlier than the optimal time could be
damaged, affecting their adult performance and
ability to effectively mate (Ohinata et al. 1971).
On the other hand, late irradiation could compro-
mise sterility (FAO/IAEA/USDA 2003), leading to
the release of fertile flies. These fertile flies may
copulate with wild ones, affecting the sterile/wild
relationship and effectiveness of the program. In
addition, the ability to monitor and forecast the
physiological stage of the developing pupae could
be of use during the daily activity and working
program of mass-rearing facilities. As an example,
mass-rearing facilities manipulate the environ-
mental conditions (such as temperature) of devel-
oping pupae to synchronize, and adjust, produc-
tion timing to field logistics and release schedules
(Ruhm & Calkins 1981). In this sense, a system
able to automatically determine the physiological
stage of the developing pupae could serve to man-
age and set incubation temperatures (i.e., auto-
matically) as required by field timetables.

The current system to determine pupal physi-
ological age consists of removing the pupal case

and visually inspecting the color of the eye (FAO/
IAEA/USDA 2003). This subjective system is
based on the fact that eye-color is known to
change with pupal physiological age (Ruhm &
Calkins 1981; Resilva et al. 2007). Eye color in de-
veloping pupae becomes apparent during mid-pu-
pation with the eversion of the head and the initi-
ation of the “phanerocephalic” pupal stage (Que-
sada-Allue et al. 1996). At this stage, pupal eyes
are whitish. Eye coloration starts to change at the
end of the pupal stage and beginning of the
pharate-adult stage, with the increase in meta-
bolic activity: at this stage, eyes become yellowish
(Quesada-Allue 1994). Subsequently, eye color
rapidly changes from yellow to orange, to red, to
brown orange and, before adult emergence, to iri-
descent (Ruhm & Calkins 1981; Quesada-Allue
1994; Quesada-Allue et al. 1996). At 23°C, the
whole larval-adult transition may be accom-
plished in 13 d (Quesada-Allue et al. 1996). At
this temperature, the onset of the phanerocepha-
lic stage, where eyes have a whitish coloration, oc-
curs 48 h after larval immobilization, while the fi-
nalization of the pupal stage and initiation of the
pharate adult stage, with the subsequent acceler-
ation of metabolism and change of eye color to yel-
low, is observed 120 h (5 d) after larval immobili-
zation (Quesada-Allue et al. 1996).

Recently, Donoso et al. (2003) suggested moni-
toring temperature in pupal incubation rooms to
determine physiological age and time of irradia-
tion. These authors proposed that since insect de-
velopment is dependent upon temperature (Ratte
1984), degree-day models could be used to deter-
mine emergence time and the precise time for irra-
diation. While this method could provide us with a
good approximation of physiological age, it is an
indirect estimation of age which is based on pa-
rameters estimated under constant conditions. As
a result, it could be insensitive to temperature os-
cillations and other environmental factors inside
incubation rooms that could affect development.

Direct measurements of metabolic activity, on
the other hand, could provide a more reliable sys-
tem for the estimation of physiological age. Oxy-
gen consumption and carbon dioxide (CO

 

2

 

) pro-
duction in living organisms, as an example, are
the direct outcome of metabolic activity. The rates
at which these gases are consumed or produced
are directly related to the rate at which metabo-
lism proceeds in the organism (Keister & Buck
1973; Lighton & Wehner 1993). Thus, the mea-
surement of gas exchange is expected to be a good
indication of metabolic activity. The rate of gas ex-
change during metamorphosis of some Diptera
species (e.g., 

 

Calliphora erythrocephala

 

 Mac-
quart) has already been described and was shown
to follow a U-shaped curve (Agrell & Lundquist
1973), with a high metabolic activity during early
and late developmental stages and a slow-down
during mid-pupal stage. This same U-shaped
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curve was described for the oxygen consumption
of developing medfly pupae (Langley 1970). 

The present study is based on this previously
generated knowledge. We suggest that the mea-
surement of metabolic activity in medfly pupae
through gas exchange systems could provide us
with a reliable tool to forecast physiological age
and adult emergence time in mass-rearing facili-
ties. In order to investigate this idea, we first dig-
itally characterized the eye-color of developing
medfly pupae as a reference, and to have an objec-
tive method of comparison. We then characterized
the daily patterns of CO

 

2

 

 emission on pupae de-
veloping at different constant and variable incu-
bation temperatures (ranging from 15 to 30°C).
Finally, the ability of the gas-exchange system to
determine pupal physiological age was inferred
from correlating and contrasting digital eye color
with pupal respiration patterns.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Study Insects

 

Larvae were obtained from the colony of the
medfly strain ‘Sade’ (more than 20 years old) of the
Board of Fruit and Vegetable Growers, Israel. This
is a bisexual strain, reared on artificial diet, which
is regularly refreshed with material from the wild
(2-3 times a year). Larvae were collected as they
were leaving the diet (“crawling phase”). Collec-
tions were conducted during a short period of time
to synchronize immobilization and pupation.

 

Digital Determination of Medfly Pupal Eye-color

 

Approximately 330 pupae from different ages
(and developing under different temperatures)
were sampled, dissected, and their eyes exposed.
Dissected pupae were positioned, always following
the same orientation on a mini-stage (5 cm in di-
ameter), where the background was always the
same, illumination was provided from the same
sources and from the same directions, and shade
was reduced by a series of mini-reflectors sur-
rounding the stage. Pupae were photographed at a
magnification of 20

 

×

 

 with a stereoscopic micro-
scope equipped with a 3-CCD color digital camera
(Sony DXC 990P). A small area of the pupal eye
was focused and a picture taken. The digital im-
age consisted of 3 components: Red, Green, and
Blue (RGB space). The digital image was analyzed
with Image-Pro PLUS version 4.5 software (Media
Cybernetics, Inc.). The 3 basic color components,
RGB, were transformed to an alternative color
space, defined by Hue, Saturation, and Intensity
(HSI). In the HSI color space, the information on
the object’s color is expressed mainly through
Hue, because this variable is not affected by the il-
lumination intensity. The Saturation expresses
the vividness of the color, while the Intensity is af-

fected mainly by the illumination intensity. Eye
colors included: white, yellow, orange, red-orange,
brown, dark-brown, and iridescent. For each color
category we analyzed at least 20 specimens.

Eye color data derived from all the samples
were analyzed by “Discriminant Analysis” (Stat-
graphics 5 Plus 2000, Manugistics, Inc.). This
analysis produced 3 canonical variables (F1, F2,
and F3) that are derived from the original vari-
ables (Hue, Intensity and Saturation). These ca-
nonical variables are used to classify the data into
groups (“standardized digital eye-color”). Result-
ing groups were correlated with their respiration
patterns.

 

Respiratory Patterns of Medfly Pupae as Affected
by Incubation Temperature

 

CO

 

2

 

 emission was measured with a closed flow-
through system connected to commercial infrared
gas analysis equipment (Model No. S-151, Qubit
Systems, Inc., Kingston, Ontario, Canada). Pupae
were placed inside a glass Erlenmeyer flask (250
mL), which was hermetically sealed with a rubber
stopper with lure connectors. Air was pumped
(0.4 L/min) through the flask to collect the pupal-
emitted CO

 

2

 

, which was directed to the infrared
carbon dioxide analyzer (Qubit Systems, Model
No. S-151, with a resolution of ±1 ppm CO

 

2

 

). Air
emerging from the CO

 

2

 

 analyzer was pumped
back into the Erlenmeyer flask. The whole system
was kept closed with vinyl tubing. Closed circula-
tion of air provided the cumulative amount of CO

 

2

 

emitted by the pupae in a period of time. In order
to measure the rate of CO

 

2

 

 emission, we recorded
its accumulation in a period of 10 min and ob-
tained the rate from the slope. The data-logger
connected to the CO

 

2

 

 analyzer (Vernier Software
and Technology, Beaverton, Oregon, USA) gener-
ated 1 measurement per min.

We measured the rate of CO

 

2

 

 production in pu-
pae incubated at several constant temperatures
(15, 20, 25, and 30°C), and at variable room tem-
perature (R.T.), with temperatures oscillating be-
tween 18-25°C. This design was expected to cre-
ate different pupal physiological ages indepen-
dent of chronological age. Each experiment (e.g.,
replicate) consisted of simultaneously incubating
5 g of recently immobilized larvae at the different
temperatures. Incubation in the different envi-
ronments was kept constant from the moment of
larval immobilization until adult emergence.

Gas-exchange measurements took place around
mid-day. During the last days of pupal develop-
ment, there are differences in metabolic rate
throughout the day (e.g., circadian rhythms), which
tend to increase after mid-day (Nestel, unpublished
data). Due to this we kept constant the time of the
day at which gas-exchange was measured. Batches
of pupae were taken from the incubator, weighed
(pupae lose water throughout development, reduc-
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ing their initial weight at larval immobilization by
approximately 20%, Nestel et al. 2003), placed in-
side the Erlenmeyer flask, and connected to the
flow-through Erlenmeyer flask system to measure
CO

 

2

 

 production during a period of 10 min. At the
end of the measurement, pupae were returned to
their respective incubator until the following mea-
surement next day. This experiment was repeated 2
to 3 times on different dates. For room temperature
(R.T.), we only conducted 1 replicate.

CO

 

2

 

 emission patterns during pupal develop-
ment under the different temperatures were ob-
tained by fitting the data to quadratic functions
(Statgraphics 5 Plus 2000, Manugistics, Inc.). Av-
erage rate of CO

 

2

 

 production 1 and 2 d before
adult emergence were extrapolated from the cal-
culated functions. During all the experiments, we
sampled more than 10 pupae per temperature
and day. These were dissected and their eye-color
determined with the digital ImagePro System.
Canonical variables were derived from the origi-
nal variables (Hue, Intensity and Saturation) as
explained earlier, and the derived standardized
digital eye-color was later correlated with rate of
CO

 

2

 

 emission during the specific day and temper-
ature regime (see the following section).

 

Relationship between Standardized Digital Eye-color 
and Respiration Patterns

 

Pupae collected in the above experiment were
immediately dissected and their eye-color digitally
characterized by the 3 variables with ImagePro.
Based on the derived canonical variables, a “stan-
dardized digital eye-color” was determined for
each pupa. The average “standardized digital eye-
color” for a specific temperature treatment during
a specific date was related to the rate of CO

 

2

 

 pro-
duction measured during that day based upon lin-
ear regression (Statgraphics 5 Plus 2000,
Manugistics, Inc.). Due to the typical U-shape pat-
tern of gas exchange, we decided to investigate this
relationship with data on CO

 

2

 

 emission obtained in
all temperatures and replicates from mid-pupal
development period until adult emergence. Thus,
digital eye-color was correlated with CO

 

2

 

 emission
from d 10 in pupae developing at 15°C, from d 6 in
pupae developing at 20°C, from d 4 in pupae devel-
oping at 25°C, from day 2 in pupae developing at
30°C, and from d 6 in pupae developing at room
temperature (R.T). These dates corresponded in all
of the treatments with pupae having white-eyes.

R

 

ESULTS

 

Digital Characterization of Pupal Eye-color
and Standardization

 

After pupariation and the eversion of the head
during mid-pupal stage, pupal eyes have a whitish
coloration. As pupal development proceeds, eye-

color changes from white to yellow, then orange,
red-orange, brown, dark-brown, and finally irides-
cent (slightly before adult emergence). Fig. 1a
shows the scatter graph derived from the digital
characterization of pupal eye-color using the Hue,
Saturation and Intensity system. As can been seen,
the colors are not well separated by these 3 vari-
ables. As a result we applied a multivariate analy-
sis to separate between groups. The canonical dis-
criminant analysis resulted in 3 significant “canon-
ical variables” able to discriminate between the 7
levels of pupal eye-color (Variable F1, 

 

χ

 

2

 

 = 1377, 

 

df

 

= 18, 

 

P

 

 < 0.01; Variable F2, 

 

χ

 

2

 

 = 651, 

 

df

 

 = 10, 

 

P

 

 <
0.01; Variable F3, 

 

χ

 

2

 

 = 101, 

 

df

 

 = 4, 

 

P

 

 < 0.01). Fig. 1b
shows the clusters of pupal eye colors formed by us-
ing the 2 first canonical variables F1 and F2. The
ability of canonical variable F1 to predict pupal
eye-color from digital data of Hue, Saturation and
Intensity used for the calibration is provided by Ta-
ble 1. The overall classification accuracy was
74.01%. The classification accuracy decreases (to
53% of cases accurately predicted) when the pupal
eye-color obtains an iridescent coloration.

 

Effect of Incubation Temperature upon Pupal
Development Time and CO

 

2

 

 Emission

 

Fig. 2 shows the daily patterns of CO

 

2

 

 emission
at mid-day as affected by incubation temperature
and chronological pupal age. The figure shows ac-
tual measurements and the fitted quadratic func-
tions. In all the cases, the fitted quadratic function
resulted in a high coefficient of determination
(above 0.85). Rate of gas exchange patterns fol-
lowed a typical U-shape, with a high metabolic ac-
tivity during the first hours and days of metamor-
phosis, and a lower level by mid-pupal period. After
this drop in metabolic activity, CO

 

2

 

 emission
steadily increases up to adult emergence. Using the
resultant quadratic functions obtained for each in-
cubation temperature, we derived the level of CO

 

2

 

emission 1 and 2 d before adult emergence by ex-
trapolation (Table 2). Rate of CO

 

2

 

 emission 2 d be-
fore adult emergence ranged from 22.5 to 30.8 nmol
CO

 

2

 

/g of pupae/minute while 1 d before adult emer-
gence it ranged from 30.3 to 39.4 nmol. In elevated
incubation temperatures, the rate of CO

 

2

 

 emission
was higher than at lower temperatures. In contrast,
at lower temperatures, rate of emission was more
reduced (Table 2). At 25 and 30°C, rate of CO

 

2

 

 emis-
sion 1 and 2 d before adult emergence was compa-
rable. At 20°C rate of CO

 

2

 

 emission was slightly
lower than at these 2 temperatures. Incubation at
room temperature produced the lowest rates of CO

 

2

 

emission for 1 and 2 d before adult emergence.

 

Relationship between Standardized Pupal Eye-color 
and Patterns of CO

 

2

 

 Emission

 

Fig. 3 shows the relationship between stan-
dardize pupal eye-color and rate of CO

 

2

 

 emission.
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Eye color was standardized based upon canonical
variable F1 (see previous section). As explained in
the methodology section (“Relationship between

Standardized Digital Eye-color and Respiration
Patterns”), the relationship between the 2 vari-
ables was performed from mid-pupal stage until

Fig. 1. (A) Scatter plot of medfly pupal eye-color (visually determined) separated by 3 digital parameters (Hue,
Saturation and Intensity) derived from the digital-photographic characterization. (B) Classification of pupal eye-
color (visually determined) by canonical (unstandardized) variables 1 (F1) and 2 (F2): [F1 = (-0.0272642 × hue) + (-
0.0286977 × saturation) + (-0.078355 × intensity) + 15.7097] and [F2 = (-0.010854 × hue) + (0.0815401 × saturation)
+ (0.04218 × intensity) – 13.5662]. � white pupal eye-color, + yellow, x orange, ◊ red-orange, ∆ brown, � dark-brown,
* iridescent.
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adult emergence (eyes in the pupae are only dis-
tinguished after the “phanerocephalic” stage). As
can be seen from the figure, there is a good linear
relationship between these 2 variables. The coef-
ficient of determination (R

 

2

 

) was 0.78, suggesting
that at least 78% of the variability can be ex-
plained by the linear relationship between these
2 variables.

D

 

ISCUSSION

 

The typical U-shape metabolic (and CO

 

2

 

 emis-
sion) pattern during metamorphosis is basically
the manifestation of the early histolysis and later
histogenesis and differentiation processes of the
larval-adult transition (Agrell & Lunquist 1973).
During the pre-pupal and early pupal stage, all
the machinery involved in tissue histolysis (e.g.,
proteolytic enzymes) is highly active (Agrell &
Lunquist 1973; Rabossi et al. 2000; Tolmasky et
al. 2001). This was manifested in our study by the
high levels of CO

 

2

 

 production during the first
hours and days of metamorphosis. Following the
evagination of the head and thoracic appendages,
and formation of definite body proportions (i.e.,
end of the pupation process), metabolic activity
and CO

 

2

 

 emission drops (Agrell & Lunquist 1973;
Rabossi et al. 2000; Tolmasky et al. 2001). At this
stage, pupal eyes are whitish. Metabolic activity
rises again during the pharate adult stage, when
tissues are increasing and further differentiating
(Agrell & Lundquist 1973). During this period
eyes start to change in coloration (Quesada-Allue
1994). As expected and as previously reported for
the medfly (Langley et al. 1972), reduced incuba-
tion temperatures delayed the metamorphosis
process and the time needed for the completion of
development. However, the basic U-shape meta-
bolic patterns did not differ for any of the tested
temperatures, and metabolic activity as measured
from CO

 

2

 

 production followed the expected trend.
The ability of the digital system and discrimi-

nant function to predict eye-color was within

acceptable ranges (overall, more than 70% of
the cases were correctly classified). The success
of this system to correctly classify pupal eye-color
decreased when the eye color became fully irides-
cent. The main source of misclassifications was
with iridescent eyes, when 43% of the cases where
classified as dark-brown when our subjective clas-
sification was iridescent. The lack of accuracy in
this case could be related to our inability of sub-
jectively classifying eye color correctly, or to the
inability of the discriminant function to com-
pletely separate between these 2 similar classes
of eye-color. In any case, this misclassification at a
sensitive moment of production highlights the
problem of the system to rely on a subjective mea-
surement to make decisions, which is mainly
based on the perspective of the human eye.

The significant linear relationships after mid-
pupal stage between standardized pupal eye-
color and average pupal emission of CO

 

2

 

 strength-
ened the working hypothesis of this study that
the rate of gas exchange, and therefore of meta-
bolic activity, is an indication of mid-pupal and
pharate adult physiological age. The variability of
the estimated regression (mainly at advanced pu-
pal ages and larger rates of CO

 

2

 

 emission) can
probably be attributed to 2 aspects: (1) the re-
duced synchronicity of pupal age resulting from
incubations at low temperatures (e.g., 15 and
20°C), and (2) the mentioned misclassification of
eye-colors close to adult emergence.

At low temperatures, adult emergence usually
extends over a longer period of time (Nestel, un-
published data). In contrast, pupae incubated si-
multaneously at higher temperatures result in
adult emergence occurring more synchronously
within a shorter period of time (Nestel, unpub-
lished data). This lack of synchronicity at lower
incubation temperatures, and the resulting mix-
ture of physiological ages within the samples may
explain the slightly lower rate of CO

 

2

 

 emission ob-
served 1 and 2 d before adult emergence in pupae
incubated at 15°C, 20°C, and room temperature.

 

T

 

ABLE
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LASSIFICATION
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OF

 

 

 

EYE

 

 

 

COLOR

 

 (

 

VISUALLY

 

 

 

DETERMINED

 

) 

 

BY

 

 

 

DISCRIMINANT

 

 

 

ANALYSIS

 

 

 

BASED

 

 

 

ON
CANONICAL VARIABLE F1 [F1 = (-0.220486 × HUE) + (0.470136 × SATURATION) + (-1.2807 × INTENSITY)]. THE
DIAGONAL ELEMENTS IN THE TABLE REPRESENT THE PERCENTAGE OF CASES ACCURATELY CLASSIFIED.

Actual eye color
visually determined

Predicted pupal eye-color from digital parameters

White Yellow Orange Red-orange Brown Dark-brown Iridescent

White (n = 150) 73.3 24.0 0.0 0.0 0.0 0.0 0.0
Yellow (n = 33) 15.2 78.8 6.1 0.0 0.0 0.0 0.0
Orange (n = 55) 0.0 3.6 76.4 20.0 0.0 0.0 0.0
Red-Orange (n = 25) 0.0 0.0 1 2.0 76.0 12.0 0.0 0.0
Brown (n = 30) 0.0 0.0 0.0 16.7 70.0 13.3 0.0
Dark-Brown (n = 17) 0.0 0.0 0.0 0.0 17.7 70.6 11.7
Iridescent (n = 17) 0.0 0.0 0.0 0.0 0.0 41.7 52.9
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This aspect requires further studies, corrections
and fine-tunings before the gas-exchange system
can be suggested for mass-rearing facilities.

The present study was conducted under labo-
ratory conditions and a colony of a bisexual strain
was used. Production levels in this colony are

Fig. 2. Patterns of CO2 emission (rate of emission) by medfly pupae incubated at different constant temperatures
throughout development, and at room temperature (variable temperature): 15°C, 20°C, 25°C, 30°C, and R.T. (room
temperature). Marks (rectangles, triangles, and circles) show the result of actual CO2 measurements in each of the
replicated experiments. Solid line is the average gas-exchange trend per incubation temperature, and was obtained
from quadratic functions (R2, coefficient of determination for the fitted function). The arrow marks the day before
adult emergence.
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small, and sample size was tailored to the avail-
ability of pupae for experimentation. If the gas ex-
change system is going to be adopted by the SIT
industry however, modifications and adaptation
would be required. One possibility includes the
sampling of developing pupae at critical stages
and measurement of CO2 emission to determine
physiological age in a similar way to the one pre-
sented in this study. A completely different ap-
proach may include the establishment of incuba-
tion rooms in the mass-rearing facilities for ad-
vanced pupal ages, and the automatic monitoring
of CO2 accumulation in the room air. These op-
tions, and other possibilities, however, would
need to be further explored.
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EFFECTS OF PRE-IRRADIATION CONDITIONING OF MEDFLY PUPAE
(DIPTERA: TEPHRITIDAE): HYPOXIA AND QUALITY OF STERILE MALES
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A

 

BSTRACT

 

Irradiation of pupae in sterile insect technique (SIT) projects is usually undertaken in hy-
poxic atmospheres, which have been shown to lessen the deleterious effects of irradiation on
the quality of adult sterile flies. Although this is the accepted technology in most mass-rear-
ing and sterilization facilities, to date no information has been generated on the actual levels
of oxygen (O

 

2

 

) in pupae-packing containers during irradiation. The present study utilized re-
cently-developed technology to investigate the O

 

2

 

 level inside bags in which pupae of Medi-
terranean fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann) are packed prior to irradiation,
the ability of pupae to create hypoxic environments in these bags, and the effect of O

 

2

 

 atmo-
spheres on the quality of irradiated males. Pupae, 1 d before adult emergence, were shown
to deplete the O

 

2

 

 level in sealed bags in approximately 1 h. The rate of O

 

2

 

 consumption was
dependent upon pupal age and incubation temperature. Incubation temperature did not sig-
nificantly affect the quality of pupae or mating capacity of resultant adult males if pupae
were irradiated under maximal hypoxic conditions inside packing bags. In contrast, mating
competitiveness drastically decreased when pupae were irradiated under ambient O

 

2

 

 condi-
tions, with the packing bag open. There was no difference in the mating capacity of males
when pupae were irradiated in sealed bags under either 10% or 2% O

 

2

 

 levels, or under max-
imal hypoxia. Normal doses of fluorescent dye, applied to pupae to mark sterile flies, did not
affect the ability of pupae to create hypoxic conditions inside packing bags, nor the quality
control parameters of either pupae or adults. Current practices in mass-rearing facilities are
discussed in the light of these results.

Key Words: 

 

Ceratitis capitata

 

, oxygen levels, pupal respiration, mating competitiveness, ir-
radiation, sterile insect technique

R

 

ESUMEN

 

La irradiación de pupas en proyectos de mosca estéril usualmente se hace bajo condiciones
de hipoxia. Esta condición ha demostrado ser menos detrimente a la calidad de las moscas
que la irradiación en atmósferas con proporción normal de oxigeno. Aunque esta ha sido por
mucho tiempo parte del protocolo de irradiación en plantas de producción de mosca estéril,
hasta ahora no se ha medido el contenido de oxígeno dentro de los recipientes de empaque
de pupa durante la irradiación. El presente estudio investigó los contenidos de O

 

2

 

 en los con-
tenedores de pupas de la mosca de las frutas del Mediterráneo (

 

Ceratitis capitata

 

 Wiede-
man), la habilidad de pupas de crear hipoxia dentro de los contenedores, y los efectos del
contenido de O

 

2

 

 durante la irradiación del contenedor en la calidad y capacidad de aparea-
miento de moscas estériles. Pupas de un día antes de emerger como adultos crearon atmós-
feras de máxima hipoxia dentro del empaque en aproximadamente una hora. La proporción
de consumo de O

 

2

 

 en contenedores sellados es dependiente de la edad de la pupa, y de la tem-
peratura de incubación. La temperatura de incubación no afecto significativamente la cali-
dad ni la capacidad de apareamiento de machos derivados de pupas irradiadas bajo
condiciones de hipoxia. Sin embargo, la capacidad de apareamiento de machos irradiados
como pupas en contenedores abiertos y en condiciones oxigenadas fue drásticamente afec-
tada. En comparación a los resultados anteriores, atmósferas de 2% y 10% O

 

2

 

 durante la
irradiación no afectaron la capacidad de apareamiento de moscas estériles. Polvo fluores-
cente, aplicado a pupas para marcar las moscas estériles, no tuvo efectos sobre la capacidad
de las pupas de crear hipoxia. Los resultados de este estudio se discuten en base a las prác-
ticas actuales de producción e irradiación.

 

Translation provided by the authors.

 

Routine irradiation of fruit flies in control pro-
grams integrating the sterile insect technique

(SIT) is usually undertaken when pupae are
packed in containers that have been closed or her-
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metically sealed for some period prior to their ex-
posure to the radiation source (Schwarz et al.
1985). One variation of this method consists of
the constant flushing of the pupae with nitrogen
gas during irradiation (Fisher 1997). These tech-
niques have been adopted to attain “reduced-oxy-
gen atmospheres” during irradiation. These pro-
cedures have been shown to lessen the “oxygen ef-
fects” of “air irradiation” on mating performance
and competitiveness of sterile males (Hooper
1971; Ohinata et al. 1977). While these practices
are common in many fruit fly mass-rearing and
irradiation facilities, and are recommended in the
international fruit fly quality control manual
(FAO/IAEA/USDA 2003), the actual levels of oxy-
gen (O

 

2

 

) inside sealed bags during irradiation
have not, to our knowledge, been previously de-
termined. The present study took advantage of re-
cently developed technology for O

 

2

 

 measurements
in air environments to characterize O

 

2

 

 atmo-
spheres during packing and irradiation of pupae
of the Mediterranean fruit fly (medfly) 

 

Ceratitis
capitata

 

 (Wiedemann).
Initially, we investigated how pupae of differ-

ent ages, packed in sealed polyethylene bags com-
monly used in many mass-rearing facilities, mod-
ify the O

 

2

 

 environment inside the bag. A second
objective investigated the effect on fruit fly qual-
ity of several “pupae packing pre-irradiation pro-
tocols” commonly performed in different medfly
mass-rearing facilities, on the O

 

2

 

 environments in
packing bags, and on the effect of irradiation upon
resultant adult males. Specifically, we investi-
gated the effect of incubating pupae for a certain
period of time (usually 1 h) at low temperatures
before sending the pupae to the irradiator, as re-
ported by Schwarz et al. (1985). This type of ma-
nipulation, and the transfer of pupae from the
“cold environment” into the room where the irra-
diation chamber is located, may expose the pupae
to several changing temperature regimes (in trop-
ical facilities temperatures in irradiation rooms
may be above 25°C). We also investigated the ef-
fect of irradiating pupae at different periods after
the bags were sealed, and determined O

 

2

 

 level in
the sealed bag environment at the start of irradi-
ation. Finally, we investigated the effect of dust-
ing pupae with fluorescent dye during packing
and before irradiation upon the ability of pupae to
modify the O

 

2

 

 environments inside the sealed
bags. Treating pupae with fluorescent dye prior to
irradiation is a routine method commonly used to
identify released sterile flies in traps in the field.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Source of Insects

 

Male medfly pupae of the temperature sensi-
tive lethal genetic sexing strain VIENNA 8
(Franz 2005) were obtained from the colony main-

tained in the research facility of the Entomology
Unit, FAO/IAEA Agriculture and Biotechnology
Laboratory, at Seibersdorf, Austria. Pupae were
collected at the appropriate age, as specified in
each of the experiments.

 

Measurement of Oxygen Levels

 

Between 400 and 500 mL of pupae were placed
inside 4.5-L polyethylene bags (15 cm width 

 

×

 

 45
cm height, 1.5 mm thick), commonly used to pack,
irradiate, and ship medfly pupae in some mass-
rearing facilities (e.g., El Pino, Guatemala). The
bags were perforated in two places by screwing
male and female luer connectors, which opened to
the inner and outer sides of the bag (a hole in the
plastic was punctured through the connectors).
The connectors facing the outside were then at-
tached to vinyl tubing. One of the connectors di-
rected the air emerging from the sealed bag into
an O

 

2

 

 sensor (a lead-O

 

2

 

 battery, Model No. S-102,
Qubit Systems Inc., Kingston, Ontario, Canada).
The bags were sealed, leaving an empty space of
3-5 cm above the pupae. An air pump (0.4 liters/
min) pumped air through the O

 

2

 

 sensor after
which it was directed into the sealed polyethylene
bag. Thus, air was circulated throughout the en-
tire experimental period in a closed circuit. The
depletion of O

 

2

 

 over time, as affected by respira-
tion of the pupae in the sealed system, was regis-
tered by a data logger (Vernier Software and
Technology, Beaverton, Oregon, U. S. A.) that gen-
erated 1 measurement per min. Each experiment
was discontinued when measurements showed a
stable low O

 

2

 

 level (close to 0%) for a period of 10
min (“maximal hypoxia”). Experiments were con-
ducted at 24°C except when otherwise specified.

 

Irradiation and Quality Control Procedures

 

In experiments where pupae were irradiated,
a 

 

60

 

Co source in a Nordion Gamacell-220 (Nor-
dion, Canada®) was used. Dose was calculated at
150 Gy. A Gafchromic dosimeter placed in the cen-
ter of the bag, however, showed an average dose
during the experiments of 157 Gy. The approxi-
mate time spent in the irradiation chamber for
this dose was 8.5 min. After irradiation, samples
of pupae were used to investigate the following
quality control parameters: pupal weight, num-
ber of pupae in 5 mL, % adult emergence, and
flight ability index (FAO/IAEA/USDA 2003).
These quality control parameters were also deter-
mined for non-irradiated pupae of the same batch
of the experiment (control).

An additional test investigated the mating
competitiveness of flies in the different treat-
ments in each of the experiments (including a
non-irradiated control). For each treatment 25
sexually mature males (each marked with a dot of
differently-colored paint on the prothorax to dif-
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ferentiate treatments) were released into a field
cage inside a greenhouse together with 25 non-ir-
radiated and sexually mature virgin females
(with an Egyptian genetic background that had
been maintained in the laboratory since 1968).
The greenhouse was kept at 25°C. A potted citrus
tree, pruned to facilitate observations of mating
pairs, was placed in the center of each cage. Mat-
ing pairs were counted once an hour for 12 contin-
uous hours, giving 12 observations during the en-
tire experiment. Each observation was considered
a replicate. Differences in mating competitive-
ness between treatments was calculated from the
average and variance of the number of mating
pairs found during each 12-h observation period
based on General Linear Models (Statgraphics 5
Plus 2000, Manugistics, Inc.).

 

Experiment 1: Effect of Pupal Age on O

 

2

 

 Depletion
in Sealed Bags

 

Non-irradiated pupae 3, 2, and 1 d before adult
emergence were used; 500 mL of pupae of each
age were placed in separate polyethylene bags
equipped with O

 

2

 

 sensors as described above. For
each pupal age, we used 2-3 replicates. A hermet-
ically sealed bag with no pupae inside was used as
a control. The real pupal ages were confirmed by
using “pupal emergence grids”, which included a
random sample of 100 pupae (one pupa per grid
space), and by following the emergence from pu-
pae over time. Oxygen levels were measured as
described above at a constant temperature of
24°C. Airflow in the closed system was started
when the bags were sealed (= time 0). The rate of
O

 

2

 

 depletion was determined by measuring the
O

 

2

 

 levels every min. Differences in O

 

2

 

 depletion
rates (at 10 min after sealing), and time until the
attainment of maximal hypoxia inside the bags,
were investigated with a one-way ANOVA; means
were separated by LSD (Statgraphics 5 Plus
2000, Manugistics, Inc.).

 

Experiment 2: Influence of Incubation Temperature
on Attainment of Maximal Hypoxia and Quality
of Irradiated Males

 

Polyethylene bags equipped with O

 

2

 

 sensors as
described above were filled with 450 mL of non-ir-
radiated pupae at an estimated age of 1 d before
adult emergence. The bags were laid flat to reduce
the accumulation of metabolic heat and the pupae
were then incubated for 1 h with the bags open
(“preconditioning incubation”). Two precondition-
ing incubation temperatures were used, 16°C and
24°C; 16°C was selected because preconditioning
incubations at 16°C are performed in some facili-
ties to halt pupal development before irradiation
(FAO/IAEA/USDA 2003). An incubator was used
to attain 16°C while 24°C was the temperature in
the experimental room. After incubation, bags

were hermetically sealed and immediately con-
nected to the closed airflow system to measure O

 

2

 

consumption as specified above. Oxygen con-
sumption was investigated under two constant
temperature regimes (“post-sealing incubation
temperatures”): 16°C and 24°C.

Measurements at 16°C were performed with
the bag and the air line inside the incubator. For
this, the door of the incubator was closed with the
vinyl tubes emerging through the rubber door
seal to conduct the air of the closed system to the
O

 

2

 

 sensor. We ensured a free flow of air through
the system without affecting the temperature in-
side the incubator. In the case of incubation at
24°C, the entire system was in a room maintained
at this constant temperature. Thus, we had four
treatments which combined the two precondition-
ing incubation temperatures (PC) and the two
post-sealing-incubation temperature (PS): (1)
24°C PC and 24°C PS; (2) 24°C PC and 16°C PS;
(3) 16°C PC and 24°C PS; and (4) 16°C PC and
16°C PS.

After reaching a constant level of maximal hy-
poxia in the sealed bag system, O

 

2

 

 measurements
were discontinued, pupae were irradiated inside
the sealed bags, bags were opened, and samples of
pupae were subjected to quality control tests as
specified above. We repeated the experiment
twice with different batches of pupae.

 

Experiment 3: Oxygen levels in Packing Bags during
Irradiation and Effect upon Male Fly Quality

 

As in Experiment 2 we used pupae at an esti-
mated age of 1 d before adult emergence, placing
450 mL of non-irradiated pupae in four polyethyl-
ene bags. Three out of the 4 bags were sealed si-
multaneously but only 1 of the bags was used to
monitor the O

 

2

 

 level. Since bags were sealed si-
multaneously with the same type and quantity of
pupae, we made the assumption that the reading
in the monitored bag would be representative of
those in the other bags. The 4

 

th

 

 bag was left un-
sealed. The sealed bags were then individually ir-
radiated 15, 30, and 60 min after sealing, this be-
ing when the O

 

2

 

 level inside the monitored bag
reached approximately 10%, 2%, and maximal hy-
poxia, respectively. In addition, we irradiated the
unsealed bag that was presumed to have an ambi-
ent O

 

2

 

 environment during irradiation. Total irra-
diation time lasted approximately 8.5 min, during
which interval the O

 

2

 

 level inside the sealed bags
are presumed to have decreased further. Thus, the
O

 

2

 

 levels mentioned above are those expected at
the onset of irradiation. The experiment was rep-
licated twice with different batches of pupae of the
same age. After irradiation the bags were opened
and samples of pupae from each bag were sepa-
rately subjected to the quality control tests. Non-
irradiated pupae which were not exposed to hy-
poxia were used as a control.
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Experiment 4: Effect of Fluorescent Dye
on O

 

2

 

 Consumption Patterns and Irradiation Effects

 

Two polyethylene bags were each loaded with
500 mL of pupae at an expected age of 1 d before
adult emergence. The pupae in 1 bag were thor-
oughly mixed with 0.75 g of Day-Glo® fluorescent
powder. The second bag was untreated and used
as a control. The bags were hermetically sealed
and the consumption of O

 

2

 

 over time measured as
described above. After reaching maximal hypoxia
the bags were irradiated, opened, and separate
samples of pupae subjected to quality control
tests. In this experiment we did not investigate
mating competitiveness.

R

 

ESULTS

 

All samples of pupae placed in adult emer-
gence grids confirmed that the expected ages of
pupae used for these experiments were true ages
(results not shown).

 

Experiment 1: Effect of Pupal Age on O

 

2

 

 Depletion
in Sealed Bags

 

Fig. 1 shows the effect of pupal age upon the
consumption of O

 

2

 

 by pupae in the closed air sys-
tem. These data show that older pupae consume
O

 

2

 

 more rapidly than younger pupae. The rate of
O

 

2

 

 consumption 10 min after the bag was sealed
was significantly faster in pupae 1 d before adult
emergence than in pupae 2 or 3 d before emer-
gence (Fig. 2; 

 

F 

 

= 20.9; 

 

df 

 

= 2,6; 

 

P

 

 < 0.01). Simi-

larly, the consumption rate was significantly
faster in pupae 2 d before adult emergence than 3
d before emergence. The time needed by pupae to
reach maximal hypoxia in the bag was signifi-
cantly longer in pupae 3 d before adult emergence
than in pupae 2 or 1 d before emergence (Fig. 2;

 

F

 

 = 9.3; 

 

df

 

 = 2,6; 

 

P

 

 < 0.05).

 

Experiment 2: Influence of Incubation Temperature
on Attainment of Maximal Hypoxia and Quality
of Irradiated Males

 

The rate at which O

 

2

 

 was consumed by pupae in
hermetically sealed bags when incubated at differ-
ent preconditioning (PC) and post-sealing-bag (PS)
temperatures is shown in Fig. 3. Pupae incubated
at 24°C during both PC and PS consumed O

 

2

 

 faster
than pupae incubated first at 24°C during PC and
then transferred after 1 h to 16°C for PS incuba-
tion (Fig. 3A). Similarly, pupae incubated during
PC at 16°C and then transferred to 24°C consumed
O

 

2

 

 faster than pupae incubated at 16°C for both PC
and PS (Fig. 3B). The average durations (2 repli-
cates) needed for pupae to reach maximal hypoxic
conditions during these different schedules were
57.5 min for 24°C PC + 24°C PS; 87.0 min for 24°C
PC + 16°C PS; 98.0 min for 16°C PC + 24°C PS; and
148.5 min for 16°C PC + 16°C PS.

Table 1 shows results of the quality control
tests after pupal irradiation under the 4 temper-
ature combination protocols and in the control.
Average and standard deviation are for 2 repli-
cate experiments. Mating competitiveness test
was performed only with 1 of the replicates. Pupal
weight, number of pupae in 5 mL, % adult emer-

Fig. 1. Oxygen consumption curves for medfly pupae
(VIENNA 8) sealed in bags as a function of pupal age:
1 d (-----), 2 d (– –– – –) and 3 d (———) before adult
emergence. The horizontal line at approximately 210 µL
O2/mL air (21% O2) is the line obtained for the sealed
bag when no pupae were present inside the bag. The ar-
row on the x-axis shows the time at which the rate of O2

consumption by pupae was determined (data shown in
Fig. 2).

Fig. 2. Time needed by medfly pupae (VIENNA 8) to
attain maximal hypoxia (bars and left y-axis), and aver-
age and standard deviation rate of O2 consumption (bro-
ken line and right y-axis) as affected by pupal age (data
from Fig. 1, 10 min after sealing bags). Different letters
above bars stand for significant differences (P < 0.05) in
time needed to attain maximal hypoxia (Kruskal-Wal-
lis). Rate of oxygen consumption was significantly dif-
ferent for the 3 treatments (Kruskal-Wallis).
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gence and flight ability did not differ significantly
between treatments and control. Similarly, incu-
bation temperature protocols did not have any
significant effect upon the mating competitive-
ness of irradiated males (Fig. 4). However, as ex-
pected the mating competitiveness of non-irradi-
ated males (control) was significantly greater
than that of irradiated males (Fig. 4).

 

Experiment 3: Oxygen levels in Packing Bags during
Irradiation and Effect upon Male Fly Quality

 

Fig. 5 shows the approximate O

 

2

 

 levels: I, in an
open bag (ambient O

 

2

 

 environment); II, 15 min
after sealing (± 10% O

 

2

 

 level); III, 30 min after

sealing (± 2% O

 

2

 

 level); IV, maximal hypoxia (close
to 0% O

 

2

 

 level). The rate of O

 

2

 

 consumption and the
time needed to reach maximal hypoxia were very
similar in the 2 replicates: at 10 min after bag-
sealing O

 

2

 

 consumption was 9.6 and 9.2 µL O

 

2

 

/mL
air/min, and maximal hypoxia was reached after
52 and 58 min, in replicates 1 and 2, respectively.

Table 2 shows the effects of irradiation under
several O

 

2

 

 environments in packing bags upon
pupal weight, number of pupae in 5 mL, % adult
emergence, and flight ability. Average and vari-
ance are for 2 replicate experiments. The mating
competitiveness test was performed only with one
of the replicates. None of the treatments with re-
duced O

 

2

 

 levels had a significant effect upon the

Fig. 3. Oxygen consumption curves for medfly pupae (VIENNA 8) 1 d before emergence packed in sealed bags
as a function of 2 pre-irradiation temperature incubation protocols. PC = pre-conditioning incubation protocol; PS
= post-sealing incubation protocol. (A) PC of 24°C; (B) PC of 16°C; (– –– – –) O2 curves for PS of 24°C; (———) O2

curves for PS of 16°C.
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quality control parameters (Table 2). In contrast,
irradiation under ambient O

 

2

 

 level, although not
statistically significant, reduced adult emergence
and flight ability, and significantly affected the
mating competitiveness of irradiated males (Table
2, Fig. 6). As expected, non-irradiated males (con-
trol) performed significantly better than sterile
males in the mating competitiveness test (Fig. 6).

 

Experiment 4: Effect of Fluorescent Dye on O

 

2

 

Consumption Patterns and Irradiation Effects

 

Oxygen consumption curves of dyed pupae and
undyed pupae 10 min after bag sealing were very

similar: 8.7 and 8.6 µL O

 

2

 

/mL air/min, respec-
tively. Time to reach maximal hypoxia was 58 min
for dyed pupae and 60 min for undyed pupae.
Likewise, pupal weight, number of pupae in 5 mL,
% emergence and flight ability was very similar
between the 2 treatments, and comparable to the
unirradiated control (data not shown).

D

 

ISCUSSION

 

With no renewal of O2, pupae sealed in bags
were expected to totally deplete the O2 levels of
the air through their metabolic activity (FAO/
IAEA/USDA 2003). This study clearly showed
that the O2 level inside sealed bags loaded with
pupae steadily declines over time. Time needed
for the attainment of maximal hypoxia was de-
pendent not only on the age of the pupae, but also

TABLE 1. EFFECT OF DIFFERENT PRE-IRRADIATION TEMPERATURE REGIMES ON QUALITY CONTROL PARAMETERS OF IR-
RADIATED MEDFLIES.

Treatment
PC→PS*

Avg. pupal weight
(mg/pupae) ± SD

Avg. no. pupae in
5 mL ± SD

Avg. adult emergence
(%) ± SD

Flight ability index
(%) ± SD

24°C→24°C 8.65 ± 0.07 285 ± 1 87.7 ± 9.1 84.8 ± 8.6
24°C→16°C 8.50 ± 0.28 270 ± 25 83.1 ± 16.5 85.7 ± 10.4
16°C→24°C 8.70 ± 0.14 285 ± 3 86.7 ± 12.3 86.2 ± 9.7
16°C→16°C 8.55 ± 0.07 291 ± 13 84.2 ± 13.3 86.0 ± 7.5
Control** 8.75 ± 0.07 298 ± 12 92.7 ± 2.6 91.1 ± 7.5

H*** 4.1 3.7 1.0 1.5
P >0.05 >0.05 >0.05 >0.05

*Preconditioning Temperature → Post-Sealing Temperature.
**Control consisted of non-irradiated pupae, and pupae that did not undergo hypoxia treatment and preconditioning and post-

sealing-bag temperature incubations. Control pupae were maintained at 24°C until processing.
***H—Kruskal-Wallis Non-Parametric one way ANOVA.

Fig. 4. Mating competitiveness (ability to form copu-
lating pairs) of irradiated and non-irradiated (control)
male medflies (VIENNA 8). Irradiated males were sub-
jected to different incubation protocols (preconditioning,
PC, and post-sealing-bag, PS, incubation temperatures
protocols) before irradiation. Irradiation was performed
after reaching maximal hypoxia in sealed bags during
PS incubation. The figure includes the resultant F and P
(General Linear Models) and step-wise separation of
means (lower case letters).

Fig. 5. Oxygen consumption curve and level of hy-
poxia attained for medfly pupae (VIENNA 8) 1 d day be-
fore emergence packed in sealed bags: I. ambient O2

level during irradiation; II. 10% O2 level at the onset of
irradiation; III. 2% O2 level at the onset of irradiation;
IV. Maximal hypoxia at the onset of irradiation.
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on the temperature at which pupae are main-
tained. These results support the findings of Lan-
gley (1970) and Seo et al. (1990), that the rate of
O2 consumption is strongly dependent upon the
rate of metabolic activity. Metabolic activity and
respiration rate increased significantly in pupae
close to adult emergence, and in pupae kept at
high temperatures (Keister & Buck 1973; Seo et
al. 1990).

Pre-conditioning (PC) and post-sealing (PS) in-
cubation temperatures had a marked effect upon
the consumption of O2 by pupae. As expected for a
poikilotherm organism, incubation at 24°C accel-

erated the consumption of O2 and the metabolism
of pupae, while 16°C had a depressing effect upon
both metabolism and O2 consumption. The trans-
fer of pupae from a PC temperature of 24°C to a PS
temperature of 16°C reduced O2 consumption to a
lesser extent than the opposite situation, suggest-
ing that it takes more time to warm up pupae and
accelerate metabolic rate than to slow down me-
tabolism with cooler temperatures. While temper-
ature manipulation prior to attainment of hypoxia
and irradiation affected the rate of O2 consump-
tion, these incubation protocols did not have any
noticeable effect upon pupal quality and mating
performance. In contrast, ambient O2 levels inside
bags during irradiation had, as previously demon-
strated (Ohinata et al. 1977), an important nega-
tive effect upon mating activity and pupal quality.

The mechanism by which different O2 environ-
ments during irradiation affect the quality of the
fly has still not been fully investigated. However,
the most acceptable hypotheses suggest that low
O2 tension in pupal tissue reduces the formation of
toxic free radicals and peroxides during irradia-
tion (Ohinata et al. 1977). Regardless of the mech-
anism by which the O2 atmosphere influences the
quality of the irradiated fly, the present study con-
firmed the fact that a hypoxic environment during
irradiation enhances the mating performance and
quality of sterile pupae (Bakri et al. 2005).

It is interesting to note that irradiation under
10% and 2% O2 environments resulted in flies
with similar mating competitiveness and quality
to those irradiated under maximal hypoxia. This
phenomenon could be the result of ongoing pupal
metabolic activity, and O2 consumption, during
the time spent inside the irradiation chamber (8.5
min), which may have reduced further the O2 lev-
els inside the sealed bags. A further possibility is
that below certain O2 level inside the bags, the
“Oxygen effect” (Hooper 1971; Ohinata et al.
1977) is not manifested. Our study was not able to
detect this “threshold” O2 level, which may be of
theoretical, but not practical, interest.

TABLE 2. EFFECT OF DIFFERENT PRE-IRRADIATION OXYGEN LEVELS ON QUALITY CONTROL PARAMETERS OF THE IRRA-
DIATED MEDFLY.

Treatment
Avg. pupal weight
(mg/pupae) ± SD

Avg. no. pupae in
5 mL ± SD

Avg. adult emergence 
(%) ± SD

Flight ability index
(%) ± SD

Maximum hypoxia 8.40 ± 0.30 298 ± 8 89.2 ± 0.9 82.6 ±1.8
2% O2 8.50 ± 0.30 303 ± 1 90.9 ± 2.9 84.2 ± 1.9
10% O2 8.45 ± 0.20 302 ± 4 89.6 ± 1.8 81.6 ± 4.7
Ambient O2 8.55 ± 0.20 303 ± 11 85.3 ± 6.8 67.4 ± 13.4
Control* 8.45 ± 0.40 301 ± 8 89.4 ± 2.3 86.3 ± 0.7

H** 1.2 0.9 1.5 7.3
P >0.05 >0.05 >0.05 >0.05

*Control consisted on non-irradiated pupae that did not undergo hypoxia treatment. Control pupae were maintained at 24°C un-
til processing.

**H—Kruskal-Wallis Non-Parametric One Way ANOVA.

Fig 6. Mating competitiveness (ability to form copu-
lating pairs) of irradiated and non-irradiated (control)
male medflies (VIENNA 8) as affected by irradiation
under different O2 environments. Hypoxia levels as
shown in Fig. 5: 60 min = maximal hypoxia inside sealed
packing bags; 30 min = 2% O2 level at the onset of irra-
diation; 15 min = 10% O2 level at the onset of irradia-
tion; 0 min = open bags with ambient O2 levels. Control
males were neither irradiated nor underwent hypoxia.
The figure includes the resultant F and P (General Lin-
ear Models) and step-wise separation of means (lower
case letters).
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In practical terms, this study demonstrated
that hermetically sealing bags containing pupae
for irradiation, and keeping these pupae for ap-
proximately 1 h at temperatures of 24°C, is suffi-
cient to create an optimal hypoxic environment
inside these bags. It also demonstrated that rou-
tine treatment of pupae with fluorescent dye (1.5
g/kg of pupae) did not appear to affect the ability
of pupae to consume O2 inside the bags. The study
also provided data on the effect of different incu-
bation temperatures upon the ability of pupae to
create hypoxic atmospheres inside packing bags,
and upon the effects of some pre-irradiation incu-
bation protocols currently carried out in several
medfly rearing facilities. Specifically, our data
suggests that keeping pupae in open bags at 16°C
until irradiation may affect their later ability to
create an optimal hypoxic environment inside
sealed bags before and during irradiation. These
last results, and the cost/benefit evaluations of in-
cubating procedures, need to be re-assessed be-
fore final recommendations are made.
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BSTRACT

 

The sterile insect technique (SIT) is an environment-friendly pest control technique with ap-
plication in the area-wide integrated control of key pests, including the suppression or elim-
ination of introduced populations and the exclusion of new introductions. Reproductive
sterility is normally induced by ionizing radiation, a convenient and consistent method that
maintains a reasonable degree of competitiveness in the released insects. The cost and effec-
tiveness of a control program integrating the SIT depend on the balance between sterility and
competitiveness, but it appears that current operational programs with an SIT component
are not achieving an appropriate balance. In this paper we discuss optimization of the steril-
ization process and present a simple model and procedure for determining the optimum dose.

Key Words: SIT, model, competitiveness, sterility, radiation dose 

R

 

ESUMEN

 

La técnica de insecto estéril (TIE) es una tecnología de control de plagas favorable para el
medio ambiente con una aplicación de un control integrado de plagas claves para toda la
área, incluyendo la supresión o eliminación de poblaciones introducidas y la exclusión de
nuevas introducciones. La esterilidad reproductiva es normalmente inducida por radiación
ionizada, un método conveniente y consistente que mantiene un grado razonable para la ca-
pacidad de competencia en insectos liberados. El costo y la eficacia de un programa de con-
trol que incluye TIE dependen en tener un balance entre la esterilidad y la capacidad para
competir, pero parece que los programas operacionales corrientes con TIS como un compo-
nente no están logrando el tener un balance apropiado. En esta publicación, nosotros discu-
timos la optimización del proceso de esterilización y presentamos un modelo y procedimiento

 

sencillos para determinar la dosis óptima.

 

The sterile insect technique (SIT) was con-
ceived in the 1930s (Knipling 1955), and first ap-
plied on a significant scale in the 1950s against
the New World screwworm 

 

Cochliomyia homini-
vorax

 

 (Coquerel) (Baumhover et al. 1955; Knip-
ling 1960) and subsequently to a number of other
pest species (Dyck et al. 2005). The principle of the
technique is to introduce sterility by rearing large
numbers of the target pest, reproductively steril-
ize them, and release them into the wild. When
the sterile males mate with wild females, the fe-
males produce no viable offspring. With a con-
stant rate of release of sterile insects this results
in an increasingly rapid decline in the overall pop-
ulation over several generations. This technique
has been used successfully against a number of
pest species such as Mediterranean fruit fly 

 

Cer-
atitis capitata

 

 (Wiedemann), melon fly 

 

Bactrocera
cucurbitae

 

 (Coquilett), pink bollworm 

 

Pectino-
phora gossypiella

 

 (Saunders), codling moth 

 

Cydia
pomonella

 

 (L.) and tsetse fly 

 

Glossina austeni

 

Newstead (Tan 2000; Wyss 2000; Hendrichs et al.
2005; Klassen & Curtis 2005).

The attractive features of the SIT are that it is
absolutely specific to the targeted pest, integrates
well with other controls, reduces the use of toxic
insecticides, and its action is inverse-density de-
pendent. This latter characteristic implies that as
the field population declines, the pressure in-
creases on the population from a constant rate of
sterile insect release; this characteristic makes it
desirable for eradication, suppression, contain-
ment, or the exclusion of sporadic introductions in
a preventive release program (Hendrichs et al.
2005). The inverse-density dependence of the
technique makes it possible, as part of a systems
approach, to eliminate or reduce pests to such low
levels as to allow export of important commodity
crops to areas with quarantine restrictions
against the pest.

Sterility can be induced by chemicals or ioniz-
ing radiation. Chemical sterilization was used in
early work (Borkovecˇ 1966; LaChance 1967; La-
brecque & Smith 1968), but because of the hazard
of handling these substances, problems with con-
trolling the dose, and the risks of environmental
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contamination, chemical sterilization has been
replaced by irradiation (Hayes 1968; Bakri et al.
2005a; Bakri et al. 2005b). 

When biological material is irradiated, free rad-
icals are formed, and breaks are created in the
chromosomes. If breakage occurs in chromosomes
of the germ line, this leads to the formation of dom-
inant lethal mutations in eggs and sperm
(LaChance 1967; Curtis 1971). Radiation steriliza-
tion is a simple process with easy and reliable qual-
ity control procedures. The action of the radiation
is immediate so there is no requirement to hold the
sterile insects after treatment, and radiation can
pass through packaging material allowing the in-
sects to be treated after sealing in secure packag-
ing enhancing biosecurity and reducing handling.

D

 

OSE

 

 O

 

PTIMIZATION

 

The radiation absorbed dose (referred to here-
after as dose) that is used to induce sterility is of
prime importance to programs that include the
release of sterile insects. Insects that receive too
low a dose are not sufficiently sterile and those
that receive too high a dose may be uncompeti-
tive, reducing the effectiveness of the program by
requiring that a greater number of sterile insects
must be released (Robinson 2002).

While competitiveness has often been investi-
gated (Hooper 1970; Hooper & Katiyar 1971;
Hooper 1972; Katiyar 1973a, b; Hooper 1975;
Zumreoglu et al. 1979; Winstead et al. 1990;
Haynes & Smith 1992; Boshra 1994; Saour & Ma-
kee 1997; Bloem et al. 1998; Bloem et al. 1999;
Bloem et al. 2004; Toledo et al. 2004), the critical
balance between sterility and competitiveness
has rarely been investigated or discussed in suffi-
cient detail, and few data have been presented in
the literature in a form that permits a proper
analysis of this balance (Bakri et al. 2005a). In or-
der to perform the analysis, data are required si-
multaneously for the variation of both sterility
and competitiveness with dose. Where competi-
tiveness has been studied, frequently only one or
two doses have been investigated. Further, for the
competitiveness data to be realistic, the tests
should be performed in field cages or open plots.

The relationship between residual fertility and
log(dose) is well known and is sigmoid in form.
Not enough data are available to be certain of
the relationship between competitiveness and
log(dose), but for simplicity we assume it to be
similar to most response-to-dose relationships,
which are sigmoid (Finney 1971); however any
monotonic decreasing function will lead to similar
conclusions to those presented below. Fig. 1 illus-
trates the relationships of fertility and competi-
tiveness to log(dose) following this assumption,
where the scale on the x-axis is such that one unit
represents the change in log(dose) needed to pro-
duce one 

 

σ

 

 change in the response (competitive-

ness or fertility). The displacement, 

 

δ

 

x

 

 (in units of

 

σ

 

) of the competitiveness curve to the right (or
left) of the fertility curve is generally unknown,
but must vary with species and other factors such
as the oxygen content of the atmosphere and tem-
perature during irradiation, free radical scaven-
gers provided in the diet, quality of rearing, and
possibly other factors. Considerable research re-
lated to the SIT is to improve the competitiveness
of the insects for a given sterility level, that is to
move the competitiveness line as far to the right
as possible, and thus to increase the value of 

 

δ

 

x

 

.
Knipling (1955) presented a simple relation-

ship for the effect of released sterile insects on a
wild population. This may be written as:

where 

 

F

 

1

 

 is the population size in the filial genera-
tion, 

 

P

 

 is the parental generation size, 

 

R

 

 is the net
population growth rate per generation, and 

 

S

 

 is
the sterility induced by the released sterilized in-
sects (IAEA 1992, pp. 108-109). In practice 

 

R

 

 is
likely to be density dependent, but for this simple
model it is assumed to be density independent,
and 

 

S

 

 is dependent on the number of sterile in-
sects released (

 

N

 

) if it is assumed that the released
insects are both fully sterile and fully competitive:

This, however, does not take into account either of
incomplete sterility induced by the irradiation
(

 

S

 

l

 

), or of the reduced competitiveness (

 

Q

 

). To sim-

Fig. 1. Schematic relationship of residual fertility
and competitiveness to log(dose). δx is the separation of
the two response curves (based on data of Hooper, 1972).

F1 P 1 S–( )× R×=[1]

S N
N P+( )
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plify the equations, the reduced competitiveness
of the 

 

N

 

 released insects can be represented as

 

NQ

 

 fully competitive insects (and 

 

N(1-Q)

 

 non-
competitive insects that have no effect on the tar-
get population), and the reduced sterility as 

 

NQS

 

l

 

sterile and 

 

NQ

 

(1-

 

S

 

l

 

) fertile insects. This simplifi-
cation does not affect the final form of the rela-
tionship. These 

 

NQ

 

(1-

 

S

 

l

 

) fertile individuals add to
the pool of breeding individuals, so that:

and equation [2] becomes:

The original equation [1] now becomes:

or:

Regression analysis of both Probit transformed
competitiveness (

 

Q

 

) and residual fertility (1-

 

S

 

l

 

)
against log radiation dose will yield a relationship
that may be used to predict both parameters for
any radiation dose. Equation [6] can then be
solved numerically by iteration to find the mini-
mum value of 

 

F

 

1

 

/

 

R

 

 for given values of 

 

δ

 

x

 

 and 

 

N

 

/

 

P

 

.
Using values of 

 

R 

 

= 1, 

 

P 

 

= 1 and 

 

N 

 

= 9, Fig. 2 shows
the effect on the subsequent generation (

 

F

 

1

 

) of
log(dose) at 3 values of 

 

δ

 

x

 

 for a fixed release rate.
This clearly shows that as the value of 

 

δ

 

x

 

 increases
the value of 

 

F

 

1Minimum

 

 decreases and this minimum
point occurs at a higher sterility. At the same time
the slope of the 

 

F

 

1

 

 curve each side of the optimum
point gets shallower, implying that a larger dose

variation may be tolerated This has the potential
to increase the throughput of the irradiation pro-
cess as less strict limits need to be applied.

This indicates that research is essential to es-
tablish the relationship of dose to the level of ste-
rility and competitiveness in the treated insects,
and that a standardized dosimetry system and
recognized dosimetry procedures are used (ISO/
ASTM 2005a). The dose to be used for any given
SIT program is then based on the results of such
studies. The program manager should specify the
optimum dose to achieve the best combination of
competitiveness and sterility (Table 1), and this
dose should be reviewed when changes in any
procedure alter the value of 

 

δ

 

x

 

.
Ideally, all the insects should be irradiated to re-

ceive this optimum dose, but as the dose rate varies
spatially within a container, it is inevitable that in-
sects within will receive a range of doses. Because
of this dose variability the program manager
should also specify the minimum and maximum ac-
ceptable dose that insects may receive. If the dose
variability within the container is too high, it may
be necessary to modify the radiation field (e.g., with
a field flattener, a shaped lead shield that improves
the dose uniformity ratio) or limit the volume used
for irradiation by blocking off areas with unaccept-
ably high and/or low dose rates. The range of ac-
ceptable doses should be approximately symmetric
about the optimum dose (in log(dose)), as shown by
the symmetry of the 

 

F

 

1

 

 curves (Fig. 2). We suggest
that the maximum and minimum dose should be
set to yield 

 

F

 

1

 

 values not more than 110% of 

 

F

 

1 Minimum

 

.
For many insects, the dose required in the late pu-
pal stage to stop egg production or egg hatch in fe-
males is lower than the dose required to induce ste-
rility in males (Bakri et al. 2005a). For most pur-
poses, therefore, the minimum dose will be set
higher than the dose at which egg production or
hatch stops. For legal or other justifiable program
requirements a higher minimum dose may be spec-
ified, but it must be recognized that this may affect
the program efficiency (Toledo et al. 2004).

P′ P NQ 1 Sl–( )+=[3]

S′
NQSl

NQSl P NQ 1 Sl–( )+ +
---------------------------------------------------------

NQSl

NQ P+
------------------= =[4]

F1 P′ 1 S′–( ) R××=[5]

F1

R
------ P NQ 1 Sl–( )+( ) 1

NQSl

NQ P+
------------------– 

 ×=[6]

Fig. 2. Size of next generation (F1) as a function of log(dose) for δx = 1σ, 3σ and 5σ.
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The actual dose applied in different programs
and research projects has varied widely, by a fac-
tor of almost 3 for some species (i.e., Sitophilus
granarius L. which varies between 50 and 135
Gy) as shown by the International Database on
Insect Disinfestation and Sterilization website
(IAEA 2003; Bakri et al. 2005a). From Table 1 it
can be seen that the optimum dose only yields
95% sterility (5% residual fertility) when δx is
about 1.8 and 99.9% when δx is greater than 5. It
is unlikely that δx will ever be as large as 5, but
because of the lack of appreciation for the insect
competitiveness issues involved, many programs
continue to use 99.9% sterility when lower doses
would yield better control.

The optimum dose depends furthermore on the
ratio N/P (Table 2). In the early stages of a sup-
pression or eradication campaign, while the wild
population is still relatively large and the ratio
N/P is small, the optimum dose is lower than later
in the program when the value of N/P is larger. It
would thus appear that current operational pro-
grams releasing sterile insects are not achieving
the appropriate balance between sterility and
competitiveness at each stage in the program. Ta-
ble 2 may be used to estimate the optimum dose
in Gy for any given value of δx at various ratios of
N/P. If the regression equation for the dose-fertil-
ity relationship, with dose in Gy transformed to
log(dose) and fertility to normal equivalent devi-
ates (NED) is:

then the actual dose in Gy can be calculated from
the values of D in Table 2 as:

The value of δx can be estimated from a simple
field cage experiment, but an adequate set of field
cage data to determine the dose-response rela-
tionship has not been published. In order to illus-
trate the concept, the extensive set of laboratory
data for the Mediterranean fruit fly Ceratitis cap-
itata (Wiedemann) (Diptera: Tephritidae) pre-
sented by Hooper (1972) for fertility and competi-
tiveness (Haisch 1970; Fried 1971) at various
treatment doses is used. The main purpose of this
illustration is to demonstrate the procedure for
determining the optimum dose from relevant
data. Using Hooper’s data, we show the relation-
ships of fertility and competitiveness to the radi-
ation dose in Fig. 3, with the linear regression
lines and 95% confidence intervals for the regres-
sions. The regression fit for the fertility is very
good, but there is a larger scatter in the competi-
tiveness values. This is inherent in the method of
measuring and calculating competitiveness
(Haisch 1970; Fried 1971; Hooper & Horton 1981;
Iwahashi et al. 1983). The regression coefficients
for competitiveness and fertility do not differ sig-
nificantly from each other (competitiveness: re-
gression coefficient = -3.4032, SE = 0.3326; fertil-
ity: regression coefficient = -3.8866, SE = 0.5403)
(Sokal & Rohlf 1981). The value of δx from these
data is 1.44, and from the fertility relationship
the increase in log(dose) that results in a 1σ
change in fertility is 0.26, the reciprocal of the
slope of the linear regression line.

From these values the optimum dose can be es-
timated from Table 2 and equation [8]. In the
present example, where δx = 1.44, for N/P = 8,
from the table the value of D is 1.45. Based on
equation [8]:

TABLE 1. VALUES FOR OPTIMUM DOSE (IN σ ABOVE THE LOG(DOSE) THAT YIELDS 0.5 RESIDUAL FERTILITY), F1 Minimum, THE
FERTILITY AND COMPETITIVENESS CORRESPONDING TO THE OPTIMUM DOSE, AND THE RANGE OF LOG(DOSE)
FOR F1 Minimum + 10% FOR SELECTED VALUES OF δx (DISPLACEMENT OF THE COMPETITIVENESS CURVE RIGHT OF
THE FERTILITY CURVE). THIS ANALYSES IS FOR N/P = 9.

δx/σ Optimum log(dose) F1 Minimum Fertility Competitiveness
Maximum log(dose) range

for F1 ≤ 1.1 × F1 Minimum

0 0.70 0.480 0.240 0.24 0.25 1.10
0.5 1.00 0.380 0.160 0.31 0.60 1.35
1 1.25 0.300 0.110 0.40 0.85 1.60
1.5 1.50 0.240 0.067 0.50 1.15 1.85
2 1.75 0.190 0.042 0.61 1.35 2.10
2.5 1.90 0.160 0.027 0.71 1.55 2.35
3 2.15 0.140 0.016 0.80 1.70 2.60
3.5 2.30 0.120 0.010 0.88 1.85 2.85
4 2.55 0.110 0.005 0.93 2.00 3.15
4.5 2.75 0.106 0.003 0.96 2.10 3.50
5 2.95 0.103 0.002 0.98 2.20 3.85

NED(fertility) a b+= log dose( )×[7]

dose Gy( ) 10

D a+( )–
b

---------------------

=[8] dose Gy( ) 10

1.45 5.4955+( )–
3.8866–

-----------------------------------------

61≅=[9]
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Table 3 presents the calculated optimum dose,
F1 Minimum, the corresponding values for sterility and
competitiveness and the minimum and maximum
doses to remain within 110% of F1 Minimum for δx =
1.44 and various values of N/P. Also shown are the
values corresponding to 99% and 99.9% sterility,
103 and 162 Gy. For this value of δx the optimum
dose lies below 90 Gy, with a range from 52-89 Gy,
which corresponds well with Hooper’s own conclu-
sion that the optimum dose is about 70 Gy. Both
99% and 99.9% sterility doses fall outside this
dose range for all values of N/P shown.

The value of δx is overestimated by the data in
Hooper (1972), as the competition was between ir-
radiated and unirradiated colony flies under labo-
ratory conditions, not between irradiated colony
flies and wild flies in the field. This colony has
been maintained under artificial conditions for
many generations and can be expected to have
competitiveness less than 1 before irradiation. Ir-
radiated colony flies could therefore be expected to
perform worse against wild flies than against col-
ony flies. Wong et al. (1983) compared mating suc-
cess between irradiated and wild males of Cerati-
tis capitata, and found no difference over a range

TABLE 2. OPTIMUM RADIATION DOSE (D, IN UNITS OF σ ABOVE THE LOG(DOSE) THAT YIELDS 0.5 RESIDUAL FERTILITY)
AND CORRESPONDING STERILITY LEVEL (IN ITALICS) FOR SELECTED VALUES OF δx AND N/P (THE RATIO OF
STERILE TO WILD MALES).

δx

N/P

1 2 4 8 16 32 64 128

0 0.22 0.34 0.50 0.67 0.86 1.04 1.22 1.40
58.7% 63.3% 69.1% 74.9% 80.5% 85.1% 88.9% 91.9%

0.5 0.48 0.61 0.77 0.95 1.14 1.32 1.50 1.68
68.4% 72.9% 77.9% 82.9% 87.3% 90.7% 93.3% 95.4%

1 0.73 0.87 1.03 1.21 1.40 1.58 1.76 1.94
76.7% 80.8% 84.8% 88.7% 91.9% 94.3% 96.1% 97.4%

1.5 0.98 1.11 1.28 1.45 1.64 1.82 2.00 2.17
83.6% 86.7% 90.0% 92.6% 94.9% 96.6% 97.7% 98.5%

2 1.22 1.35 1.51 1.68 1.86 2.04 2.22 2.39
88.9% 91.1% 93.4% 95.4% 96.9% 97.9% 98.7% 99.2%

2.5 1.46 1.58 1.73 1.90 2.08 2.25 2.42 2.59
92.8% 94.3% 95.8% 97.1% 98.1% 98.8% 99.2% 99.5%

3 1.70 1.81 1.95 2.11 2.28 2.44 2.61 2.77
95.5% 96.5% 97.4% 98.3% 98.9% 99.3% 99.5% 99.7%

3.5 1.93 2.03 2.17 2.31 2.47 2.63 2.79 2.94
97.3% 97.9% 98.5% 99.0% 99.3% 99.6% 99.7% 99.8%

4 2.16 2.26 2.38 2.52 2.66 2.81 2.96 3.11
98.5% 98.8% 99.1% 99.4% 99.6% 99.8% 99.8% 99.9%

4.5 2.40 2.49 2.60 2.72 2.86 3.00 3.14 3.28
99.2% 99.4% 99.5% 99.7% 99.8% 99.9% 99.9% 99.9%

5 2.64 2.72 2.82 2.93 3.06 3.19 3.32 3.45
99.6% 99.7% 99.8% 99.8% 99.9% 99.9% 100.0% 100.0%

Fig. 3. Relationships of fertility (squares) and com-
petitiveness (diamonds) with dose for the Mediterra-
nean fruit fly (data from Hooper 1972). NED = normal
equivalent deviates.
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of doses, but there is an urgent need for additional
field cage or field data on competitiveness over a
range of radiation doses to determine the dose re-
lationship and thereby the magnitude of δx.

DOSIMETRY AND THE IRRADIATION PROCESS

Dosimetry plays a crucial role throughout the
radiation sterilization process of insects. At the
research phase, where the effect of radiation on
sterility as well as on competitiveness of the in-
sects is investigated, radiation dose is the key
quantity. At the production facility, dosimetry
also has several essential roles. First, it assists in
the characterization of the irradiator, and in the
regular monitoring of its consistent operation. It
also helps in determining the correct size and
shape of the canister and other key process pa-
rameters for irradiation of the insects. And later
during the sterilization process, it provides an im-
portant element of process control.

Considering the importance of dosimetry in
programs applying the SIT, the selection of an ap-
propriate dosimetry system is critical. Such a sys-
tem should provide a systematic and repeatable
means of estimating the dose and its associated
confidence interval (ISO/ASTM 2005b). The sys-
tem should be verifiable and traceable (refer-
enced) to national or international standards.
Considering various factors, the Gafchromic® do-
simetry system (Gafchromic HD-810 film; Inter-
national Specialty Products, Wayne, NJ 07470,
U.S.A.) has been selected by the IAEA based on

the specific requirements of SIT programs, espe-
cially the useful dose range of 50-600 Gy and a
low cost (IAEA 2004). This reference also de-
scribes relevant dosimetry procedures as well as
various components of this dosimetry system.

Accidental release of insects that are signifi-
cantly under-dosed will require rapid correction
by release of additional sterile insects and other
measures, especially for programs like those in
California and Florida, USA., where SIT is used
for eradication of extremely small introductions
and/or as a prophylactic measure to prevent es-
tablishment of newly introduced flies (Dowell et
al. 2000). Besides administrative control, there
are 3 main process control elements that are in
place that would minimize the chances of such ac-
cidents (FAO/IAEA/USDA 2003). These different
elements control various steps in the process and
thus complement each other as follows: (1) Steril-
ity Testing—In any SIT program, sterility testing
through bioassays should be carried out on a reg-
ular basis to confirm that all the procedures are
being followed correctly, including the rearing,
the pre-irradiation preparation (such as age-
based selection of insects, packaging for hypoxia
or nitrogen, if used), temperature control, irradi-
ation dose control, and post irradiation handling,
(2) Routine Dosimetry—The purpose of dosimetry
in process control is to monitor that all the canis-
ters (and hence all the insects) are receiving the
dose within the specified range, and (3) Radia-
tion-Sensitive Indicators—This control element
provides an immediate visual check at irradiation
facilities and at pupal reception/fly emergence

TABLE 3. OPTIMUM DOSE, MINIMUM AND MAXIMUM DOSES, AND THE CORRESPONDING STERILITY, COMPETITIVENESS
AND F1 FOR MEDITERRANEAN FRUIT FLY, FOR δx = 1.44 AND VARIOUS VALUES OF N/P (DERIVED FROM DATA
IN HOOPER 1972).

Dose Gy Sterility Competitiveness F1 F1/F1Minimum

δx = 1.44 N/P = 3
Minimum 39 74.8% 78.0% 0.476 1.10
Optimum 52 88.0% 60.4% 0.433 1.00
Maximum 70 95.3% 40.7% 0.476 1.10
103 Gy 103 99.0% 18.8% 0.643 1.49
162 Gy 162 99.9% 4.9% 0.871 2.01

δx = 1.44 N/P = 9
Minimum 49 85.9% 64.1% 0.267 1.10
Optimum 61 92.7% 49.3% 0.243 1.00
Maximum 77 96.6% 34.8% 0.267 1.10
103 Gy 103 99.0% 18.8% 0.378 1.56
162 Gy 162 99.9% 4.9% 0.692 2.85

δx = 1.44 N/P = 100
Minimum 77 96.7% 34.7% 0.060 1.10
Optimum 89 98.1% 26.0% 0.055 1.00
Maximum 103 99.0% 18.5% 0.060 1.10
103 Gy 103 99.0% 18.8% 0.060 1.09
162 Gy 162 99.9% 4.9% 0.169 3.08
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centers that a given container has gone through
the irradiation process.

CONCLUSIONS

For SIT, ionizing radiation is the method of
choice for inducing reproductive sterility. The
sterilization process is important in determining
the quality of the released insects and their abil-
ity to compete with the wild population. Thus, op-
timization of the sterilization process is critical
for the efficacy of SIT programs and should be
given due consideration. We believe that doses
lower than currently applied will result in a more
effective SIT program, with any increase in resid-
ual fertility more than compensated for by the in-
creased competitiveness of the released insects.

We have developed a quantitative procedure
for determining the optimum dose based on fertil-
ity and competitiveness data. In order to estimate
the optimum dose, it will be necessary to calculate
correlations between dose and both fertility and
competitiveness. The fertility relationship is al-
ready known for many insects, so attention should
be concentrated on collecting data on competitive-
ness over a suitable range of doses. As the opti-
mum also depends on the ratio of sterile to fertile
males, the treatment dose should be reviewed
constantly during the progress of a program. Op-
timization can lead to significant reduction in pro-
gram cost and increase in programme efficiency.

The dose of radiation can be readily measured
with a standardized dosimetry system, such as the
Gafchromic® system (IAEA 2004; ISO/ASTM
2005c). A dosimetry system that is traceable to na-
tional or international standards can be reliably
used both for setting the dose for the radiation ster-
ilization process and for routine process control.
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A

 

BSTRACT

 

In relation to the application of the sterile insect technique (SIT) for the South American
fruit fly 

 

Anastrepha fraterculus

 

 (Wiedemann), we analyzed the effect on adult fertility of dif-
ferent doses of gamma irradiation and the age of pupae at the time of irradiation. In a first
experiment, we applied doses of 50, 70, and 90 Gy to pupae at 24, 48, 72, and 96 h before
adult emergence. In a second experiment we irradiated pupae 48 h before emergence with
20, 40, and 60 Gy and estimated male and female fertility and sperm transfer by irradiated
males. The results indicated pupal age at irradiation does not significantly affect male fer-
tility. If males irradiated with 60 Gy are crossed to non-irradiated females the fertility is
about 1%. Females irradiated with 40 Gy did not lay eggs independently of the male to which
they mated. No significant effects of radiation were observed with respect to the ability of
males to transfer sperm. A dose of 70 Gy applied 48 h before adult emergence induces 100%
sterility in both males and females.

Key Words: SIT, South American fruit fly, fertility, sperm transfer, sterility, pupal age

R

 

ESUMEN

 

Para la aplicación de la técnica del insecto estéril (TIE) en 

 

Anastrepha fraterculus

 

 (Wiede-
mann), en este trabajo analizamos el efecto de diferentes dosis de irradiación gamma y la
edad óptima de la pupa al momento de la irradiación. En el primer experimento se evaluaron
las dosis de 50, 70, y 90 Gy en pupas de 24, 48, 72, y 96 h antes de la emergencia del adulto.
En el segundo experimento se irradiaron pupas 48 h antes de la emergencia con dosis de 20,
40, 60 Gy y se estimó la fertilidad de los machos y las hembras, y la transferencia de esper-
mas por los machos irradiados. Los resultados indicaron que la irradiación no modificó sig-
nificativamente la fertilidad de los machos. En las cruzas de machos irradiados a 60 Gy con
hembras no irradiadas se observó 1% de eclosión larvaria, mientras que las hembras irradia-
das a 40 Gy no pusieron huevos. La irradiación no afectó significativamente la transferencia
de espermas de los machos tratados. Por lo tanto, una dosis de 70 Gy aplicada 48 h antes de
la emergencia del adulto induce 100% de esterilidad tanto en machos como en hembras.

 

Translation provided by the authors.

 

The South American fruit fly

 

 Anastrepha
fraterculus

 

 (Wiedemann) (Diptera: Tephritidae)
is an important pest for fruit production in Argen-
tina (Stone 1942). This species is native to the
Americas, most probably South America, and is
widely distributed throughout the tropical and
subtropical regions (between the latitudes 27°N
and 35°S). Its range includes southern USA
(South Florida and Rio Grande Valley, Texas),
Central America, Caribbean Islands, and South
America, from Trinidad and Guyana to Central
Argentina (Steck 1999; Aluja 1994; Hernández-
Ortiz 1992).

There are at least 80 host species of 

 

A. frater-
culus

 

, including many economically important
fruit species (Norrbom & Kim 1988). Tropical

fruit flies not only cause great losses in fruit and
vegetable production, but they also seriously im-
pede international trade because of quarantine
regulations (Klassen & Curtis 2005). In particu-
lar, the presence of 

 

A. fraterculus

 

 in the orchards
reduces the possibility of exporting fruits and
other horticultural products to the northern
hemisphere (SENASA 1997). The export of fruits
and vegetables to pest free areas or those that
have implemented control programs against this
pest requires the application of a quarantine
treatment. Another common problem is that the
intensive use of chemical insecticides is associ-
ated with environmental contamination. Fur-
thermore, insects have been found to develop re-
sistance to almost every chemical class of insecti-
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cide (Brown & Payne 1988). This includes some
tephritids, such as 

 

Bactrocera oleae

 

 (Gmelin)
(Vontas et al. 2002) and 

 

Bactrocera dorsalis

 

 Hen-
del (Hsu et al. 2004).

Recent studies indicate that populations of

 

A. fraterculus

 

 from Argentina and Southern Bra-
zil are not differentiated genetically (Alberti et al.
2002) and that 4 populations from different re-
gions of Argentina do not show reproductive isola-
tion (Petit-Marty

 

 

 

et al. 2004). These findings sug-
gest that the sterile insect technique (SIT) might
be applied successfully against 

 

A. fraterculus

 

 at
least at a regional scale.

In other tephritids, such as 

 

Ceratitis capitata

 

(Wiedemann), the irradiation process may reduce
the mating performance of the sterilized males
(Calcagno et al. 2002; Lux et al. 2002). An essen-
tial requirement for a successful SIT is the appli-
cation of a sterilization protocol to mass reared
insects that ensures sterility with a minimal det-
riment of the mating competitiveness and viabil-
ity of the released insect. Germ cells (oocytes and
spermatids) are highly radiosensitive and when
exposed to ionizing radiation, dominant lethal
mutations are induced (Muller 1927). The domi-
nant lethal mutations produced by radiation in
insects depend mainly on the dose, insect type,
size, and sex (Hooper 1989). Radiosensitivity also
depends on other factors such as irradiation tem-
perature, humidity, ploidy level, mitotic cycle
phase, and metabolic condition (Enkerlin et al.
1997).

In species of the genus 

 

Anastrepha

 

, studies on
the effect of pupal age and radiation dose on the
induced sterility are not completely consistent.
Rhode et al. (1961) reported that 

 

Anastrepha
ludens 

 

(Loew) pupae irradiated 96 h before emer-
gence with 40 Gy showed 100% male sterility. By
contrast, according to Velasco & Enkerlin (1982),
the dose needed to induce sterility in the same
species should be much higher. They reported
that 40 Gy and 100 Gy induced 90% and 99% ste-
rility, respectively, when pupae were irradiated
72 h before emergence. In the case of 

 

Anastrepha
suspensa 

 

(Loew), Burditt et al. (1975) irradiated
pupae with 40 Gy at 48 h before emergence and
observed complete adult sterility whereas
Calkins et al. (1988) reported that lower irradia-
tion doses (30 Gy) applied 24-48 h before emer-
gence induced high levels of sterility.

The efficiency of sterilized insect release pro-
grams depends to a great extent on the ability of
laboratory reared sterile males to mate with, and
transfer sperm to, wild females in the field (McIn-
nis 1993). Usually, immediately after copulation
90% of sperm is found in the spermathecae of the
female (Yuval et al. 1996). Mossinson & Yuval
(2003) have shown that females with fewer sperm
in their spermathecae show a higher tendency to
remate. Remating may reduce the efficiency of
the SIT if the second mating occurs with a wild

male. However, this is very unlikely as sterile
males far outnumber wild males in an SIT pro-
gramme.

We analyzed under laboratory conditions the
effect of different doses of gamma irradiation and
the age of pupae at the time of irradiation on the
induced sterility and the ability to transfer sperm
in 

 

A. fraterculus

 

.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

The 

 

A. fraterculus

 

 individuals studied were
from a strain reared since 1997 at Estación Ex-
perimental Provincial Obispo Colombres, Tu-
cumán, Argentina. Pupae were sent to Buenos
Aires (Centro Atómico Ezeiza, Grupo Agronómico,
CNEA) by surface and there were kept under con-
trolled conditions (25 ± 1°C, 75 ± 5% RH, and a
photoperiod of 12:12 (L:D). Adult diet was com-
posed of white sugar: yeast (Calsa, S:A:, Tucu-
man, Argentina) (3:1). Water was provided as 1%
agar in 12-mL vials. Food and water were
changed each once a week.

Pupae were irradiated at the Centro Atómico
Ezeiza facility (Comisión Nacional de Energía
Atómica, Argentina) in a Gammacell 220 (MDS
Nordion, Canada) irradiator, with 

 

60

 

Co source
(dose rate for the first and second experiment:
1.67 Gy min

 

-1

 

 and 1.60 Gy min

 

-1

 

).

 

Experiment 1: Optimal Pupal Age for the Irradiation 
Treatment

 

Pupae were irradiated 24, 48, 72, or 96 h be-
fore adult emergence. In each case four different
radiation doses were applied: 0 (control), 50, 70,
and 90 Gy. Upon emergence adults were sepa-
rated by sex and kept for 15 d under controlled
conditions at 25°C, 80% RH, and a photoperiod of
13:11 (L:D), and light intensity of 3500 lux. At
this age all individuals are sexually mature (De
Lima et al. 1994). For each treatment, male fertil-
ity was evaluated by exposing ten fertile (non-ir-
radiated) females to a sample of ten treated males
for 20 d in a 3000-cm

 

3

 

 flask.
After exposure to males, females were trans-

ferred to egg collecting flasks that were similar to
those used for the crossing, but they had an arti-
ficial egg laying substrate hanging from the top.
It consisted of 3-cm diameter sphere made of 3.5
g agar and 0.05 g red dye (color index 14700) dis-
solved in 300 mL water. The sphere was wrapped
in Parafilm® (Boller 1968; Manso 1998). The arti-
ficial substrates were removed after an exposure
period of 48 h to the inseminated females, The
Parafilm® was removed, and the eggs were man-
ually extracted and transferred to a wet Petri
dish. Eggs were kept for 72 h at 25°C. After this
period, the numbers of hatched and non-hatched
eggs were recorded. The experiment was repli-
cated 3 times for each treatment
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Experiment 2: Optimal Dose for the Sterilization
of Pupae 48 h before Adult Emergence

 

The effect of irradiation on male or female fer-
tility was analyzed by mating flies irradiated
with different doses of gamma rays with non-irra-
diated flies of the opposite sex. Pupae were
treated 48 h before emergence with 0 (control),
20, 40, and 60 Gy. Emerged adults were kept un-
der the same conditions as those of Experiment 1.
Male fertility was evaluated in a similar way as
that described for Experiment 1, but in this case
15 males and females were used. Six replicates
were obtained for the 20, 40, and 60 Gy treat-
ments. Female fertility was tested by exposing 15
irradiated females to 15 mature fertile males. In
this case 2 replicates were obtained for each radi-
ation dose. Four replicates of the crossing of fer-
tile males and females were used as the control
treatment for both male and female fertility tests.

The method of egg collecting was similar to
that described for Experiment 1. In this case fe-
males were allowed to lay eggs for 1 month. Dur-
ing this period 7 egg collections (one every 3-5
days) were made for each treatment. A total of 28
samples were obtained for the control (7 collec-
tions 

 

×

 

 4 replicates) and 14 for each group of irra-
diated females (7 collections 

 

×

 

 2 replicates).

 

Sperm Transfer

 

In order to determine if sterile males are able
to transfer sperm, spermathecae of fertile females
mated to irradiated and non-irradiated males in
Experiment 2 were observed. Females were sacri-
ficed and fixed in 70% ethanol. Spermathecae
were dissected on a paraffin wax layer with the
help of entomological needles. Spermathecae
were transferred onto a slide with a drop of acetic
orcein (Guillén-Aguilar 1983), covered with a cov-
erslip, and pressure applied with the thumb to
break them and release sperm into the dyeing so-
lution. The presence or absence of sperm was
scored with a stereoscopic microscope at 100

 

×

 

magnification.

 

Statistical Methods

 

To determine the best time to irradiate pupae,
the percent of egg hatch was compared among
eggs laid by females inseminated by fertile males
and males irradiated with 50, 70, and 90 Gy at 24,
48, 72, and 96 h before adult emergence by means
of a homogeneity chi square test. To evaluate the
effect of different radiation doses 48 h before
adult emergence on male fertility, the percent of
egg hatch was compared among eggs laid by fer-
tile females inseminated by males treated with
different radiation doses. The method used was
non-parametric Kruskall-Wallis analysis of vari-
ance. Pair wise comparisons were performed by
Mann-Whitney 

 

U

 

 test. The percentage of egg
hatch was compared for each treatment among
the 7 consecutive egg collections by means of
Kruskall-Wallis analysis of variance.

Irradiated females tended to lay lower num-
bers of eggs and their eggs showed a reduced egg
hatch. Because only 2 classes were able to lay
eggs, i.e., control and females irradiated with 20
Gy, they were compared by means of Mann-Whit-
ney 

 

U

 

 test. The proportion of spermathecae with
or without sperm was compared by means of
Fisher’s exact test. All statistical tests were per-
formed with the program STATISTICA, ver. 5.1
(StatSoft 2000).

R

 

ESULTS

 

Optimal Pupal Age for Irradiation

 

The percent egg hatch of the control group (fe-
males inseminated with non-irradiated males)
was about 87%. This values drops dramatically
(

 

P

 

 = 0) when the males were irradiated even with
the lowest dose (50 Gy). The doses of 70 and 90 Gy
induced total sterility independent of pupal age at
the time of irradiation (Table 1). The comparison
of percent egg hatch among ages for the treatment
with 50 Gy indicated that the differences are not
significant (

 

χ

 

2

 

 = 2.49, 

 

P 

 

= 0.93). These results indi-
cate that within the interval considered, pupal

 

T

 

ABLE

 

 1. P

 

ERCENT
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EGG

 

 

 

HATCH

 

 

 

AND

 

 

 

TOTAL

 

 

 

NUMBER
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SCORED

 

 

 

EGGS

 

 (

 

IN

 

 

 

PARENTHESES

 

) 

 

OVIPOSITED

 

 

 

BY

 

 

 

FERTILE

 

 

 

FE-
MALES

 

 

 

INSEMINATED

 

 

 

BY

 

 

 

NON

 

-

 

IRRADIATED

 

 

 

MALES

 

 (C

 

ONTROL

 

) 

 

AND

 

 

 

MALES

 

 

 

IRRADIATED

 

 

 

WITH

 

 

 

DIFFERENT
DOSES

 

 

 

OF

 

 

 

GAMMA

 

 

 

RAYS

 

 

 

AND

 

 

 

AT

 

 

 

DIFFERENT

 

 

 

STAGES

 

 

 

OF

 

 

 

PUPAL

 

 

 

DEVELOPMENT

 

.

Pupal age

 

1

 

Dose (Gy)

0 (Control) 50 70 90

24 — 0.56 (533) 0 (646) 0 (387)
48 — 0.32 (930) 0 (382) 0 (845)
72 — 0.18 (550) 0 (625) 0 (886)
96 — 0.51 (787) 0 (614) 0 (777)
-- 86.98 (976)

 

1

 

Hours before emergence.
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age at the time of irradiation does not affect the
sterility induced by gamma radiation in males.

 

Evaluation of Optimal Dose for Pupal Irradiation

 

Radiation reduced male fertility as deter-
mined by egg hatch, from about 80% in the control
group (0 Gy) to about 1% in the group treated
with 60 Gy (Table 2). According to Kruskall-Wal-
lis analysis of variance, the differences among
treatments were highly significant (

 

H 

 

= 123.08, 

 

P

 

≅

 

 0). Pairwise comparisons by Mann-Whitney
tests indicated that all pairs differ significantly
(

 

U

 

= 0-362, 

 

Z 

 

= 4.7-7.6, 

 

P 

 

< 10

 

-5

 

). The percentage of
egg hatch did not differ significantly within treat-
ments among the collections throughout the one-
month period the females were allowed to oviposit
(

 

H 

 

= 7.97-11.08, 

 

P 

 

= 0.24-0.09).
In the case of females, the radiation treatment

affected both the number of eggs laid and the per-
cent hatch (Table 3). Females irradiated with 40-
60 Gy were not able to lay eggs at all. Females ir-
radiated with 20 Gy laid only a third of the eggs
as compared with non-irradiated females. The
differences between the control (0 Gy) and the
treatment with 20 Gy were highly significant for
both percent of egg hatch (

 

U 

 

= 16, 

 

Z 

 

= -4.8, 

 

P 

 

= 1.6
10

 

-6

 

) and number of eggs that were laid (

 

U = 1.5,
Z = -5.2, P = 2 10-7).

Evaluation of Effects of Radiation on Sperm Transfer

The proportion of spermathecae containing
sperm was slightly higher in females mated to
fertile males (34/45) than in females mated to ir-
radiated males (46/70) but these differences were
not significant according to Fisher’s exact test (P
= 0.37).

DISCUSSION

The efficient application of the SIT requires
the precise determination of the optimal condi-
tions for pupal irradiation. This question is very
important to avoid undesirable side effects of the

radiation treatment such as physiological or be-
havioral alterations that might reduce the com-
petitiveness of irradiated males. Irradiation of
larvae and young pupae may produce adult steril-
ity but also extensive somatic damage with un-
wanted effects as aspermia or reduced adult sur-
vival. The irradiation of mature pupae has been
shown to improve the field performance of mass
reared and sterilized males (Hooper 1989). In
most insects meiosis during spermatogenesis oc-
curs before the last molt (Chapman 1998) and
mature spermatozoa have already left the testis
at the time of adult emergence from the pupa
(Wigglesworth 1965). Radiation may induce high
levels of dominant lethal mutations in spermatids
and spermatozoids as well as the death of pre-
meiotic cell stages and atrophy of germinal tis-
sues. Usually, sterility is permanent, although in
exceptional cases non-damaged spermatozoids
may be regenerated from spermatogonia.

With respect to the best time to apply radia-
tion treatment, studies on other tephritid species
such as B. dorsalis, Bactrocera cucurbitae (Co-
quillett), Bactrocera oleae (Gmelin), C. capitata,
A. ludens, Anastrepha obliqua (Macquart), and
A. suspensa demonstrate that pupae irradiated
24-48 h before emergence exhibit high levels of
sterility (Velasco & Enkerlin 1982; Hooper 1989;
Walder & Calkins 1993; Toledo 1993).

Our results in A. fraterculus indicate no differ-
ences in the percentage of egg hatch among eggs
produced by individuals irradiated at different
ages within the interval 24-96 h before emer-
gence. Therefore, the question remains as to what
is optimal age within this period to produce ster-
ile males with the best competitiveness. Although
this aspect remains to be studied, we adopted the
generalized criterion applied in SIT operations
against other tephritid flies of irradiating 48 h be-
fore emergence (Velasco & Enkerlin 1982; Hooper
1989; Walder & Calkins 1993; Toledo 1993). As
stated by Hooper (1989) irradiation at early de-
velopmental stages is highly detrimental due to
the high metabolic activity and morphological
changes during the metamorphosis process. If ra-
diation is applied to mature pupae 24-48 h before

TABLE 2. EFFECT OF DOSE OF GAMMA IRRADIATION ON
THE PERCENT OF HATCH OF EGGS LAID BY FER-
TILE FEMALES MATED TO MALES IRRADIATED 48
H BEFORE EMERGENCE. n = NUMBER OF EGGS
SCORED.

#Dose (Gy) Egg hatch1 (% ± SD) n

0 80.7 ± 8.06 a 3384
20 9.8 ± 4.53 b 4760
40 3.0 ± 2.00 c 5042
60 1.3 ± 1.70 d 5175

1Different letters mean groups that differ statistically.

TABLE 3. NUMBER OF EGGS COLLECTED FROM FEMALES
TREATED WITH DIFFERENT DOSES OF GAMMA
RAYS AND THEIR CORRESPONDING PERCENT OF
HATCH.

Dose
(Gy)

Hatching
(%) ± SE

Mean number
of eggs collected
per flask (± SE)

Total number 
of eggs 

collected

0 80.60 ± 8.06 120.90 ± 39.50 3384
20 39.30 ± 22.18 37.90 ± 13.36 530
40 — 0 0
60 — 0 0
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emergence, the metamorphosis is almost com-
plete and the detrimental effects of irradiation on
organs with low metabolic rate is minimized.
However, the spermatogenesis is still ongoing,
spermatogonia and spermatozoids are still differ-
entiating and they constitute the main target for
dominant lethal mutation induction.

Competitiveness of irradiated males is nega-
tively correlated with the absorbed radiation dose
(Calcagno 2001; Calcagno et al. 2002; Lux et al.
2002). Therefore, in order to optimize the effi-
ciency of the SIT it is necessary to reach the best
compromise between sterility and competitive-
ness (Parker & Mehta 2007). Taking into account
the results obtained in Experiment 1 and the ar-
guments discussed above, Experiment 2 was
based on pupae irradiated 48 h before emergence. 

The relationship between dose and percent egg
hatch observed in the present research was simi-
lar to that observed in other tephritid species. The
results are consistent with the “one-hit” hypothe-
sis (La Chance & Graham 1984) which predicts a
linear response at low doses, but as the dose in-
creases an increasing proportion of sperm carry
multiple dominant lethal mutations. One domi-
nant lethal mutation, however, is sufficient to
cause lethality. Furthermore, high irradiation
doses produce unwanted side effects reducing the
relative efficiency of the radiation (Hooper 1989).

According to the results presented here, rela-
tively low doses of radiation, e.g., 20-40 Gy, cause
90-97% sterility. This agrees with other authors
who observed that 40 Gy can sterilize A. fratercu-
lus (González et al. 1971), 50 Gy (48 h before
emergence) produces 100% male sterility in
A. suspensa (Walder & Calkins 1993), 60 Gy (24-
48 h before emergence) produces high levels of
sterility in A. obliqua (Toledo 1993), and 40 Gy at
96 h before emergence causes 100% male sterility
in A ludens (Rhode et al. 1961).

We observed that the induced sterility re-
mained across the 7 egg collections made over a
month for all treatments. This consistency among
egg collections indicates that males do not recover
their fertility during this period for any of the
doses considered. These results are consistent
with those of González et al. (1971) in the same
species, and those of Velasco & Enkerlin (1982) in
A. ludens.

In tephritid females the oviposition is reduced
as the irradiation dose increases. Moreover, the
eggs laid show evidence of dominant lethal muta-
tions. The doses that cause males sterility also
completely inhibit oviposition in females (Burditt
et al. 1975; Calkins et al. 1988; Hooper 1989). Ac-
cording to Velasco & Enkerlin (1982) females of A.
ludens are more susceptible to radiation than
males are, showing effects with extremely low
doses (5-20 Gy). The reason is that 48 h before
emergence the ovaries are in an early develop-
mental stage and the radiation, depending on the

dose, may cause complete ovarian atrophy
(Walder & Calkins 1992). 

According to our results, the irradiation of fe-
males of A. fraterculus results in a reduction in
the number of eggs laid, compared with non-irra-
diated females after mating to fertile males.
Doses of 20 Gy induced a 40% reduction in egg
hatch and a 67% reduction in egg laying. The dose
of 40 Gy was sufficient to induce complete steril-
ity by preventing egg laying. The fact that irradi-
ated females are not able to lay eggs is favorable
to SIT implementation based on bisexual labora-
tory strains because the potential damage to
some fruits (stings) by released females would be
eliminated.

The analysis of sperm transfer indicated that
empty spermathecae can be found in females ex-
posed to both non-irradiated and irradiated
males. The difference in the proportions of empty
spermatecae between control and males irradi-
ated with 60 Gy was not significant. Although we
did not quantify the number of sperm trans-
ferred, our results indicate that the sterility of ir-
radiated males should be attributed to the induc-
tion of dominant lethal mutations and not to atro-
phy of testis, seminal ducts, or aspermia.

Taken as a whole the results obtained in the
present work support the use of a dose of 70 Gy ap-
plied 48 h before adult emergence to induce 100%
sterility in males and females of A. fraterculus.
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A PROTOCOL FOR STORAGE AND LONG-DISTANCE SHIPMENT
OF MEDITERRANEAN FRUIT FLY (DIPTERA: TEPHRITIDAE) EGGS.
I. EFFECT OF TEMPERATURE, EMBRYO AGE, AND STORAGE TIME

ON SURVIVAL AND QUALITY
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BSTRACT

 

The operational use of Mediterranean fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann), ge-
netic sexing strains in Sterile Insect Technique applications can be maximized by developing
methods for effective shipment of eggs. This would enable a central production facility to
maintain the relevant mother stocks and large colonies to supply eggs to satellite centers
that would mass produce only males for irradiation and release. In order to achieve this, the
survival of medfly embryos of different ages was assessed after storage at 5, 10, 15, 20, and
25°C in water for different periods of time. Survival was affected by all 3 variables, i.e., em-
bryo age, water temperature, and length of storage. Storage of embryos at any temperature
for 120 h resulted in almost no survival. Controlling the age of the embryo at the time of the
temperature treatment is crucial for the success of this procedure. Embryos collected be-
tween 0 to 12 h after oviposition and pre-incubated at 25°C for 12 h provide a suitable 72 h
window for shipment when maintained between 10 to 15°C. Under these conditions, no sig-
nificant reductions in survival during all the developmental stages were observed.

Key Words: Mediterranean fruit fly, 

 

Ceratitis capitata

 

, egg shipment, SIT, genetic sexing

R

 

ESUMEN

 

El uso operacional de cepas de la mosca del mediterráneo 

 

Ceratitis capitata 

 

(Wiedemann) en
las cuales es posible separar los sexos a través de mecanismos genéticos para su utilización
en la Técnica del Insecto Estéril (TIE), puede ser maximizado con el desarrollo de métodos
efectivos para el envió y transporte de huevos. Esto permite que un laboratorio de producción
centralizada mantenga las respectivas colonias responsables por la producción de huevos
para este abastecer laboratorios satélites responsables por la producción masiva de sola-
mente machos para subsiguiente irradiación y liberación. Para ser posible esta alternativa
fue evaluada la supervivencia de embriones de diferentes edades después de su almacena-
miento en agua a 5, 10, 15, 20 y 25˚C por diferentes periodos de tiempo. La supervivencia fue
afectada por las 3 variables evaluadas, la edad del embrión, la temperatura del agua y el pe-
riodo de almacenamiento. El almacenamiento de los embriones a cualquier temperatura por
120 horas dio como resultado la casi no supervivencia. Una edad controlada de los embriones
a tratar es crucial para el éxito de este protocolo. Embriones colectados entre 0 a 12 horas
después de la oviposición y su previa incubación a 25˚C por 12 horas brinda un margen de
hasta de 72 horas de duración del almacenamiento y transporte, siempre y cuando estos se
mantengan en una temperatura de entre 10 a 15˚C. En estas condiciones, fue registrada una

 

reducción no significante de la supervivencia de los diferentes estados de desarrollo.

 

Currently, a majority of area-wide programs
that integrate the Sterile Insect Technique (SIT)
against the Mediterranean fruit fly (medfly), 

 

Cer-
atitis capitata

 

 (Wiedemann), are using genetic
sexing strains based on male-linked transloca-
tions that generate temperature sensitive lethal-
ity in female embryos (Robinson et al. 1999). In
order to supply field programs with sterile flies
for release, sterilized male pupae are shipped to
emergence and release centers (FAO/IAEA/
USDA. 2003; Enkerlin et al. 2003) with the ship-

ment being carried out 1 or 2 d prior to adult
emergence and immediately after irradiation
(Schwarz et al. 1981; Vargas 1989; Cáceres 2002).
This approach can reduce insect quality through
prolonged exposure of pupae to reduced-oxygen
atmospheres during transport.

Males of the genetic sexing strains carry a
translocation that reduces fertility and the fe-
males have reduced viability due to being homo-
zygous for the 

 

temperature sensitive lethal

 

 (

 

tsl

 

)
mutation. These 2 factors impact design and
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implementation of production systems in mass
rearing facilities (Cáceres et al. 2004). Conse-
quently it is obligatory to have 2 specific systems,
one for the production of only male pupae for ster-
ilization and release and the second for mainte-
nance of the production colony (Cáceres et al.
2000). In addition, a Filter Rearing System (FRS)
is needed in order to maintain the genetic integ-
rity of the genetic sexing mother stock (Fisher
and Cáceres 2000). In rearing systems for colony
production, where females are required, the lar-
val rearing conditions have to be very carefully
controlled so as to keep temperatures below those
that would impact viability of females. For male
only production no such precautions are needed
and larval rearing is straightforward. The rela-
tively complex, but manageable, rearing systems
associated with the use of 

 

tsl

 

 based genetic sexing
strain has led to the idea of separating the colony
production process, including the FRS, from that
of the production of male pupae for irradiation
and release. In this concept, a large central facil-
ity would be responsible for the more complex
task of maintaining the mother stock and large
production colony, and this central facility would
supply eggs to satellite facilities where male only
production would be carried out.

In order to determine the feasibility of this
concept, a first step is to assess if protocols can be
developed which enable routine long-distance
shipments of eggs to be carried out. The objective
of this study was to analyze the effects of embryo
age, storage periods, and storage temperatures on
egg viability and egg to adult survival.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Egg Storage Experiment

 

Eggs of the medfly genetic sexing strain VI-
ENNA-8/D53 (Franz 2005) were collected 1 h after
oviposition and 150 aliquots were transferred to
moist black filter paper for incubation at 25°C and
90% RH for different incubation periods. To obtain
embryos of different ages, 25 aliquots were incu-
bated for each the following periods: 1, 6, 12, 18,
24, and 36 h. After incubation the aliquots were
transferred to flasks with water and for each incu-
bation period 5 flasks were placed at each of the
following storage temperatures: 5, 10, 15, 20, and
25°C, with 1 of the 5 flasks being held for the fol-
lowing storage periods: 12, 24, 48, 72, or 120 h. Im-
mediately after this treatment 5 samples of 200
eggs were collected from each flask and placed on
moist black filter paper located over standard car-
rot powder larval diet (Heather & Corcoran 1985)
in a Petri dish held at 25°C. Each Petri dish was
kept individually in a small plastic box with sand
as pupation medium and covered with a mesh lid
that allowed ventilation. The percent egg hatch
for each sample of 200 eggs was determined. The

larvae completed development in the Petri dish,
left the diet, and pupated in the sand. 2 days be-
fore adult eclosion, pupae were collected and
placed in a separate Petri dish to determine adult
emergence. The effect of storage time on egg hatch
and egg to adult survival was analyzed by 1-way
analyses of variance (ANOVA) for each tempera-
ture and embryo incubation period and means
compared by the Tukey multiple range test.

 

Male Mating Competitiveness

 

In a separate experiment, following incubation
for 24 h at 25°C, eggs of strain VIENNA 8/D53
were stored in water for 120 h at 5, 10, 15, and
20°C. Mating competitiveness of the males emerg-
ing from these different treatments was measured
in field cage tests by comparing 50 individually
marked, protein-fed, virgin 5-d-old males from
each temperature treatment with 50 untreated
VIENNA 8/D53 control males, introduced into a
field cage that was 2 m high and 3 m diameter
(Calkins & Webb 1983) and containing orange
trees (FAO/IAEA/USDA 2003). The field cage was
set up in an environmentally controlled green-
house at 25°C and 60% RH. Males were released
early in the morning of the day of the test and 50
protein fed laboratory wild type females of strain
Egypt-II) were released 1 h after the males. Pro-
pensity of Mating (PM) (Cayol 2000) and the pro-
portion of males that participated in mating were
calculated based on the number and type of mating
recorded for the control and treatment flies. The
experiment lasted for 3 h and was replicated 12
times for each temperature treatment. The effect
of the storage time and temperature treatment on
the percent of participation of mating was ana-
lyzed by one-way analyses of variance (ANOVA)
and means compared by the Tukey multiple range
test. Results from all experiments were analyzed
with statistical software MINITAB for windows.

R

 

ESULTS

 

Egg Hatchability

 

The data for egg hatchability following the dif-
ferent treatments are shown in Fig. 1a-e. Fig. 1a
shows the data for storage at 5°C and it is clear
that the shorter the incubation period (i.e., the
younger the embryos), the more susceptible they
are to long-term storage. In general longer stor-
age times for any age of embryos result in lower
egg hatch (

 

F

 

 = 2, 

 

P

 

 < 0.01). Egg hatch for embryos
incubated for 1 h and stored for 12 h was 48.9 ±
0.5%, however, this value declined to 0.1% follow-
ing storage for 120 h (Fig. 1a). In general, egg
hatch improved at 10°C, with only the 2 shortest
incubation periods showing a decline following
the longer storage periods (Fig. 1b). Egg hatch for
embryos stored at 15°C showed a similar pattern
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for all incubation periods and storage times, with
only long storage times significantly reducing
survival (

 

F

 

 = 10, 

 

P

 

 < 0.01) (Fig. 1c). Egg hatchabil-
ity values at 15°C ranged from 77.2 ± 9.4% to 60.8
± 3.1%. There was a general decline in egg hatch
when storage temperature was increased to 20°C
with again shorter incubation periods leading to
higher lethality (Fig. 1d). Egg hatch for embryos
incubated for 1, 6, and 12 h was reduced signifi-
cantly after 24 h of storage (

 

F

 

 = 25, 

 

P

 

 < 0.05),
while embryos incubated for 18, 24 and 36 h
showed significant reductions in egg hatch only
after 72 h of storage (

 

F

 

 = 34, 

 

P

 

 < 0.05). Egg hatch-
ability values ranged from 69.0 ± 1.0% to 36.0 ±
0.1%. Egg hatch of embryos stored at 25°C
showed significant reductions in survival after 24
h of storage (

 

F

 

 = 16, 

 

P

 

 < 0.05) and egg hatchability
ranged from 79.2 ± 0.4% to 16.2 ± 0.9% (Fig. 1e).

 

Egg to Adult Survival

 

The effect of storage for different periods of
time at different temperatures following egg incu-
bation for different times on the overall egg to
adult survival is shown in Fig. 2a-e and Table 1.
The egg to adult survival is calculated based on
the number of adults produced from a certain
number of eggs; it therefore includes the egg
hatch data shown in Fig. 1. Egg to adult survival
declined with time of storage for all embryo ages
and temperature treatments. Egg to adult sur-
vival was lowest for embryos stored at 5°C reach-
ing nearly zero after 72 h of storage (R

 

2

 

 = 0.95,

 

P

 

 < 0.05). The same tendency was observed for
embryos incubated for 6, 12, and 18 h, where the
values ranged from 45 to 0%, 48 to 0%, and 49 to
4%, respectively, (R

 

2

 

 = 0.95, 0.94, and 0.97; 

 

P

 

 <

Fig. 1. Survival of Medfly embryos of different ages held at different treatment temperatures (a, 5; b, 10; c, 15;
d, 20 and e, 25°C) for periods lasting between 12 and120 h.
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0.05). Egg to adult survival from embryos incu-
bated for 24 and 36 h fell significantly after 48 h
of storage (

 

F

 

 = 189 and 170 respectively, 

 

P

 

 < 0.05),
and values ranged from 49 to 19% and 48 to 1%,
respectively.

For storage at 10°C the trend of egg to adult
survival was similar to that for 5°C, but values
were in general higher. Embryos incubated for
shorter periods had the lowest values. Egg to
adult survival for embryos incubated for 18, 24,
and 36 h was significantly reduced following 48 h
of storage, but the effect was not as great as for
the 5°C treatment (

 

P

 

 < 0.05).
Following storage at 15°C, egg to adult sur-

vival decreased significantly only after 72 h of
storage for embryos incubated for 1 and 6 h (

 

P

 

 <
0.05). Values for these incubation periods ranged
from 57 to 41% and 51 to 32%, respectively. For
embryos incubated for 12 h maximum values

were observed when they were stored for 12 h.
When embryos of the same incubation period
were stored for 24, 48, and 72 h, values were sig-
nificantly lower (

 

F

 

 = 12 

 

P

 

 < 0.05). As expected, the
trend for these incubation periods was a progres-
sive reduction in egg to adult survival. Egg to
adult survival values for 12 h incubation ranged
from 52 ± 1% to 31 ± 1.8%. For embryos incubated
for 18 and 24 h, a significant reduction was only
observed after 24 h of storage (

 

F

 

 = 2.72 and 0.10
respectively, 

 

P

 

 < 0.05). Values ranged from 52 ±
5.2% to 32 ± 1.6% and 53 ± 0.8% to 38 ± 3.3%, re-
spectively. For embryos incubated for 36 h signif-
icant differences were only observed after 48 h of
storage (

 

F

 

 = 44, 

 

P

 

 < 0.05).
For embryos stored at 20°C the adult emer-

gence pattern for all incubation periods was sim-
ilar. Egg to adult survival of embryos incubated
for 1 h was the lowest for most of the storage

Fig. 2. Rate of adult emergence (%) from medfly embryos of different ages held at different treatment tempera-
tures (a, 5; b, 10; c, 15; d, 20 and e, 25°C) for periods lasting between 12 and 120 h.
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periods with decreasing values as storage times
increased. A similar trend was shown for embryos
incubated for 1, 6, 12, and 36 h (R

 

2

 

 = 0.92, 0.97,
0.95 and 0.89, respectively). The egg to adult sur-
vival of embryos incubated for 18 and 24 h was
not correlated with storage time (R

 

2

 

 = 0.65 and
0.79, respectively).

The egg to adult survival for embryos stored at
25°C showed a reduction as a function of storage
time (R

 

2

 

 = 0.94, 0.96, 0.97, 0.93, 0.99, and 0.99;

 

P

 

 < 0.05, respectively) for 1, 6, 12, 18, 24, and 36
h of incubation periods. Values ranged from 55 to
4%, 57 to 1% 51 to 3%, 51 to 2%, 58 to 10%, and 59
to 10%, respectively, for these incubation periods.

 

Male Mating Competitiveness

 

In all field cage tests the Proportion in Mating
(PM) index was high (91.3 ± 5%) indicating that
there was a high degree of sexual activity during
the test period. The proportion of copulations by
control males was 19.3 ± 3.8% while that for males

that emerged from the different temperature
treatments oscillated between 16.5 ± 5.3% to 19.3 ±
4.4%. Results on the basis of the proportion of male
participation in mating have shown no significant
reduction in the sexual performance of males
emerging from embryos stored for 120 h at any of
the temperatures tested (

 

F

 

 = 0.71, 

 

P

 

 < 0.5) (Fig. 3).

D

 

ISCUSSION

 

The most appropriate procedure for egg storage
or for egg shipment allowing the subsequent male
only production in satellite facilities is to select
eggs 0 to 12 h post oviposition and incubate them
for at least 12 h at 25°C. The embryos can then be
stored or shipped for up to 72 h when maintained
at 10 to 15°C without any significant reduction in
egg to adult survival or adult male quality.

Overall, the optimal conditions for storage or
shipping were to maintain the embryos in water
up to 72 h at a temperature of 15°C. Eggs can be
placed into storage at any development stage 1 h
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Temperature
treatment

Storage time 
(h)

Embryo age (h)

1 6 12 18 24 36

5°C 12 30.3 ± 0.3 a 45.8 ± 2.8 a 48.8 ± 0.2 a 49.5 ± 0.6 a 49.2 ± 0.6 a 48.0 ± 1.6 a
24 23.4 ± 3.5 b 30.5 ± 2.3 b 40.5 ± 2.9 a 39.2 ± 2.7 b 44.2 ± 2.0 b 45.8 ± 0.3 ab
48 4.1 ± 0.2 c 4.5 ± 0.1 c 6.4 ± 0.5 b 16.4 ± 0.7 c 43.3 ± 0.1 b 44.0 ± 1.1 b
72 0.1 ± 0.0 d 0.0 ± 0.0 d 0.0 ± 0.0 c 4.2 ± 0.4 d 29.6 ± 0.9 c 32.3 ± 0.6 c

120 0.0 ± 0.0 e 0.0 ± 0.0 d 0.0 ± 0.0 c 1.0 ± 0.1 e 18.7± 0.9 c 0.7 ± 0.0 a

10°C 12 47.9 ± 6.2 a 50.5 ± 0.6 a 54.0 ± 0.3 a 48.8 ± 4.7 a 58.0 ± 1.5 a 55.0 ± 2.0 a
24 44.9 ± 3.4 a 44.6 ± 0.8 ab 48.1 ± 0.5 ab 47.3 ± 6.0 a 56.0 ± 3.2 a 54.0 ± 0.2 a
48 41.3 ± 2.4 a 41.2 ± 1.7 b 47.3 ± 0.8 bc 46.4 ± 0.7 a 55.0 ± 0.0 a 48.0 ± 0.4 ab
72 27.0 ± 2.3 b 21.0 ± 1.1 c 40.8 ± 0.1 c 42.3 ± 2.9 ab 46.4 ± 1.3 b 42.0 ± 5.9 b

120 3.8 ± 0.1 c 5.9 ± 0.2 d 29.4 ± 1.8 d 38.2 ± 1.6 b 36.5 ± 3.8 c 32.2 ± 2.8 c

15°C 12 56.9 ± 3.4 a 50.9 ± 1.1 a 52.0 ± 1.1 a 52.0 ± 5.2 a 53.0 ± 0.8 a 53.3 ± 1.0 a
24 54.5 ± 0.3 a 49.0 ± 2.9 a 44.7 ± 2.7 b 47.0 ± 5.2 a 45.0 ± 0.4 b 47.0 ± 1.5 ab
48 53.8 ± 10.7 a 48.0 ± 1.2 a 44.0 ± 1.1 b 42.0 ± 1.5 b 43.7 ± 0.6 b 45.0 ±1.7 ab
72 52.0 ± 3.3 a 47.3 ± 0.9 a 43.0 ± 0.8 b 41.0 ± 6.3 b 44.8 ± 0.5 b 43.0 ± 4.8 ab

120 41.4 ± 7.12 b 32.5 ± 1.3 b 31.0 ± 1.8 c 32.0 ± 1.6 c 38.0 ± 3.3 c 36.0 ± 3.1 c

20°C 12 47.8 ± 4.1 a 48.7 ± 0.3 a 49.9 ± 2.9 a 47.2 ± 6.3 a 47.8 ± 0.7 a 48.8 ± 0.4 a
24 35.4 ± 1.0 b 42.9 ± 0.0 ab 40.9 ± 2.5 b 49.9 ± 6.7 a 46.4 ± 1.0 a 45.2 ± 1.4 ab
48 21.9 ± 2.7 c 31.2 ± 1.6 b 34.9 ± 2.1 c 47.1 ± 2.5 a 39.0 ± 2.9 b 43.2 ± 1.9 b
72 16.0 ± 3.3 cd 23.6 ± 1.3 c 14.9 ± 0.5 d 39.2 ± 0.2 b 37.7 ± 1.6 b 22.3 ± 0.4 c

120 14.5 ± 2.7 d 14.8 ± 0.8 d 11.4 ± 0.0 e 6.1 ± 0.1 c 14.4 ± 1.2 c 7.1 ± 0.9 d

25°C 12 55.2 ± 4.0 a 57.4 ± 6.4 a 51.4 ± 2.1 a 50.7 ± 0.2 a 57.8 ± 0.7 a 59.0 ± 0.3 a
24 44.5 ± 0.0 b 35.3 ± 2.4 b 47.4 ± 4.5 a 41.5 ± 2.7 b 43.1 ± 1.1 b 52.4 ± 1.3 b
48 41.6 ± 0.8 b 29.1 ± 0.3 bc 31.8 ± 1.0 b 35.1 ± 0.5 c 36.9 ± 2.7 b 37.1 ± 0.0 c
72 18.89 ± 0.6 c 19.1 ± 0.5 c 20.3 ± 3.0 c 24.6 ± 0.9 d 21.9 ± 1.4 c 19.4 ± 0.9 d

120 3.7 ± 0.2 d 1.4 ± 0.9 d 3.4 ± 0.2 d 2.3 ± 0.0 e 9.6 ± 2.6 d 10.0 ± 1.1 e

*Control 61.2 ± 2.2
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after oviposition. Hatching and egg to adult sur-
vival was relatively unaffected after storage at
this temperature for up to 72 h. After 72 h storage,
hatching of the 1 h embryos was still 94% of the
control, but egg to adult survival fell to 85% of the
control. Hatching of older embryos (18, 24, and 36
h old) was unaffected; however adult emergence
was significantly reduced after 72 h of exposure
(70; 71 and 70% of the control, respectively).

Storage at 10°C affected the rate of adult sur-
vival when the embryos were younger than 12 h
and a significant reduction in egg to adult sur-
vival was observed when embryos of 1 or 6 h of age
were stored for more that 48 h. Consequently, for
storing eggs in water at 10°C, the embryos should
be at least 12 h old. Following 120 h storage,
hatching was still 66% of the control, but the rate
of egg to adult survival fell to 50% of the control.
A similar pattern was observed for any of the stor-
age times tested for embryos 18, 24, and 36 h old.

Storage at temperatures higher than 15°C had
a negative effect on embryo survival probably due
to the fact that at these temperatures normal em-
bryo development continues. For embryos stored at
20°C and incubated for 1, 6, and 12 h, this effect
was more obvious after 24 h of storage. Results
showed that short storage of embryos at 20°C is
possible but the embryos should be at least 18 h
old. After 72 or 120 h storage, hatching of the em-
bryos incubated for 18 h was still 86 and 59% of the
control, respectively, but rate of egg to adult emer-
gence fell to 63 and 10% of the control, respectively.

In general, the most sensitive development
stages are the 1s during early embryogenesis, i.e.,

1-6 h old eggs. Similar effects were observed by
Leopold (2000) in housefly Musca domestica (L.),
but Arakaki et al. (1984) reported no effect in
melon fly Bactrocera cucurbitae Coquillett on egg
hatch, larval growth, pupal and adult develop-
ment when 20-h-old embryos were stored in water
at 5 and 10°C after 168 h of storage. There is good
evidence that chilling intolerance of the very
young embryos is related to the formation of the
blastoderm (Strong-Gunderson & Leopold 1989;
Callaini & Marchini 1989). In recent studies, Ste-
fani et al. (2004) determined that in medfly, 1-2 h
after oviposition, the eggs are at stage embryonic
stage 2 with 2 nuclei. At 2.5 h the number of nu-
clei had multiplied to 64 nuclei, and at about 3.5 h
embryos reach stage ten and the beginning of the
formation of the syncytial blastoderm. At about
8.5 h, more than 256 nuclei can be observed, and
cellularization of the blastoderm occurs.

In conclusion, the optimal protocol for storage
or long distance shipment of medfly eggs is to col-
lect eggs between 0 to 12 h post oviposition and
incubate them for 12 h at 25°C, when these em-
bryos reach the optimal storage age of 12 to 24 h
old and can then be transported during a 72 h
window when maintained at 10 to 15°C. N1 of the
treatments affected male mating competitive-
ness. Similar results were obtained by Rajamo-
han et al. (2003) during quality assurance tests
carried out to compare cryopreserved medfly
eggs. Thus, these results support the viability of
routine long distance egg shipment from central
egg production centers to male-only satellite pro-
duction facilities.

Fig. 3. Average number of matings of control VIENNA-8/D53 genetic sexing strain males (c) and treatment VI-
ENNA-8/D53 genetic sexing strain males with virgin Eg II females. Treatment males were derived from embryos
stored for 120 h at 5, 10, 15, or 20°C. Different letters represent significant difference (F = 0.71; P > 0.05) after Gen-
eralized Linear Model ANOVA followed by Tukey multiple comparisons.
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A PROTOCOL FOR STORAGE AND LONG-DISTANCE SHIPMENT
OF MEDITERRANEAN FRUIT FLY (DIPTERA: TEPHRITIDAE) EGGS.

II. ASSESSMENT OF THE OPTIMAL TEMPERATURE AND SUBSTRATE
FOR MALE-ONLY PRODUCTION
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A

 

BSTRACT

 

The present study has been conducted to assess the effect and interaction of various storage
substrates and conditions on eggs of the Mediterranean fruit fly (medfly) 

 

Ceratitis capitata

 

(Wiedemann). Tests were carried out with the genetic sexing strain VIENNA 8/D53, a strain
that carries a 

 

temperature sensitive lethal

 

 (

 

tsl

 

) mutation that allows the selective killing of fe-
male zygotes. This study identifies strategies to enhance the storage and transport conditions
through assessment of effect on egg, pupal and adult survival in order to facilitate the estab-
lishment of satellite mass rearing facilities for the production of male medflies. Eggs were im-
mersed in two different substrates and stored at different temperatures and for different time
periods. Findings from this study suggest that egg storage periods, and to some extent, the
storage substrates have significant effects on pupal and adult survival. For 72-h storage pe-
riods, the eggs preserved in agar solution at 10°C produced the most pupae. There was an in-
verse relationship between the concentration of dissolved oxygen in the substrate during
storage and the quality and survival of the stored/transported eggs. Apparently low levels of
dissolved oxygen reduce metabolic rates, allowing the storage period to be prolonged.

Key Words: SIT, 

 

Ceratitis capitata

 

, Mediterranean fruit fly, egg storage, genetic sexing, egg
shipment

R

 

ESUMEN

 

El presente estudio fue conducido para evaluar el efecto e interacción de varios substratos y
condiciones de almacenamiento en huevos de la mosca mediterránea de la fruta, 

 

Ceratitis
capitata 

 

(Wiedemann). Las pruebas se realizaron con la cepa en la cual es posible separar los
sexos genéticamente VIENNA 8/D53, la cual contiene una mutación letal sensible a la tem-
peratura que permite la eliminación selectiva de los zigotos femeninos. Este estudio identi-
fica estrategias para mejorar las condiciones de almacenamiento y transporte por medio de
la evaluación de su efecto en la supervivencia de huevos, pupas y adultos, esto para facilitar
el establecimiento de laboratorios satélites de cría masiva para la producción de machos de
la mosca mediterránea de la fruta. Los huevos fueron sumergidos en dos substratos diferen-
tes y almacenados a diferente temperatura a diferentes periodos tiempos. Los resultados de
este estudio sugieren que el periodo y hasta cierto punto el substrato de almacenamiento tie-
nen un efecto significativo en la supervivencia de las pupas y los adultos. Para un periodo de
almacenamiento de 72-h los huevos almacenados en solución de agar a 10˚C producen un nú-
mero mayor de pupas. Hubo una relación inversa entre la concentración de oxigeno disuelto
en el substrato durante el almacenamiento y la calidad y supervivencia de los huevos alma-
cenados/transportados. Aparentemente los niveles bajos de oxigeno disuelto reducen el me-

 

tabolismo y permiten que el periodo de almacenamiento pueda ser prolongado.

 

Previous studies (Cáceres et al. 2007) have
identified various protocols that can be used in or-
der to store and transport eggs of the Mediterra-
nean fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiede-
mann) from a central facility to satellite facilities
where the eggs would be used to produce only
sterile males. These protocols considered 3 vari-
ables, the age of the eggs, the temperature of stor-
age in water, and the length of the storage period.

Currently, all programs applying the sterile in-
sect technique (SIT) against the medfly utilize ge-
netic sexing strains based on a 

 

temperature sensi-

tive lethal

 

 mutation and a male linked transloca-
tion (Cáceres et al. 2004; Dyck et al. 2005). These
strains produce only males following elimination
of females as a result of a high temperature treat-
ment during embryo development (Fisher 1998).
It is therefore important to assess the effect of dif-
ferent storage conditions on the high temperature
treatment that would be given to the eggs follow-
ing transport to a satellite mass rearing facility.

For the present study, eggs of the Mediterra-
nean fruit fly genetic sexing strain VIENNA 8/
D53 (Franz 2005) were routinely collected and
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stored in either water or a dilute agar solution at
different temperatures and for different time pe-
riods. The purpose of using the agar solution was
to provide a medium with a higher density than
distilled water in order to prevent egg sedimenta-
tion, and thus avoid damage. Following storage,
the eggs were incubated according to the stan-
dard protocol for elimination of females (Fisher
1998; Fisher & Cáceres 2000; Cáceres 2002). Fol-
lowing the temperature treatment, the embryos
were placed on standard larval diet and various
quality control parameters were assessed during
the larval, pupal, and adult stages. In addition,
the dissolved oxygen was measured during stor-
age to determine any possible relation between
the dissolved oxygen concentration and the qual-
ity and survival of the stored eggs.

The results are discussed in the framework of
improving the efficiency of programs integrating
the SIT by providing a strategy for long distance
egg shipment to supply satellite medfly mass-
rearing facilities with fertile eggs for male-only
pupal production.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Strain

 

The genetic sexing strain VIENNA 8/D53 was
selected for all experiments. This strain carries a
male-linked translocation, a chromosome inver-
sion, and the females are homozygous for two se-
lectable markers, 

 

white pupae

 

 (

 

wp

 

) and 

 

tempera-
ture sensitive lethal

 

 (

 

tsl

 

) (Robinson et al. 1999;
Franz 2005). Females are eliminated by exposing
the eggs to 34°C for 12 to 24 h during the last half
of embryo development (Franz et al. 1996;
Cáceres et al. 2004).

 

Egg Treatment

 

Eggs from strain VIENNA 8/D53 that were 24
h old were immersed in different storage sub-
strates, and subjected to different storage tem-
peratures and time periods. The storage condi-
tions consisted of 2 substrates, distilled water or
agar (0.1%) solution, 2 temperatures 10 or 25°C,
and 3 storage periods, 0, 24, and 72 h. The egg
collections were performed following standard
guidelines and protocols for medfly genetic sexing
strains (Cáceres 2002). Following collection, the
eggs were incubated inside plastic bottles con-
taining distilled water (v/v ratio of 1:20, respec-
tively), into which compressed air was provided
via an aquarium stone, for 24 h at 24°C. For this
study, nine 8-mL aliquots of eggs were removed.
One served as control and was incubated for an
additional 12 h at 34°C to eliminate the female
zygotes, and then maintained for an additional 12
h at 24°C. The other 8 aliquots were stored under
different test conditions, which consisted of the

combination of the 2 temperatures, the 3 storage
periods and the 2 substrates. Each aliquot was
stored in 70 mL of substrate.

Following storage, the eggs were transferred
back into the plastic bottles to complete the 48-h
incubation period as follows, 12 h at 34°C to elim-
inate the female embryos and then for another 12
h at 24°C.

 

Larval Rearing

 

Following the incubation period, the treated
and the control eggs were washed with distilled
water to remove traces of the storage substrate,
and transferred into trays containing 5 kg of larval
diet (Tanaka et al. 1969). An aliquot of 8 mL of eggs
was put into each tray. The 3rd instars were col-
lected in a tray containing sawdust, which served
as the pupation medium. Larvae were collected for
3 consecutive days and the volume measured.

 

Quality Control

 

Quality control tests were performed following
the FAO/IAEA/USDA “Manual for Product Qual-
ity Control and Shipping Procedures for Sterile
Mass-Reared Tephritid Fruit Flies” (2003).

 

Egg Hatch

 

Samples of 1000 eggs were collected for each
treatment and the control group, before transfer
to the larval diet. Five days later, the number of
unhatched eggs was counted and the percentage
egg hatch calculated. During the 5-day incubation
period, the egg samples were placed under the
same conditions as the larval trays.

 

Egg to Pupal Survival

 

Egg to pupal survival was calculated based on
the estimated original number of eggs (8 mL 

 

×

 

25000 egg/mL) transferred to the larval diet and
the number of pupae produced for each treat-
ment. The number of pupae recovered for every
treatment was estimated volumetrically.

 

Egg to Adult Survival

 

Egg to adult survival was calculated based on
the estimated number of eggs transferred to the
larval diet for each treatment, the number of pupae
recovered, as estimated for the egg to pupal sur-
vival, and the percentage of adult emergence from
5 mL of 8-d-old pupae. The total number of adults
was determined 5 d after the first fly emerged.

 

Dissolved Oxygen

 

Dissolved oxygen and temperature were mea-
sured with a portable dissolved oxygen meter
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microprocessor-based instrument, consisting of a
cell-containing electrolyte enclosed by a selective
membrane and two metallic electrodes (PAK-
TON® 35640-series). The electric current pro-
duced by the consumption of oxygen by the cath-
ode is proportional to the partial pressure of the
oxygen in the sample. The dissolved oxygen and
temperatures were measured for all treatments,
before and after the storage periods.

 

Data Analysis

 

Numerical data were analyzed by Analysis of
Variance (ANOVA). The effect of the storage
times, substrates, and temperatures on the egg
hatch and egg to adult survival was analyzed by
3-way ANOVA and the means compared by the
Tukey multiple range test. Interaction between
the variables, storage temperature and time was
determined by means of the generalized linear
model of variance to perform univariate ANOVA.
Results were analyzed with the statistical soft-
ware MINITAB® for windows.

R

 

ESULTS

 

Egg Hatch

 

The length of the storage period had a signifi-
cant effect on egg hatch (

 

F

 

 = 11.31, 

 

P

 

 = 0.002).
Eggs stored for 72 h (as well as control eggs) dis-
played higher hatch than those stored for 24 h
(Table 1). Moreover, within a given storage pe-
riod, egg hatch was higher for eggs stored at 10°C.
Overall egg hatch did not differ between storage
in water and in an agar solution, although stor-
age in water tended to result in slightly higher
egg hatch than storage in agar. The highest egg
hatch was recorded for the eggs stored in water

and in the agar solution at 10°C for 72 h (59.7 ±
7.2% and 59.4 ± 9.9%, respectively).

 

Egg to Pupal Survival

 

Significant variations were observed when as-
sessing the egg to pupal survival among the differ-
ent treatments (Table 1). In contrast to egg hatch,
0 and 24 h storage periods produced higher values
for egg to pupal survival (

 

F

 

 = 12.39, 

 

P

 

 = 0.029)
than 72 h storage. For eggs stored for 72 h, the
highest egg to pupal survival was recorded for
eggs stored at 10°C. The lowest egg to pupal sur-
vival values were observed among the eggs stored
for 72 h at 25°C, regardless of the storage sub-
strate. Nevertheless, statistically significant dif-
ferences were only found between those eggs
stored in agar solution at 25°C for 24 h (27.4 ±
3.0%), and at 10°C for 24 h (26.4 ± 2.2%), when
compared with those stored at 25°C for 72 h either
in agar solution (19.9 ± 1.4%), or water (8.4 ± 3.4%)
(

 

F

 

 = 6.72, 

 

P

 

 < 0.5). Eggs stored for 24 h produced
higher numbers of pupae than those stored for 72
h, regardless of the storage substrates or tempera-
tures. Overall, the storage of medfly eggs in agar
solution at 25°C for 24 h appeared to be the most
suitable condition for pupal production. However,
when considering 72 h storage periods, the eggs
preserved in agar solution at 10°C produced the
most pupae (22.9 ± 5.0%), but was not significantly
different from the treatment in agar solution at
25°C for 24 h that produced the highest number of
pupae (27.4 ± 3.0%) or the control (27.1 ± 4.4%).

 

Egg to Adult Emergence

 

There was a significant correlation in terms of
the storage conditions between egg to pupal sur-
vival and egg to adult survival (R

 

2

 

 = 0.984, 

 

P

 

 =
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Treatments Parameters

Storage substrate Time (h) Temperature °C Egg hatch
Egg to pupae

efficiency
Egg to adult

efficiency

Agar 24 25 45.6 ± 6.2 b 27.4 ± 3.0 a 21.9 ± 3.3 a
Water 24 25 47.5 ± 6.3 b 25.7 ± 3.1 ab 21.3 ± 2.2 a
Agar 24 10 48.3 ± 7.8 b 26.4 ± 2.2 a 21.0 ± 2.6 ab
Water 24 10 50.3 ± 13.1 ab 25.3 ± 4.1 ab 19.8 ± 2.8 ab
Agar 72 10 59.4 ± 9.9 a 22.9 ± 5.0 ab 18.4 ± 3.8 ab
Water 72 10 59.7 ± 7.2 a 21.3 ± 4.8 ab 17.3 ± 4.2 ab
Agar 72 25 54.7 ± 11.7 ab 19.9 ± 1.4 b 16.0 ± 1.2 b
Water 72 25 56.4 ± 1.2 ab 8.4 ± 3.4 c 6.5 ± 2.8 c
Control 0 — 55.3 ± 7.1 ab 27.1 ± 4.4 a 21.5 ± 3.4 a
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0.05). However, since this was contrary to the effect
seen with egg hatch, this indicates that storage di-
rectly affects larval and pupal survival. As for the
egg to pupal survival, egg to adult survival was
greater for those eggs stored for 24 h than those
stored for 72 h (Table 1), although the survival was
only significantly lower for the eggs stored in water
at 25°C or 72 h (6.5 ± 2.8%). For eggs stored for 72
h in agar solution at 10°C, the egg to adult survival
was 18.4 ± 3.8%, which was not statistically differ-
ent from the control (21.5 ± 3.4%).

 

Dissolved Oxygen

 

Concentrations of dissolved oxygen were 5
times higher in water than in the agar solution
prior to and following storage (Fig. 1). A relation-
ship between the concentration of oxygen avail-
able for the duration of the different treatments
and the storage substrates, temperatures and pe-
riods was observed. The water substrate, as well
as low temperatures (10°C), were associated with
higher oxygen concentrations. Moreover, at any
given temperature higher concentrations of oxy-
gen occurred during the shorter storage periods.
The water substrate at 10°C for 24 h displayed
the highest concentrations of dissolved oxygen
available at the end of the storage period (Fig. 1).
Nevertheless, in spite of these findings, there was
no direct effect of the concentration of dissolved

oxygen on adult fly emergence. There was no con-
trol for this test as bubbling and aerated was con-
tinuous and there was no variation in the concen-
tration of dissolved oxygen at the beginning and
the end of storage period.

D

 

ISCUSSION

 

The optimal storage conditions for 72 h storage
are at 10°C in an agar solution. In general in-
creasing storage reduces egg hatch, pupal produc-
tion and adult emergence. Storage periods of 24 h
appeared to have no damaging effects on adult
emergence and pupal production, although there
was a direct effect on egg hatch. Storage periods
of 72 h on the contrary, appeared to have no effect
on egg hatch, whereas there was a negative effect
on the pupal and adult production, but only when
stored at 25°C. Overall, storage in agar solution
appeared to be better than storage in water, al-
though the effect was only significant for 72 h
storage at 25°C. The detrimental effect of storage
in water at 25°C for 72 h on the rate of adult
emergence and pupal production observed in this
study are in line with data reported by Cáceres
et al. (2007) and with Arakaki et al. (1984), who
showed that with melon fly 

 

Bactrocera cucurbitae

 

Coquillett at temperatures of 5 or 10°C, eggs pre-
served in water maintained high hatch rates,
even after 7 d of storage.

Fig. 1. Dissolved oxygen concentration (columns) and egg to pupal efficiency (lines) before and after storage of
VIENNA 8/D53 eggs under different temperature conditions and storage periods.
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The results gathered from this study on the
number of pupae produced and the rate of adult
emergence suggest that storage in agar at 25°C
for 24 h constitutes the most suitable condition
for eggs of the VIENNA 8/D53 genetic sexing
strain. This is acceptable for situations where the
satellite mass rearing facility is within a 24-h
shipment period from the central facility mass-
producing the eggs. However, for storage up to
72 h, storage in agar solution at 10°C provides the
best conditions in terms of pupal production and
adult emergence. Overall, the effect of the storage
times was not significant for egg hatch, but for the
larval development stage this effect was reflected
directly on the significantly diminished number
of pupae collected particularly on the treatments
where eggs were stored up to 72 h. The concentra-
tion of dissolved oxygen available in the storage
substrate affected the emergence of adult flies. As
initially suggested, we can assume that the agar
solution provides better physical conditions for
egg storage, as it prevents egg sedimentation. In
addition, the low levels of dissolved oxygen may
reduce metabolic rates, allowing the storage pe-
riod to be prolonged. Experiments with housefly

 

Musca domestica

 

 (L.) have demonstrated that the
gaseous composition of the atmosphere during in-
cubation has an effect on the survival of the em-
bryos and oxygen-enhanced environments during
cold storage appear to have a detrimental effect
on survival (Bucher et al. 1947). However, recent
experiments have demonstrated that although
exposure of housefly embryos to hypoxic condi-
tions was not detrimental, it did not increase
chilling tolerance (Leopold 2000). In the present
study it was established that egg storage in agar
solution is better than in water, but the specific
characteristics that enhance this storage effec-
tiveness, were not determined.
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A

 

BSTRACT

 

The sterile insect technique (SIT) is increasingly being used around the world to control 

 

Cer-
atitis capitata

 

 (Wiedemann) (Diptera: Tephritidae), the Mediterranean fruit fly as part of an
area-wide integrated approach. One option that may improve the effectiveness of the SIT, by
increasing the sexual competitiveness of released sterile males, consists of feeding males pro-
tein during the post-teneral stage, a diet that increases sexual performance of wild males. We
examine the effects of diet on the successive hurdles males must overcome in order to insem-
inate females, i.e., joining leks, copulating females, having their sperm stored and inhibition
of female remating. In addition, we address the effects of diet on post-release foraging success,
longevity, and the ability to withstand starvation. While protein feeding universally increases
the sexual success of wild males, its effect on sterile males varies with strain, experimental
settings, and environmental conditions. In some cases, treatments that resulted in the best
sexual performance were significantly associated with increased vulnerability to starvation.
However, no particular diet affected the ability of sterile males to find nutrients in the field
when these where available. We suggest it may be better to release relatively short-lived flies
that are highly competitive, rather than long-lived, sexually ineffective ones.

Key Words: Tephritidae, 

 

Ceratitis capitata

 

, Sterile Insect Technique, nutrition, sexual be-
havior, longevity, starvation

R

 

ESUMEN

 

El uso de la técnica de insecto estéril (TIE) esta aumentando alrededor del mundo para el
control de 

 

Ceratitis capitata

 

 (Wiedemann) (Diptera: Tephritidae), la mosca mediterránea de
la fruta como parte de un enfoque integrado por toda el área. Una opción que puede mejorar
la eficiencia de TIE, por medio del aumento de la capacidad de los machos esteriles liberados
para competir, consiste en la alimentación de los machos con proteína durante la etapa de
pos-teneral, una dieta que aumenta el desempeño sexual de los machos naturales. Nosotros
examinamos los efectos de la dieta sobre los obstáculos sucesivos que los machos tienen que
superar para inseminar las hembras, i.e., unir con otros machos en áreas para el aparea-
miento, copula de las hembras, almacenar esperma e inhibir el re-apareamiento de hembras.
Además discutimos los efectos de la dieta sobre el éxito de su actividad forrajera después de
ser liberados, la longevidad y la habilidad para aguantar la inanición. Mientras que la ali-
mentación con proteína universalmente aumentan el éxito sexual de los machos naturales,
su efecto sobre los machos estériles varía según la raza, el lugar de los experimentos y las
condiciones ambientales. En algunos casos, los tratamientos que resultaron con mejor des-
empeño sexual fueron asociados significativamente con el aumento de la vulnerabilidad a la
inanición. Sin embargo, ninguna dieta en particular afectó la habilidad de los machos esté-
riles para encontrar nutrientes en el campo cuando fueron disponibles. Nosotros sugerimos
que puede ser mejor el liberar moscas que tienen una vida relativamente corta y que son mas

 

competidoras, en vez de moscas que tienen una vida larga y sexualmente inefectiva.

 

Most of the tephritid fruit flies are anautoge-
nous, i.e., females need to feed on a source of pro-
tein to mature eggs, while males need protein for
pheromone production, the renewal of sperm sup-
plies, and production of male accessory gland se-

cretions (Drew & Yuval 2000). Male Mediterra-
nean fruit flies (medflies) 

 

Ceratitis capitata

 

(Wiedemann) (Diptera: Tephritidae), are no ex-
ception. We have documented, for both wild and
laboratory reared males, how post-teneral pro-
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tein feeding affects their ability to join leks
(Yuval et al. 1998), copulate in leks (Kaspi et al.
2000; Shelly et al. 2002), transfer a substantial
ejaculate (Taylor & Yuval 1999), and inhibit fe-
male remating (Blay & Yuval 1997). When syn-
thesizing and reviewing these findings (Yuval &
Hendrichs 2000; Yuval et al. 2002), the impor-
tance of post-teneral nutrition for the effective
performance of mass-reared, sterile males in the
field was suggested.

For the sterile insect technique (SIT) to suc-
ceed, it is imperative that released sterile males
compete successfully against males from the wild
population. This entails joining or establishing
leks in the field, attracting and courting wild fe-
males, copulating them, and, finally, inhibiting
their receptivity to further copulations, all the
while competing with wild males. Accordingly, a
significant research effort has focused on estab-
lishing ways to understand the basis of male com-
petitiveness and enhance that of sterile males
(Shelly 1999; Kaspi & Yuval 2000; Shelly & McIn-
nis 2001; Briceño et al. 2002; Robinson et al. 2002).
Furthermore, although some released males may
be quite long-lived in the field (Plant & Cunning-
ham 1991), their effectiveness in copulating and
inseminating females as they age was unknown.
If their potency declines significantly, their sur-
vivability becomes less crucial for the success of
the SIT.

In this review, we examine a number of recent
studies that look at the effect of protein diet on
sexual performance and survival of sterile, mass
reared male medflies in various experimental set-
tings. We examine the effects of diet on the suc-
cessive hurdles males must overcome in order to
inseminate females, namely joining leks, copulat-
ing females, transferring sperm, and inhibition of
female remating. In addition, we address the ef-
fects of diet on male post-release foraging success,
longevity, and the ability to withstand starvation.
Because the effects of protein diet on sterile male
sexual performance and survival are equivocal,
we dwell on the experimental conditions of the
various studies, the strains used, and environ-
mental effects that may have affected the results. 

S

 

EXUAL

 

 P

 

ERFORMANCE

 

 

 

OF

 

 S

 

TERILE

 

 M

 

ALES

 

Participation in Leks

 

Kaspi & Yuval (2000), working in field cages,
found that protein-fed sterile males of the VI-
ENNA 4/Tol-94 sexing strain (Robinson et al.
1999), (flown from Guatemala to Israel), were sig-
nificantly more likely to join leks and emit phero-
mone (call) than sterile males fed only sugar. This
effect was significant for the 2 age groups tested,
4-d-old and 6-8-d-old males. These experiments
were performed without females and without com-
petition between males of the 2 diet treatments.

In another experiment with the VIENNA 7/
Tol-2000 sexing strain (Franz 2005), participation
of protein-fed or protein-deprived (sugar-fed)
sterile males in leks on the days following their
release into a large field enclosure (8 

 

×

 

 3 square
meters, 2.5 meters high) was monitored (Maor et
al. 2004). Males emitting pheromone in leks were
sampled for 30 min each day after release. Num-
bers of calling males from both diets declined sig-
nificantly from day to day, but the post-teneral
diet had no significant effect on calling in leks.

Maor (2004) attempted to find an alternative
protein-rich diet to the hydrolyzed yeast com-
monly used, one that would have a significant ef-
fect on lek joining in simulated field conditions.
Sterile males of the VIENNA 7/Tol-2000 strain
were offered one of the following diets after they
emerged: (i) sugar, (ii) sugar and protein (hydro-
lyzed yeast presented in a separate dish to allow
optimal self selection (e.g., Cangussu & Zucoloto
1995), (iii) sugar and a protein pulse on d 2, or (iv)
a slice of dry, but rehydrated, apricot to mimic a
protein rich natural diet. Four d after emergence,
flies were released in a field enclosure, and lek
participation was monitored for 6 d. A significant
temporal decline in lek participation was ob-
served for all diets. Furthermore, the post-teneral
diet significantly affected lek participation. The
highest level of participation was exhibited by
apricot fed males (iv), followed by the sugar (i)
and sugar + protein-fed (ii) flies. The flies fed a
protein pulse on d 2 (iii) contributed the fewest
numbers to the lekking population (Fig. 1).

Fig. 1. Effect of pre-release diet on subsequent par-
ticipation in leks by sterile male Mediterranean fruit
flies. Diets were: 1. “apricot”—dry, sliced apricot; 2.
“sug”—20% sucrose; 3. “sug + pro”— sucrose plus unlim-
ited hydrolyzed protein; 3. “pro day 2”—unlimited su-
crose, protein only on d 2. Bars represent 2 standard
errors. Different letters in columns denote a significant
difference (P < 0.05) in male abundance.
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The total amount of protein and lipid in each
male was assayed. Diet significantly affected pro-
tein levels (

 

H

 

 = 128, 

 

df

 

 = 4, 

 

P 

 

< 0.0001). On emer-
gence, the males contained on average 28.47 ± 1.23
µg of protein. This increased significantly in all
groups at the time of release, with the greatest in-
crease found in males who enjoyed diets contain-
ing hydrolyzed yeast (Fig. 2a). Lipid levels were
significantly different between diets (

 

F

 

 

 

= 6.51; 

 

df 

 

=
4,223; 

 

P 

 

< 0.0001), but show a different pattern
(Fig. 2b). The highest levels of lipid, at 4 d of age
(day of release), were found in the flies that were
fed sugar only or sugar with a pulse of protein.

This experiment demonstrated that the apri-
cot diet, a natural source of protein and carbohy-
drate, enhanced the sexual performance of the
sterile males. This enhancement was not reflected
in the total amounts of nutrients present on the
day of release (Fig. 2), suggesting either a syner-
gistic effect or the action of qualitative agents
present in the dried fruit. We repeated this exper-
iment in field cages on the Hawaiian island of
Oahu, using sterile males of the VIENNA 4/Tol-
94 strain obtained as pupae from the California
Department of Food and Agriculture rearing facil-
ity in Hawaii (Maor 2004). In these experiments,
despite similar temporal trends in lekking behav-
ior, the apricot diet did not confer a significant ad-
vantage to the males who consumed it.

 

Copulatory Success

 

Kaspi & Yuval (2000) allowed protein and
sugar fed sterile males of the VIENNA 4/Tol-94
strain to compete against wild males fed only
sugar for copulations with wild females (provid-
ing a 2:1 sex ratio). Significantly, protein-fed
males were more likely to copulate. This effect
was significant for the 2 age groups tested—4-d-
old males and 6-8-d-old males. Similarly, Shelly &
Kennelly (2002) investigated the effects of dietary
protein on the mating competition of wild and
mass-reared (Maui-Med bisexual strain from Ha-
waii) males for copulations with wild females. Im-
portantly, they found that although protein in the
adult diet improved the copulatory success of wild
males, it did not improve the ability of sterile,
mass reared males to compete against wild males
for copulations with wild females.

Shelly & McInnis (2003) reconfirmed this find-
ing in a follow up study conducted in field cages.
Protein-fed, sterile males of 2 mass reared
strains—VIENNA 7/Tol-2000 and Maui-Med bi-
sexual strain—were unable to compete any better
against wild males for copulations with wild fe-
males than only sugar-fed males.

In another experiment, artificial diets were re-
moved from 4-d-old sterile males, and a natural
diet (apple slice) was offered. After 24 h, there
was no difference between sugar-fed and protein-
fed males in copulatory success with wild females

in a field cage (Kaspi & Yuval 2000). Further-
more, when males were starved instead of offered
a natural diet, virtually none copulated. A similar
result was obtained by Shelly & Kennelly (2003)
when starved wild males were assayed for copula-
tory success. They found that wild males unable
to locate food for 1 d have reduced copulatory suc-
cess on the following day compared to successful
foragers. Males starved for 24 h obtained only
half as many matings as fed males; this outcome
was independent of the pre-starvation diet. When
the starvation period was only 18 h, diet did affect
mating performance—protein fed males per-
formed poorly, while sugar fed males mated as of-
ten as fed males.

The combined effects of diet and exposure to 

 

α

 

-
copaene, a plant derived volatile that enhances
male sexual success (Shelly 2001), on copulatory
success of sterile males of the VIENNA 7/Tol-2000
strain was examined in field enclosures in Guate-
mala (Shelly et al. 2003). This study pitted sterile
males against wild males and was replicated at 2
elevations, 700 and 1,200 m above sea level.
While exposure to ginger root oil (containing 

 

α

 

-co-
paene) enhanced male performance irrespective
of diet or elevation, protein-fed males performed
significantly better than sugar-fed males only at
the high elevation site. Intriguingly, overall per-
formance of sterile males at the higher elevation
was significantly worse than at the lower eleva-
tion. Accordingly, this study, while confirming the
utility of exposure to 

 

α

 

-copaene, could not provide
unambiguous support for the inclusion of protein
in the pre-release diet, and indicated that the con-
ditions favoring such a diet need to be established
with greater specificity.

 

Post-Copulatory Effects

 

Sperm Storage. Taylor et al. (2001), working
with males of the VIENNA 4/Tol-94 strain mating
with wild females in field cages, found that the
probability of sperm storage decreased signifi-
cantly with male age but was not significantly af-
fected by male diet. As males aged, there was a
significant decline in the number of sperm stored
by their mates (median: 1263 sperm; range: 20-
5684 sperm), yet number of sperm stored did not
vary with male diet, male size, or female size.

Copula Duration. Taylor et al. (2000, 2001)
showed that copulations of sterile males with wild
females culminating in sperm storage lasted a me-
dian of 186.5 min, whereas failed copulations (no
sperm storage) lasted a median of 157.5 min. De-
spite the considerable overlap in duration of these
copulations, the relationship between copula dura-
tion and probability of sperm storage was signifi-
cant. However, duration of inseminating copula-
tions did not vary with any of the investigated fly
qualities (male age, diet, or size of males and fe-
males). Similarly, Shelly & Kennelly (2002) found
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Fig. 2. Effect of pre-release diet on nutritional status of sterile male Mediterranean fruit flies. a. Protein. b.
Lipid. Diets as in Fig. 1. Emergence refers to flies sampled within hours of leaving the puparium; all other flies were
assayed at 4 d of age before release. Bars represent 2 standard errors. Different letters in columns denote a signif-
icant difference (

 

P

 

 < 0.05) in nutrient content.
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that copula durations of sterile males (of the Maui-
Med bisexual strain), mating with wild females in
the laboratory, varied independently of male diet.

In the field enclosure experiment in Guate-
mala (see above), Shelly et al. (2003) found that
copula duration varied with diet but not with ex-
posure to ginger root oil. Significantly, protein-de-
prived (sugar-fed) males at the high elevation site
copulated longer (average 141.4 min; range 11-
255 min) than protein-fed males (120 min on av-
erage, range 15-225 min). Furthermore, copula-
tions starting later in the day were significantly
shorter than copulations starting early in the day
(see also Vera et al. 2003). Assuming that males
control copula duration, these findings suggest
that males adaptively prolong copulation when
the probability of their partner copulating again
is highest and their own chances of being ac-
cepted as a mate, lowest.

Female Remating. A number of studies have
shown that females first mated to a sterile male
are more likely to remate than are females first
mated to a wild male (e.g., Mossinson & Yuval
2003; Vera et al. 2003). Furthermore, Blay & Yuval
(1997) found that females whose first mate was
protein-deprived (sugar-fed) were more likely to re-
mate than females first mated to a protein-fed wild
male. However, in the only laboratory study com-
bining the effects of diet and irradiation, Shelly &
Kennelly (2002) found that the frequency of female
remating varied independently of male diet re-
gardless of whether her first mate was a wild or
mass reared male. One difference between this
study and those of Blay & Yuval (1997) and
Mossinson & Yuval (2003) is that the first remating
opportunity in the latter 2 experiments was offered
on the day following mating, as opposed to 2 d fol-
lowing the initial mating in this study. It has been
shown that male accessory gland secretions affect
female receptivity (Jang 2002) and that their effect
intensifies several days after mating (Miyatake et
al. 1999; Mossinson & Yuval 2003). Although the
effect of irradiation and post-teneral diet on these
secretions has not been studied, the results of
Shelly & Kennelly (2002) are consistent with a
mechanism in which accessory gland secretions af-
fect remating 2 d after the initial copulation.

The amount of sperm stored by female med-
flies determines, to a large extent, their short-
term receptivity to further copulations (Miyatake
et al. 1999; Mossinson & Yuval 2003). In compar-
ison to the average ejaculate of wild males, which
contains approximately 3,000 sperm (Yuval et al.
1996; Taylor et al. 2000), the ejaculate of sterile
males contains fewer sperm, and this alone may
prejudice the effectiveness of SIT. Furthermore,
the amount of sperm stored by females signifi-
cantly declines as the sterile male ages. Thus,
sterile males are effective inseminators only on
the 2-3 d following release. Wild females may cop-
ulate with older sterile males (but see Liedo et al.

2002), but they will probably rapidly copulate
again, either on the same day or on the following
one (Mossinson & Yuval 2003; Vera et al. 2003).
Accordingly, the first few days following release
are the critical period for sterile male effective-
ness. If protein fed males can survive during this
period, and bring competitive advantages to bear,
the SIT operation will benefit.

S

 

URVIVAL

 

 

 

AND

 

 L

 

ONGEVITY

 

In the laboratory, no difference was docu-
mented in survival of sugar-fed or sugar and pro-
tein-fed sterile males when they had access to a
natural source of food (apple slice) from the fifth d
of life onwards. However, when these males were
starved, a dramatic effect was observed. Diet sig-
nificantly affected the probability of surviving
starvation, with males who had previously also
fed on protein dying significantly faster than
sugar-fed males (Kaspi & Yuval 2000).

Maor et al. (2004) replicated these findings in a
field enclosure experiment. A sample of males
from each diet treatment was held in a cage
within the field enclosure, either with or without
food. After 2 d without food, most (>95%) of the
flies (protein-fed and protein-deprived males)
died. Conversely, most of the flies that had contin-
uous access to a dry fig survived for as long as
18 d. Furthermore, post-teneral diet had a signif-
icant effect on the survival of the flies. Protein-de-
prived (sugar-fed) males survived longer without
food, but protein-fed males survived longer when
food was provided (Maor et al., 2004). Apparently,
the ingestion of protein, while increasing male
sexual activity, also affects male metabolism in
such a manner that interruption of protein feed-
ing has greater negative consequences than does
interruption of a diet lacking protein. The protein
rich diet provided to males may commit them
metabolically to reproduction (Carey et al. 2002)
by diverting resources to pheromone and acces-
sory glands and energy to sexual advertisement.
This commitment carries higher sexual rewards
in some environments, but also the penalty of in-
ability to weather periods of nutritional stress.

Recognizing the importance of olfactory cues
containing 

 

α

 

-copaene in enhancing sexual perfor-
mance of male medflies (Shelly 2001), the syner-
gistic effect of olfactory cues and dietary regimes
on survival was recently investigated (Levy et al.
2005). Working with wild flies from Israel and the
VIENNA 7/Tol-2000 and (in Hawaii) VIENNA 4/
Tol-94 strains, a series of experiments were con-
ducted to determine how various diets, combined
with exposure to volatiles containing 

 

α

 

-copaene,
affect the ability of male medflies to withstand
starvation.

Flies were presented with diets and olfactory
stimuli from the moment of emergence for 4 d,
simulating the pre-release period. From the
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fourth d onwards, simulating release, diets and
other stimuli were removed, and flies monitored
until all had died. A comparison of the pooled sur-
vival rates of the 3 strains revealed that sterile
males have a significantly lower ability to resist
starvation compared to wild males. Furthermore,
males from the 2 mass reared strains also differed
significantly in their ability to endure starvation.
Males from the strain shipped during approxi-
mately 72 h from Guatemala to Israel (VIENNA
7/Tol-2000) died significantly faster than males
from the strain (VIENNA 4/Tol-94) tested in Ha-
waii without long-distance shipping.

The sugar diet, alone or in combination with 

 

α

 

-
copaene, was associated with the highest ability
to resist starvation, followed closely by the sugar
+ protein diet (again, alone or in combination
with 

 

α

 

-copaene). Paradoxically, the apricot diet,
which in some trials was associated with the best
sexual performance (see above), contributed most
significantly to the rapid death of the flies ingest-
ing it. Furthermore, when the apricot diet was
coupled with 

 

α

 

-copaene, rates of demise were
faster yet (Levy et al. 2005).

P

 

RE

 

-

 

RELEASE

 

 D

 

IET

 

 

 

AND

 

 F

 

ORAGING

 

 S

 

UCCESS
IN

 

 

 

THE

 

 F

 

IELD

 

The findings covered above prompt a key ques-
tion—does pre-release diet affect the ability of
sterile males to find food in the field? Results of a
number of studies in field cages and enclosures
shed some light on this matter.

Shelly & McInnis (2003) released protein +
sugar-fed and protein-deprived (sugar-fed) sterile
males from 2 different mass rearing strains into
field cages containing a single guava tree. In 1 ex-
periment, no food was provided, and all surviving
males were collected after 2 d. Sixty one percent
of males of the VIENNA 7/Tol-2000 strain from
both diet treatments survived. In the other strain
tested, Maui-Med bisexual strain, survival was
lower overall, but similarly did not differ between
diet treatments. In another experiment, food (pa-
paya and orange slices) and water were placed in
the field cages and surviving males collected 4 d
later. Again, pre-release diet did not affect sur-
vival. Close to 40% of the males from both strains
survived, irrespective of diet. The survival of
males in the cages without food was probably due
to the presence of bacteria or residual honeydew.
The low survival after 4 d with food may be due to
predation by ants, spiders or other invertebrate
predators within the field cage.

To seek conclusive evidence for the ability of
protein-fed sterile males to forage for food, Maor et
al. (2004) determined the nutritional status of
males sampled in leks within a field enclosure for
6 d following release. Post-teneral diet had no sig-
nificant effect on the level of sugar in the flies, as
most had high levels of carbohydrates that must

have been recently acquired. Diet did have a signif-
icant effect on the level of protein in the flies. Pro-
tein-fed males contained significantly more pro-
tein than protein-deprived (sugar-fed) males on
the day of release and on the day following release.
Finally, post-teneral diet had a significant effect on
the level of lipids in the flies. Protein-fed males
contained significantly less lipids than protein-de-
prived (sugar-fed) males on the day of release and
on the first day following release. The level of lipids
decreased significantly from d 0 to d 6 in both pro-
tein-fed and protein-deprived males.

These results demonstrate conclusively that
when food is available at the release site, most
sterile males are able to find and ingest it, irre-
spective of their pre-release diet.
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While some might hurry to conclude that sugar
alone is the best diet for sterile males, we interpret
the emerging picture in a different light. First,
post-teneral diet does not affect foraging ability of
sterile males (Shelly & McInnis 2003; Maor et al.
2004; Barry et al. 2003). Thus, if nutrition is avail-
able in the field, most sterile males will find it. Fur-
thermore, due to their reduced ability to insemi-
nate as they age, the sexual effectiveness of sterile
males is diminished following the first 24-48 h af-
ter release (Taylor et al. 2001; Liedo et al. 2002).
Such males may serve as distractions for wild fe-
males but will fail to inhibit their receptivity
(Mossinson & Yuval 2003). Thus, it may be better
to release relatively short-lived flies that are highly
competitive, rather than long lived, sexually inef-
fective ones. Better still would be long-lived sterile
males with prolonged competitive ability (e.g.,
McInnis et al. 2002). The enhancing effect of pro-
tein feeding, while found in all studies of wild flies,
is not evident in all studies of sterile flies. This may
be due to a strain-environment interaction, the
ability of sugar fed flies to acquire protein by feed-
ing on feces, pupal frass or the carcasses of dead
conspecifics, or variations in the bacterial commu-
nities present in the guts of these insects.

Accordingly, more research is needed on the
critical post-teneral period, a time when the ster-
ile males and their environment are completely
under the control of the SIT program personnel.
An optimal protocol would incorporate diet, olfac-
tory cues, and possibly hormonal and social stim-
uli as well. Its validation must be based on sexual
performance of the sterile males in a competitive
setting that emulates field conditions.
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Programa Moscamed-Moscafrut—Desarrollo de Métodos, Calle Central Poniente No. 14 Altos
30700 Tapachula, Chiapas, México

A

 

BSTRACT

 

The rates of dispersal and survival of sterile mass-reared laboratory flies and sterile wild
flies of 

 

Anastrepha ludens

 

 (Loew) and

 

 Anastrepha obliqua

 

 (Macquart) were estimated and
compared with a regular rectangular array of 64 food-baited traps spaced 60 m between
traps around the release point in Tapachula Chiapas, Mexico. The traps were scored every
day during the first week, and then every 3 d over a 30-d period. For 

 

A. obliqua

 

, the number
of males recaptured was higher than that of females, while for 

 

A. ludens

 

, females were re-
captured more frequently than males. The recapture rate for the wild strains ranged from
0.6-24.8% for 

 

A. ludens

 

 and 1.3-16.2% for 

 

A. obliqua 

 

and the corresponding ranges for the
mass-reared strains were 0.5-7.1% and 0.5-3.0% respectively. The life expectancy was 4.7 d
for wild and 4.3 d for mass-reared 

 

A. obliqua

 

 males but 3 and 2 d, respectively, for wild and
mass-reared 

 

A. ludens

 

 males. The net displacement of 

 

A. ludens 

 

and 

 

A. obliqua

 

 ranged ap-
proximately from 100-250 m and took place mostly on the first day. Wild 

 

A. ludens

 

 moved to
the northwest from the release point while the mass-reared strain moved to the west. The

 

A. obliqua

 

 wild flies moved to the west, while the mass-reared strain shifted to the south-
west. We discuss the implications of our findings as to the spacing and frequency of sterile
fly releases for the suppression of wild populations.

Key Words: fruit fly, 

 

Anastrepha ludens

 

, 

 

Anastrepha obliqua

 

, trapping, life expectancy, ster-
ile insect technique, dispersal, longevity

R

 

ESUMEN

 

La dispersión y longevidad de las moscas estériles silvestres y de cría masiva de 

 

Anastrepha
ludens 

 

(Loew) y 

 

A. obliqua

 

 (Macquart) fueron determinadas y comparadas utilizando un
arreglo rectangular de 64 trampas espaciadas a 60 metros entre trampas alrededor del
punto de liberación en Tapachula Chiapas, México. Las trampas fueron revisadas y evalua-
das diariamente durante la primera semana y después cada tres días hasta completar 30
días. Para 

 

A. obliqua

 

 la cantidad de machos capturados fue mayor que la cantidad de hem-
bras; mientras que para 

 

A. ludens 

 

las hembras fueron capturadas con mayor frecuencia que
los machos. La recaptura de moscas silvestres de 

 

A. ludens

 

 fue de 0.6 a 24.8%, para 

 

A. obli-
qua

 

 fue del 1.3 al 16.2%, para moscas de laboratorio fue de 0.5 a 7.1 y 0.5 a 3%, respectiva-
mente. La esperanza de vida correspondió a 4.7 y 4.3 días para machos silvestres y de
laboratorio de 

 

A. obliqua

 

 respectivamente; mientras que 3 y 2 días fueron para los machos
silvestres y de laboratorio de 

 

A. ludens

 

. La dispersión para 

 

A. ludens

 

 y 

 

A. obliqua

 

 fue de 100
a 250 m tanto para individuos silvestres como de laboratorio. Los adultos de 

 

A. ludens

 

 sil-
vestre se desplazaron del punto central de liberación al noroeste, los individuos de laborato-
rio se movieron hacia el oeste del plano Cartesiano. A su vez los adultos de 

 

A. obliqua

 

silvestre se movieron hacia el oeste y las de laboratorio hacia el suroeste. Discutimos las im-
plicaciones de nuestros resultados con relación al espaciamiento y frecuencia de las libera-
ciones de moscas estériles para la supresión de poblaciones silvestres.

 

Translation provided by the authors.

 

The 

 

Anastrepha 

 

(Schiner) genus (Diptera: Te-
phritidae) is deemed to be one of the most signifi-
cant pests of commercially grown fruit from the
southern United States to northern Argentina
(Aluja 1994; Aluja et al. 1996). 

 

Anastrepha ludens

 

(Loew) is the major pest of citrus fruits in Mexico,
Belize, Guatemala, and the lower Rio Grande val-
ley of Texas (Aluja et al. 1996; Thomas & Loera-
Gallardo 1998). 

 

Anastrepha obliqua 

 

(Macquart) is
the main fruit fly species to attack mango in com-

mercial orchards situated at lower altitudes, while

 

A. ludens 

 

infests orchards located at higher alti-
tudes (Aluja et al. 1996). The sterile insect tech-
nique (SIT), as part of an area-wide integrated
management approach, has been continuously de-
ployed in northern Mexico since 1994 against

 

A. ludens

 

, and since 2001 against 

 

A. obliqua

 

.
Maximum effectiveness in the application of

the SIT requires a detailed knowledge of the var-
ious ecological parameters that can predict the
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population dynamics of the target populations. It
is intuitively obvious that the dispersal of an in-
sect species at its reproductive stage has a consid-
erable effect on the dynamics of the local popula-
tion (Royama 1979). This highlights the impor-
tance of measuring the fitness of the released in-
sects in relation to the wild population, and the
need to determine the ways in which possible dif-
ferences could affect the success of the control
program (Fletcher & Economopoulos 1976). The
international fruit fly quality control manual
(FAO/IAEA/USDA 2003) defines the estimation of
the ability of released sterile insects to survive in
the field and to move from the point of release to
feed and mate as the main objective of release-re-
capture tests of dispersal and survival.

The field quality of sterile flies has 2 main com-
ponents, mating competitiveness and survival
rate. Sterile insects must survive under natural
conditions at the target site until they are sexu-
ally mature and achieve copulation with fertile
wild females in order to be effective as agents of
control. The basic questions are how long do the
flies live after they are released, and how far do
they disperse? Such information is necessary for
determining the frequency with which releases
should be made and the distance between release
points (Thomas & Loera-Gallardo 1998).

Recapture studies have been the traditional
method by which the dispersal and longevity infor-
mation is obtained. Shaw et al. (1967) used a de-
sign to measure long-distance dispersal and re-
ported some recaptures at 5-8 km from the release
point. Baker et al. (1986) and Baker & Chan (1991)
calculated orientation ellipses to visualize the dis-
persal of mass-reared populations of 

 

Ceratitis cap-
itata

 

 (Wiedemann) and 

 

A. ludens

 

. They concluded
that in all cases the mean fly position moved signif-
icantly away from the release point indicating a
drifting of the released population. Most move-
ments were towards the north and east, the direc-
tion of prevailing daily winds. Thomas & Loera-
Gallardo (1998) used a regression model and esti-
mated the average dispersal distance to be 240 m
for sterile mass-reared 

 

A. ludens 

 

and found that
life expectancy after release ranged from 5 to 10 d.

The purpose of this work is to compare the dis-
persal rates and longevities of sterile mass-reared
flies and wild flies of 2 species, 

 

A. ludens 

 

and

 

A. obliqua

 

. We present data from fly releases per-
formed over 4 years of research in commercial
mango orchards and discuss the implications of our
findings as to the spacing and frequency of sterile
fly releases for the suppression of wild populations.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Release and Recapture of Wild and Mass-reared
Irradiated Flies

 

The flies were released in commercial mango
orchards (

 

Mangifera indica

 

 L. v. Ataulfo) in Tapa-

chula, Chiapas, Mexico. The mango trees were 20
years old and 15 m high with spacing of 15 m be-
tween them. The sterile flies used in this study
were obtained from the Moscafrut mass-rearing
facility in Metapa, Mexico, which is the same
source of flies used for the suppression programs
in Mexico. Mass-reared colonies of 

 

A. ludens

 

 and

 

A. obliqua 

 

were maintained on corncob larval diet
(Artiaga-López et al. 2004; Stevens 1991). Wild

 

A. obliqua

 

 flies were obtained from an intensive
collection in Comitán, Chiapas (16°15’13”N,
92°07’35”W) of infested fruits of 

 

Spondias mombin

 

L., and wild 

 

A. ludens

 

 flies from infested fruits of

 

Citrus aurantium

 

 L. collected in Tapachula, Chia-
pas (14°54’10”N, 92°15’32”W). Fruits were placed
in plastic containers and stored for 4 d to allow
most of the larvae to reach physiological maturity.
Later, fruits were dissected to obtain larvae,
which were placed in a container along with moist
vermiculite in order for them to pupate under in-
door conditions of 26 ± 1°C and 75 ± 5% R.H.

The mass-reared flies were sterilized by expos-
ing the late pupal stage, 48 h before adult emer-
gence, to 80 Gy from a 

 

60

 

Co source. The irradiated
pupae were held in 4-L paper bags until complete
adult emergence. Adults were provided sugar and
water and held in the bags for 5 d at which time
they were released. In all replicates, the number
of flies per release was about 6,000 (3,000 per
sex). The pupae were marked with fluorescent
dyes of different colors to discriminate between
the wild flies from the laboratory flies, and also to
distinguish among different release dates. Both

 

A. ludens 

 

and 

 

A. obliqua

 

 were released shortly af-
ter sunrise at the center of the orchard. For each
species, 9 releases were performed during the
years 1999 to 2004. The “Jasso” mango orchard,
30 m above sea level and located within 20 km
from Tapachula at km 4 of the Jaritas-Cd.
Hidalgo road, was chosen as the release site.

For fly capture, 64 McPhail traps were baited
with a mixture of 10 mL of protein hydrolysate
(Captor 300), 5 g of borax, and 240 mL of water
and deployed in a regular rectangular 8 

 

×

 

 8 array
with 60 m spacing between the traps. The traps
were placed 4 m above ground in a mango tree,
and were installed the day after fly release. To es-
timate longevity, the traps were scored every day.
The fluorescent color dye in marked flies was dis-
tinguished with a Leica MMZ FLIII fluorescence
microscope. The recaptured flies were separated
by origin (mass-reared or wild), sex, trap, and re-
leased date for each species.

The analysis of recapture rates was done after
arc-sine transformation of the square-root of the
proportions recaptured (Underwood 2005). The
transformed data were given by the formula

where 

 

Y

 

 values are the percentage of captured flies.

Y Y 100⁄( )1–sin=
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Longevity of Wild and Mass-reared Irradiated Flies

 

The longevity was estimated with fly captures
as a function of time after the release (Carey
1989). To form the first (age) column of a life table,
the release day was considered as age zero, while
the subsequent d were considered as specific age
(

 

x

 

). The number of flies captured on a given day
(

 

Y

 

x

 

) over successive d formed the next column and
the following items formed subsequent ones and
were calculated as follows. The accumulated
number of flies captured from a given day was
found by

Survival rate up to a given day was found by

so that

The age specific death rate (proportion of flies
that died on a given day) was found by

and the survival rate from release to halfway
through a given day was estimated as

Finally, whereas the mean life expectation at the
day of release could be estimated as

the expectations at other ages were calculated in
two stages (columns) as shown in Tables 3 and 4.
Mean values were compared by one-way analysis
of variance, while the daily survival population
curves and life expectancy curves were compared
by a survival analysis and Log-Rank test between
groups by JMP Statistical Discovery Software
(SAS Institute 2003). The survival curves were
fitted to the natural logarithm model with the
number of individuals trapped expressed in loga-
rithmic scale and time in arithmetical scale.

 

Dispersal of Wild and Mass-reared Irradiated Flies

 

Mean dispersal distance d, was estimated by
relating the number of flies captured in each trap,

the distances between traps, and the release
point according to the following formula:

where 

 

C

 

i

 

 is the number of flies captured in trap i,
and 

 

x

 

i

 

 is the distance between trap i and the re-
lease point (FAO/IAEA/USDA 2003). The dis-
persal area was modeled by contour plot analysis
with JMP Statistical Discovery Software (SAS In-
stitute 2003), in which the distance (m) was the
average displacement from the release site to-
wards any point, without considering the direc-
tion. The magnitude (m) was the average dis-
placement in the Cartesian plane, considering the
direction. The direction angle (°) was the direction
of the displacement in the Cartesian plane. The r
vector consisted in the adjustment of the displace-
ments to a “swarm” type movement. The occupied
area (%) was determined from the area occupied
by the traps that captured flies.

R

 

ESULTS

 

Recapture of Wild and Mass-reared Irradiated 

 

A. ludens

 

The number of flies captured on each date ac-
cording to origin and sex are presented in Table 1.
The mean capture percentage (± SE) was 7.62 ±
2.81% for wild flies and 2.88 ± 0.88% for labora-
tory flies, but there was a high variation among
replicates and the means were not significantly
different (

 

F

 

 = 2.80; 

 

df

 

 = 1,16; 

 

P 

 

= 0.1134). The first
(May 17, 1999) and fifth (July 1, 2001) releases re-
sulted in the highest recapture rates for both wild
and mass-reared flies (Table 1). The mean per-
centage of recaptured males was 50.90 ± 1.50%
and 45.13 ± 3.65% laboratory and wild flies, re-
spectively, was non-significant (

 

F

 

 = 2.14; 

 

df

 

 =
1,16; 

 

P 

 

= 0.1627). Fig. 1 shows the number of flies
recaptured per release cohort (identified by re-
lease date). The points were fitted to exponential
regression and we observed that for 

 

A. ludens

 

 the
laboratory line was above the wild line.

 

Recapture of Wild and Mass-reared Irradiated

 

A. obliqua

 

The percentage of recaptured males was 55.26
± 2.10% and 52.75 ± 2.72% for wild and laboratory
flies, respectively (but the difference between the
two types of male was not significant; 

 

F

 

 = 0.53; 

 

df

 

= 1,16; 

 

P 

 

= 0.475). For the releases performed on
June 06, 1999, July 12, 2001, August 17, 2001,
and September 06, 2001, more than 2.0% of the
released flies that were recaptured were of labo-
ratory origin; while on June 06, 1999, July 12,
2000, and September 06, 2001, the percentage
was over 8% for wild flies (Table 1). The mean re-

nx 1+ nx= Yx–

lx nx n0⁄=

lx
x 0=

n

∑ 1=

qx lx lx 1+–=

Lx lx qx 2⁄( )–=

e0 Lx
x 0=

n
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d xiCi
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n

∑ Ci
i 1=
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capture rates of laboratory and wild flies were sig-
nificantly different (F = 16.23; df = 1,16; P =
0.001). Fig. 1 shows the number of flies captured
per release date and the fit for exponential regres-
sion; the lines for wild flies are consistently
lighter than those for laboratory flies.

Longevity of Wild and Mass-reared Anastrepha ludens

Longevity, expressed as the life expectancy
value within the trap array (Table 2) indicates that
the life expectancy (e0) after release for A. ludens
was 3.1 d for the wild strain and 2.2 d for the labo-
ratory strain. Both wild and laboratory flies
showed similar values (F = 1.25; df = 1,16; P =
0.2783). Moreover, there were no significant differ-
ences between wild and laboratory females (F =
0.65, df = 1,16; P = 0.4291) or between wild and
laboratory males (F = 0.91, df = 1,16; P = 0.3538).
Table 3 shows the calculation of the life expectancy
of the laboratory males of A. ludens within the trap
array; the values are based on the sum of males
captured during the first 15 d of trapping following
each of the 9 release dates. The life expectancy of
each release cohort is given in Fig. 4; wild A. ludens
had high values in 2000 and 2004, whereas the
laboratory flies tended to be more constant.

Daily survival rate on the trapping array (lx) in
Fig. 2 show that less that 50% of the flies were
alive after about the first 3 d. The survival curves
in all cases fit curves based on natural logarith-
mic models. The models were ln (nx) wild female
= 4.5932 – 0.2332 (age) (F = 508.02; df = 1,21; P <
0.0001); ln (nx) wild males = 3.6097 – 0.2020 (age)
(F = 92.32; df = 1,21; P < 0.0001); ln (nx) labora-
tory female = 4.9383 – 0.2665 (age) (F = 183.28; df
= 1,21; P < 0.0001); ln (nx) laboratory males =
4.2647 – 0.2436 (age) (F = 64.12; df = 1,21; P <
0.0001).

Longevity of Wild and Mass-reared A. obliqua

The life expectancy (e0) after release for A.
obliqua was estimated at 4.3 d for the wild strain
and 4.2 d for the laboratory strain, and there was
no significant difference between them (F = 0.16;
df = 1,16; P = 0.6932). The mean life expectancy
was not significantly different for wild and labo-
ratory females (F = 0.017; df = 1,16; P = 0.6793),
or males (F = 0.11; df = 1,16; P = 0.7376) (Table
2). Table 4 shows the life expectancy values based
on the males captured during the first 15 d fol-
lowing each of the 9 release dates. The life expect-
ancy pertinent to each release cohort appears in

TABLE 1. TOTAL RECAPTURE OF ANASTREPHA LUDENS AND A. OBLIQUA IN MANGO ORCHARD “JASSO” AFTER RELEASES
IN THE CENTER OF THE SAMPLING AREA.

Release
date

Total recapture Percent male recapture Percent recapture

W L W L W L

Anastrepha ludens
17/05/99 814 560 42.63 45.89 24.83 7.08
27/05/00 90 76 31.11 50.00 3.17 3.23
30/05/01 112 258 31.25 46.90 2.21 2.72
22/06/01 53 41 39.62 58.54 2.95 1.89
01/07/01 167 830 63.47 55.78 18.70 7.43
05/06/04 72 298 50.00 51.35 2.69 0.45
13/06/04 45 625 44.45 45.76 0.58 1.05
13/06/04 115 1006 58.26 54.18 5.17 1.30
08/06/04 141 153 45.39 49.68 8.30 0.76

Average ± SE 45.13 ± 3.65 a 50.90 ± 1.50 a 7.62 ± 2.81 a 2.88 ± 0.88 a

Anastrepha obliqua
06/06/99 675 386 43.11 43.75 16.23 2.33
12/07/99 423 321 56.50 55.14 3.55 1.21
17/08/99 51 41 62.75 56.10 1.33 0.47
12/07/00 207 94 58.45 49.79 9.08 1.84
12/07/01 146 154 60.27 57.79 6.40 3.02
10/08/01 116 68 58.62 66.18 5.09 1.33
17/08/01 114 108 52.63 57.41 5.00 2.12
06/09/01 196 126 57.14 50.00 8.60 2.47
08/06/04 186 245 47.85 39.19 5.02 1.27

Average ± SE 55.26 ± 2.10 a 52.75 ± 2.72 a 6.70 ± 1.43 a 1.78 ± 0.26 b

W = Wild strain, L = Laboratory strain. Values for the same species in a row with the same letter do not differ significantly
(ANOVA on arcsine transformed percentages, α = 0.05). The values are expressed by average ± SE.
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Fig. 4; life expectancy at release fell to less than
2 d during the months of Jul and Aug 1999, but
much higher values were achieved by later re-
lease cohorts.

Wild and laboratory flies were captured over
20 d (Fig. 1), but less than 50% of the flies were
alive after about 4-5 d (Fig. 3). Equations corre-
sponding to the curves shown in Fig. 3 were ln
(nx) wild female = 4.9870 – 0.1733 age (F =
399.12; df = 1,21; P < 0.0001). ln (nx) wild males =
4.9425 – 0.1710 (age) (F = 477.32; df = 1,21; P <

0.0001); ln (nx) laboratory female = 4.5568 –
0.1852 (age) (F = 1720.81; df = 1,21; P < 0.0001);
ln (nx) laboratory males = 4.6642 – 0.2004 (age)
(F = 561.69; df = 1,21; P < 0.0001).

Dispersal of Wild and Mass-reared A. ludens

Dispersal parameters are presented in Table 5.
In all cases, wild flies did not differ from labora-
tory flies (ANOVA, P < 0.05). Anastrepha ludens
males and females could have dispersed over

Fig. 1. Daily captured flies of Anastrepha ludens and A. obliqua.
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150 m during the first 15 d after release (Fig. 5).
Fig. 6 shows how the movements are mostly close
to the release point. There was no statistical dif-
ference between laboratory and wild strains.

Dispersal of Wild and Mass-reared A. obliqua

Dispersal parameters are presented in Table 5.
In all cases, wild flies did not differ from labora-
tory flies (ANOVA, P < 0.05). The mean distance
moved away from the release point indicates that
the total displacement was almost 139 m for both
wild and laboratory strains. A. obliqua males and
females dispersed over 200 m during the first 13
d after release (Fig. 4). The A. obliqua laboratory
strain has a displacement similar to that of
A. ludens (Fig. 6). However, for the wild strain,
the displacement was very irregular (i.e., dis-

placement not concentric) with more area occu-
pied by the flies as a whole.

DISCUSSION

In all cases, the life expectancy values ob-
tained for the flies released during this investiga-
tion were lower than the 9.85 d obtained by Tho-
mas & Loera-Gallardo (1998) in the arid subtrop-
ics for mass-reared and sterilized A. ludens and
the 17.3 d mentioned by Celedonio-Hurtado et al.
(1988) within the laboratory. The shorter life span
obtained in this study may have been due to dif-
ferent biotic and also abiotic conditions in the
tropics, in particular the rainy weather and
higher relative humidity. Also, there may have
been spray drift from the chemical control in
neighboring commercial mango orchards at times

TABLE 2. LIFE EXPECTANCY (e0) FOR ANASTREPHA LUDENS AND A. OBLIQUA IN MANGO ORCHARD “JASSO” AFTER THE
RELEASES.

Anastrepha ludens Anastrepha obliqua

Wild (d) Laboratory (d) Wild (d) Laboratory (d)

Female 3.34 ± 0.56 a 2.39 ± 0.21 a 4.45 ± 0.76 a 4.17 ± 0.71 a
Male 2.99 ± 0.43 a 2.03 ± 0.26 a 4.65 ± 0.88 a 4.25 ± 0.69 a
Total 3.12 ± 0.47 a 2.20 ± 0.21 a 4.35 ± 0.82 a 4.17 ± 0.63 a

The values are expressed by average ± SE. The mean life expectancy was estimated on flies captured during 20 (A. ludens) and
23 (A. obliqua) d of trapping following each of the 9 release dates. Values for the same species and sex in a row with the same letter
do not differ significantly (ANOVA, α = 0.05).

TABLE 3. LIFE EXPECTANCY CALCULATIONS FOR LABORATORY MALES OF ANASTREPHA LUDENS.

x Capture 
day

Yx

Captured 
flies

nx

nx+1 = nx - Yx

lx

lx = nx/n0

qx 

qx = lx - lx+1

Lx

Lx = lx-(qx/2)
Tx

Tx = ΣLx + L(x+1) + …Ln

ex

ex = Tx/lx

0 1577 3542 1.00 0.45 0.78 1.98 1.98
1 601 1965 0.55 0.17 0.47 1.20 2.17
2 617 1364 0.39 0.17 0.30 0.73 1.91
3 250 747 0.21 0.07 0.18 0.44 2.07
4 211 497 0.14 0.06 0.11 0.26 1.86
5 114 286 0.08 0.03 0.06 0.15 1.86
6 79 172 0.05 0.02 0.04 0.09 1.77
7 28 93 0.03 0.01 0.02 0.05 1.84
8 38 65 0.02 0.01 0.01 0.03 1.42
9 16 27 0.01 0.00 0.01 0.01 1.72
10 4 11 0.00 0.00 0.00 0.01 2.50
11 1 7 0.00 0.00 0.00 0.01 2.64
12 2 6 0.00 0.00 0.00 0.00 2.00
13 1 4 0.00 0.00 0.00 0.00 1.75
14 1 3 0.00 0.00 0.00 0.00 1.17
15 2 2 0.00 0.00 0.00 0.00 0.00

n0 = 3542 Life expectancy = ΣLx = 1.98 d

The averages are based on the sum of males captured during the first 15 d of trapping following each of the 9 release dates.
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Fig. 2. Anastrepha ludens. Survival proportion (lx)(Female, Log-Rank, χ2 = 0.5478, df = 1, P = 0.4578; Male, Log-Rank,
χ2 = 0.2727, df = 1, P = 0.6015). Lives flies (ln nx) (Female, Log-Rank, χ2 = 1.5345, df = 1, P = 0.2154; Male, Log-Rank, χ2

= 0.0061, df = 1, P = 0.9379). Life expectancy (ex))(Female, Log-Rank, χ2 = 13.9547, df = 1, P = 0.0002; Male, Log-Rank,
χ2 = 53.7651, df = 1, P = 0.0 < 0.0001). The values were estimated from recapture rates with McPhail glass traps.
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of peak fruit production. Celedonio-Hurtado et al.
(1995) and Aluja et al. (1996) were unable to find
a correlation between weather and trap capture
in the same release site (Tapachula, Chiapas,
México), but they were recording natural popula-
tions and did not obtain data on fly survival.

The survival curves for A. ludens and A. obli-
qua correspond in both cases to the “diagonal
type” in the classification proposed by Hutchinson
(1981), where the nx curve descends in a straight
line when it is plotted on a logarithmic scale, and
time on an arithmetical scale. This type of curve

indicates that throughout a fly’s life, the probabil-
ity of death is fairly constant.

Anastrepha obliqua had a higher average dis-
placement than A. ludens. In both species, during
the first day, displacement distance was about
100 m while, for the rest of the time, further dis-
placement was low and variable. Anastrepha
ludens and A. obliqua showed the same tendency
observed by Thomas & Loera-Gallardo (1998) for
A. ludens releases along the Santa Rosa Canyon
in the State of Nuevo León, Mexico, where recap-
ture numbers were not a function of the distance

TABLE 4. LIFE EXPECTANCY CALCULATIONS FOR LABORATORY MALES OF ANASTREPHA OBLIQUA.

x Capture 
day

Yx

Captured 
flies

nx

nx+1 = nx - Yx

lx

lx = nx/n0

qx 

qx = lx - lx+1

Lx

Lx = lx-(qx/2)
Tx

Tx = ΣLx + L(x+1) + …Ln

ex

ex = Tx/lx

0 106 825 1.00 0.13 0.94 4.03 4.03
1 234 719 0.87 0.28 0.73 3.09 3.55
2 90 485 0.59 0.11 0.53 2.36 4.02
3 93 395 0.48 0.11 0.42 1.83 3.83
4 80 302 0.37 0.10 0.32 1.41 3.85
5 49 222 0.27 0.06 0.24 1.09 4.06
6 31 173 0.21 0.04 0.19 0.85 4.07
7 22 142 0.17 0.03 0.16 0.66 3.85
8 28 120 0.15 0.03 0.13 0.50 3.46
9 20 92 0.11 0.02 0.10 0.37 3.36
10 19 72 0.09 0.02 0.08 0.27 3.15
11 3 53 0.06 0.00 0.06 0.20 3.10
12 8 50 0.06 0.01 0.06 0.14 2.26
13 10 42 0.05 0.01 0.04 0.08 1.60
14 18 32 0.04 0.02 0.03 0.04 0.94
15 14 14 0.02 0.02 0.01 0.03 1.77

n0 = 825 Life expectancy = ΣLx = 4.03 d

The averages are based on the sum of males captured during the first 15 d of trapping following each of the 9 release dates.

TABLE 5. DISPERSAL AND ORIENTATION OF ANASTREPHA LUDENS AND A. OBLIQUA IN A MANGO ORCHARD.

Parameter

Anastrepha ludens Anastrepha obliqua

W L W L

Distance (m) 111.58 ± 4.26 a 110.85 ± 0.98 a 151.73 ± 6.17 a 139.18 ± 9.26 a
Magnitude (m) 47.12 ± 3.52 a 46.88 ± 2.70 a 66.23 ± 7.25 a 51.44 ± 6.24 a
Direction angle (°) 164.33 ± 15.01 a 184.17 ± 15.24 a 176.79 ± 51.93 a 282.29 ± 40.57 a
R vector 0.40 ± 0.03 a 0.32 ± 0.01 a 0.22 ± 0.06 a 0.24 ± 0.06 a
Occupied area (%) 48.61 ± 2.51 a 62.50 ± 2.74 a 69.53 ± 12.44 a 61.72 ± 10.85 a

W= Wild strain, L= Laboratory strain. The values are expressed by average ± S.E. Values in the columns for the same specie with
the same letter are not different (ANOVA, α = 0.05).

Distance.—Average displacement from the release site towards any point, without considering the direction.
Magnitude.—Average displacement in the Cartesian plane, considering the direction.
Direction angle.—Direction of the displacement in the Cartesian plane.
R vector.—Adjustment of the displacements to a “swarm” type movement.
Occupied area.—Area occupied determined from the traps that captured flies.
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and the dispersion was not a process of simple dif-
fusion. Displacement in the Cartesian plane for
both species did not include the northern and

southwestern quadrants. Thomas & Loera-Gal-
lardo (1998) observed dispersal distances of 9 km
from the release point, and also reported persis-

Fig. 3. Anastrepha obliqua. Proportion surviving on trap array by date (lx); number of trappable live flies on ar-
ray (ln nx); life expectancy on trap array (ex). The values were estimated from recapture rates with McPhail glass
traps.
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tence of the sterile flies up to 78 d. The reason for
such a difference in the present results remains to
be established.

The life expectancy values obtained for mass-
reared, male Anastrepha ludens and A. obliqua
indicate that suppression or eradication pro-

Fig. 4. Life expectancy on trapping array (e0) by release date; Anastrepha ludens (upper) and A. obliqua (lower).
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grams should consider 2 releases per week for
A. ludens and once per week for A. obliqua. The
mean distance of displacement was about 100 m,
indicating that in order to optimize the dispersal
of sterile flies, release lines should be spaced not
more than 200 m. In view of the low life expect-
ancy of mass-reared Anastrepha spp. flies after
release (3 to 4 d), and since they reach sexual ma-
turity only around 10 d of age (Orozco et al. 2001),
operational programs could consider holding ster-

ile flies longer before release, or treating them
with juvenile hormones to accelerate maturation
(Teal et al. 2007), to avoid that a majority of re-
leased sterile males do not survive before being
able to inseminate wild females.
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BSTRACT

 

Both wild and released (sterile) 

 

Bactrocera tryoni

 

 (Froggatt) (Diptera: Tephritidae) and wild

 

Bactrocera papayae

 

 (Drew and Hancock) in Australia had patchy distributions and compar-
isons with predictions of the negative binomial model indicated that the degree of clumping
was sometimes very high, particularly at low densities during eradication. An increase of
mean recapture rate of sterile 

 

B. tryoni

 

 on either of 2 trap arrays was not accompanied by a
reduction in its coefficient of variation and when recapture rates were high, the percentage
of traps catching zero decreased only slightly with increase in recapture rate, indicating that
it is not practicable to decrease the heterogeneity of dispersion of sterile flies by increasing
the number released. There was often a mismatch between the dispersion patterns of the
wild and sterile flies, and the implications of this for the efficiency of the sterile insect tech-
nique (SIT) were investigated with a simulation study with the observed degrees of mis-
match obtained from the monitoring data and assuming the overall ratio of sterile to wild
flies to be 100:1. The simulation indicated that mismatches could result in the imposed rate
of increase of wild flies being up to 3.5 times higher than that intended (i.e., 0.35 instead of
0.1). The effect of a mismatch always reduces the efficiency of SIT. The reason for this asym-
metry is discussed and a comparison made with host-parasitoid and other systems. A release
strategy to counter this effect is suggested.

Key Words: 

 

Bactrocera tryoni

 

, 

 

Bactrocera papayae

 

, patchiness, extinction, dispersion

R

 

ESUMEN

 

Las moscas naturales y liberadas (estériles) de 

 

Bactrocera tryoni

 

 (Froggatt) (Diptera: Te-
phritidae) y 

 

Bactrocera papayae

 

 (Drew and Hancock) en Australia tuvieron distribuciones
en parches y sus compariciones con las predicciones de un modelo binomial negativo indica-
ron un nivel de agregación a veces fue muy alto, particularmente en las densidades bajas du-
rante de eradicación. Un aumento en el promedio de la tasa de 

 

B. tryoni

 

 estériles
recapturadas en las dos formas de trampas no fue acompañado por una reducción en su co-
eficiente de variación y cuando las tasas de moscas recapturadas fue alto, el porcentaje de las
trampas que capturaron ninguna mosca bajó solo un poco con un aumento en la tasa de las
moscas recapturadas, esto indicó que no es practicable bajar la heterogenicidad de disper-
sión de las moscas estériles por medio de un aumento el número de moscas liberadas. Muy
a menudo se encontro un desajusto entre los patrones de dispersión de las moscas naturales
y estériles, y las implicaciones de esto para la eficiencia de la técnica del insecto estéril (TIE)
fueron investigadas en un estudio de simulación con los grados de desajustes observados ob-
tenidos de los datos del monitoreo y se considero que la razón general del número de moscas
estériles a moscas naturales fueron 100:1. La simulación indicó que los desajustes en los pa-
trones de dispersión pueden resultar en una tasa impuesta sobre el aumento de las moscas
naturales de hasta 3.5 veces mas alta que la tasa intentada (i.e., 0.35 en vez de 0.1). El efecto
de un desajuste siempre reduce la eficiencia de TIS. Se discute la razón para esta asimetría
y una comparición hecha con el sistema de hospedero-parasitoid y otros sistemas. Se sugiere

 

una estrategia de liberación para contrarrestar este efecto.

 

Patchy dispersion patterns are widespread in
ecological systems and may have fundamental
significance to their stability on a number of
scales (Huffaker et al. 1963; Hassell & Waage
1984; May 1978; Harrison 1991; Hassell et al.
1991; Pacala & Hassell 1991; Taylor 1991; Mur-
doch & Briggs 1996). Clumped dispersion pat-
terns of pests have been related to patchiness of
the natural or managed habitat (Zalucki et al.
1984; Vargas et al. 1989; Clarke et al. 1997; Pap-

adopoulos et al. 2003) and knowledge of the spa-
tial heterogeneity in the density of a pest and its
temporal variation can be utilized in strategies
for its management (Clarke et al. 1997; Papa-
dopoulos et al. 2003). To do this, however, degrees
of dispersion must be quantified in suitable terms
such as the coefficient of variation in density (Pac-
ala & Hassell 1991) or its spatial autocorrelation
(Buntin 1988; Clarke et al. 1997; Papadopoulos et
al. 2003), the exponent of the negative binomial
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model (Pielou 1960; Southwood & Henderson
2000; Clift & Meats 1998), the exponent of Tay-
lor’s Power Law or measures related to the latter
(Southwood & Henderson 2000; Zalucki et al.
1984; Taylor & Woiwood 1989).

Clumped dispersion has been reported for trap
catches of adults of many fruit fly species (Diptera:
Tephritidae) with examples in natural populations
(Zalucki et al. 1984) and in an invading population
subject to an eradication campaign (Clift & Meats
1998; Meats 1998) and in distributions of cohorts
of released sterile flies (Teruya 1986; Plant & Cun-
ningham 1991). During the outbreak stage of an
exotic incursion of 

 

Bactrocera papayae

 

 Drew &
Hancock (Diptera: Tephritidae) in northern
Queensland (Australia), there was a gross pattern
of localized distribution corresponding to discrete
propagules of various sizes, and there was a fur-
ther pattern of heterogeneous dispersion within
them; a similar pattern was seen during the final
stages of eradication of the incursion when the
remnant populations were reduced to small iso-
lated foci (Clift & Meats 1998; Meats1998).

Heterogeneous dispersion of fruit flies must be
taken into account when control measures are de-
ployed and their effectiveness assessed. When the
sterile insect technique (SIT) is used against fruit
flies, the wild population is reduced to foci (as
above), whereas the distribution of sterile flies
should be more widespread (Meats 1983, 1996;
Meats et al. 1988). If mating competitiveness is
measured directly in open field conditions, the ap-
parent decline in its value (Iwahashi et al. 1983;
Iwahashi 1996) may be an artifact of the use of
the wrong value for the ratio of sterile to wild flies
in the calculations. This can be due to the inclu-
sion of areas without wild flies in censuses to es-
tablish the ratio with the result that a much
higher value is used that is really the case in the
areas where sterile and wild flies are actually
present together; this in turn will lead to an un-
derestimate of the value for mating competitive-
ness (Meats 1983, 1996; Meats et al. 1988).

There are, however, less striking mismatches
in the distribution of sterile and wild flies and
these have consequences for the efficiency of SIT
and may apply at many stages of eradication
(Shiga 1986). As with control with cover-sprays of
pesticide, an essential aim is to treat all the indi-
viduals of the target pest within the target area.
Thus, whereas it may not be necessary for the
treatment to reach all parts of the target area (for
instance, if the target pest does not inhabit rocky
outcrops or certain patches of vegetation), the dis-
tribution of the treatment should coincide with
the distribution of the pest. If it does not, the pest
may persist in localized patches or even increase
to make control measures ineffective.

It is the purpose of this paper to examine the dis-
persion of wild and sterile fruit flies and in particu-
lar the simultaneous dispersion patterns of wild

and sterile 

 

Bactrocera tryoni

 

 (Froggatt) (Diptera:
Tephritidae) that were observed during trials of re-
lease techniques (Meats et al. 2003a) and to calcu-
late the consequences that would apply if those pat-
terns were present during an SIT campaign when
the overall ratio sterile to wild flies was 100:1.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

General Analysis and Modelling

 

Because all of the investigations reported here
involved real or simulated results from trapping
arrays, there were many analytical and modeling
methods in common as follows. Means (

 

m

 

) of
catch per trap per week (or per 2 weeks for 

 

B. pa-
payae 

 

data) on a monitoring array, their standard
deviations and errors (SD and SEM), coefficients
of variation (CV), correlations, linear regressions,
and the statistical significance and any differ-
ences between them were calculated with stan-
dard formulas (Snedecor & Cochran 1989). Data
were tested for conformity to Taylor’s Power Law
and negative binomial models for percentage of
positive traps (traps with flies). Taylor’s power
law (Kuno 1991; Nyrop & Binns 1991; Southwood
& Henderson 2000) relates variance (

 

s

 

2

 

) to mean
(

 

m

 

) as 

 

s

 

2

 

 = 

 

am

 

b

 

. The constants of this relationship
were calculated as the intercept (log

 

10

 

 

 

a

 

) and slope
(

 

b

 

), respectively, of the linear regression of log

 

10

 

 

 

s

 

2

 

on log

 

10 

 

(

 

m

 

), which has the form (log

 

10

 

 

 

s

 

2

 

) = log

 

10 

 

a

 

 +

 

b

 

 (log

 

10 

 

m

 

). The equivalent regressions with SD
substituted for variance have values of log

 

10 

 

a

 

 and

 

b

 

 at half the corresponding amounts.
The negative binomial expectations for the

percentage of positive traps in an array (% trap-
ping > 0 in a given week) were found by

(% > 0) = 100(1 - 

 

p

 

0

 

)

where 

 

p

 

0

 

 is the zero term of the negative binomial
distribution found by

 

p

 

0

 

 = [1 + (

 

m

 

 /

 

k

 

)]

 

-

 

k

 

and 

 

k

 

 is a constant related to the amount to which
the distribution is more clumped than random. A

 

k

 

 value of infinity gives the same result as the
zero term for the Poisson distribution, and values
down to about five have a very similar effect. How-
ever, a 

 

k

 

 value of one or less is considered to indi-
cate a significantly clumped distribution from an
ecological perspective. If predators or parasitoids
distribute their attacks on their prey or hosts in
such a manner, a sufficiently large proportion of
the latter will escape giving potential stability to
the ecological relationship (May 1978).

Model predictions for percentage of positive
traps over a range of values of mean catch per
trap were generated, with 

 

k 

 

values of 2.0, 1.0, 0.5,
0.3, 0.1, 0.05, and 0.02 plotted on the relevant
Fig.s so that the range within which real or simu-
lated values fell could be seen.
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Data from Sterile Releases at Gilgandra and Narromine

 

Trials of release techniques for sterile 

 

B. tryoni

 

were carried out in a number of small towns in
New South Wales, Australia, from Feb 1996 to
Apr 1998 (Meats et al. 2003a). ‘Conventional’ re-
leases of newly emerged sterile flies were made in
Gilgandra and Narromine, which are about 75
km apart and about 350 km northwest of Sydney.
Both towns are of similar size (5 km

 

2

 

), have river
frontage, a similar altitude (230-250 m), and are
in a region that has an average annual rainfall of
500-600 mm. Both towns received marked sterile
flies at an identical rate in any 1 week at weekly
intervals during the study period. In a given
week, equal numbers of flies were released at
sites midway between the traps. It was estimated
that the number of adults flown from the release
sites varied from 48,000 to 115,000 males per km

 

2

 

per week but no flies were released in late au-
tumn and winter period from mid Apr to mid Aug
(Meats et al. 2003a).

Monitoring traps in each town were spaced at
about 0.4 km from each other and cleared each
week, and both the wild and sterile flies that were
trapped by them were counted. The type of trap
used was the Lynfield (pot) trap (Cowley et al.
1990). The wick of each trap was initially supplied
with 4 mL of cue lure and 1 mL of malathion so-
lution (50% in emulsifiable concentrate).

The sterile flies were produced at the facilities
of NSW Agriculture (Meats et al. 2003a). The pu-
pae were mixed with fluorescent marking powder
from the ‘FEX’ series from Swada (London) Ltd.
at a rate of 50 g per 100,000. The pupae (having
completed about 75% of their development) were
gamma-irradiated at the Australian Nuclear, Sci-
entific and Technical Organization (ANSTO) from
a 

 

60

 

Co source with 71-73 Gy at a rate of 7.6-10.2
Gy per min (depending on the age of the source).
They were transported in thermally insulated
boxes by air to Dubbo and then by road to an air
conditioned insectary at the Trangie Agricultural
Research Centre. During the first 2 seasons, the
sterile pupae were kept in modified plastic gar-
bage bins (45 liter capacity, 30,000 pupae per bin)
and these were transported to the release sites
(on a trailer covered with a tarpaulin) after the
adults had emerged (Dominiak et al. 1998). From
Sep 1997, either small or large cages (0.5 

 

×

 

 0.5 

 

×

 

0.5 m or 2.5 

 

×

 

 1.7 

 

×

 

 0.42 m) with shade cloth mesh
were used. The smaller cages could receive up to
16,000 pupae and the larger ones up to approxi-
mately 225,000. Adult flies were supplied with su-
crose and water up to the time of release at which
time they were 2-3 d old.

 

Limited Data Set for Towns under Sterile Releases

 

A restricted set of data from Gilgandra and
Narromine was selected in order to avoid the sta-

tistical problem of non-independence between
weekly catches when calculating the slopes and
standard errors (SEM) of the regressions of the
log

 

10

 

 values of 

 

s

 

2

 

, SD or CV on log

 

10

 

 means of trap
catches. The reason for the non-independence
problem is that despite the fact that new flies
were released each week, many flies from previ-
ous releases would be trapped as well. Unless
analysis is restricted to catches that are months
apart, this problem cannot be overcome com-
pletely for a fly that can survive as long as 

 

B. try-
oni

 

. However it is worth investigating how the
problem can be reduced to reasonable proportions
(say, with trap catches at different times having
only around 5-10% or less of flies in common from
the same set of releases).

Fletcher (1973) gives the results of 9 releases
of 

 

B. tryoni

 

 made between Feb and Apr 1969, and
from his data one can calculate that 50% of ma-
ture adults within about a 200 m radius leave the
area in any week. Recent results have yielded es-
timates of between 47% and 85% per week (un-
published data). With the figure of 50%, one can
estimate the percentage 

 

R

 

 of the set of release co-
horts trapped on 1 occasion that would be trapped
on a subsequent occasion 

 

n

 

 weeks later. When
there are weekly releases of fresh flies, 

 

R

 

 would
be found by

 

R = 

 

100(0.5

 

n

 

/(0.5

 

n

 

 + 0.5

 

n

 

-1

 

 + 0.5

 

n-n

 

))

Thus, the mean expectation would be that a given
trap clearance would have only 6.7%, 3.2%, and
1.6% of flies with release dates in common with
clearances that were, respectively, 3, 4, and 5
weeks later. It was arbitrarily decided that suffi-
cient independence of census counts was obtained
if they were 3 weeks or more apart.

Because there were breaks in the release pro-
gram, the complete data set comprised weekly
censuses with means that ranged from less than 1
to over 200. The restricted data set was limited to
censuses that had mean rates of catch per trap of
50 or more in order for the results to be relevant
to a real SIT program when large numbers of
sterile flies would be recaptured.

 

Extinction of 

 

B. papayae

 

 at Cairns

 

An exotic incursion of 

 

B. papayae 

 

in and
around Cairns (north Queensland, Australia) was
eradicated by a campaign starting in Oct 1995
that used male annihilation with caneite blocks
impregnated with methyl eugenol and malathion
bait sprays comprising protein hydrolysate and
malathion (Hancock et al. 2000). With 1 excep-
tion, the traps that caught the highest number of
flies were on the original monitoring array in
Cairns (spaced about 1 km apart). Thus, the use
of the data from traps on that array yields infor-
mation on dispersion pertinent to a wide range of
wild fly densities during a trend to extinction.
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Fortnightly totals were used because data in the
form of weekly totals were not available.

 

Dispersion after Sterile Releases Stopped

 

Data on sterile fly recaptures from the full
data set for Gilgandra were arbitrarily selected
by choosing the first 4 censuses (in chronological
order) that occurred with mean catch per trap in
each of the ranges 80-61, 60-36, 35-21, 20-11, 10-
1, and <1 (a total 24 censuses). For censuses with
higher means, the set of 8 that was used for sim-
ulating the results of sterile release at Gilgandra
(see below) was employed.

 

Simulated Extinction Trend

 

The set of 8 censuses that were used for simu-
lating the results of sterile releases at Gilgandra
(see below) was employed and 3 sets of simulated
data were generated by dividing the catch data
from that original set by 10, 100, and 500, respec-
tively. There was a problem in simulating values
for the percentage of positive traps by dividing
the original catches as above. This was due to the
fact that the dividing procedure could generate
trap catches for low-scoring traps that were less
than 1 and, moreover, if all these were deemed
positive then the number of positive traps would
never reduce (as it would with real data) when
the mean number of flies trapped declined. Thus,
for the purposes of the simulation, a trap was no
longer deemed positive if the simulation resulted
in there being 0.5 or less flies in it.

 

Similarity of Sterile and Wild Fly Dispersions

 

An index of dispersion similarity was found by
calculating, for each census, the percentage of
variation in wild flies among traps that was ex-
plained by the linear regression of wild flies in
each trap with the number of sterile flies recap-
tured in the same trap (or alternatively, the value
of 100

 

r

 

2

 

 where 

 

r

 

 is the correlation coefficient). The
index was calculated for the dates of the trap
clearances used in the simulated SIT exercise
(see below) and also for each of the 4 weekly clear-
ances that preceded them.

 

Simulated SIT with Mismatched Dispersions

 

The efficiency of SIT with various dispersions
of sterile and wild flies can be assessed by com-
paring the aggregate result of the locally imposed
generational rates of increase (

 

λ

 

GIL

 

) of wild flies
with that expected if the both sterile and wild
flies were evenly spread (i.e., if the same imposed
ratio of sterile to wild flies prevailed in all parts of
the release area). In the case of the simulation
used here, it is assumed that the mating compet-
itiveness of the sterile flies is 0.5 and the overall

ratio of sterile to wild flies is 100:1 and the natu-
ral generational rate of increase (

 

λ

 

GN

 

) of the wild
flies is 5.0. Thus, if both kinds of fly were distrib-
uted evenly or their dispersions were identical
(hence the sterile to wild ratio was the same in all
parts) the imposed generational rate of increase
both locally (

 

λ

 

GIL

 

) and overall (

 

λ

 

GIA

 

) would be 0.098.
In this situation the imposed rate of increase is,
as with all successful SIT, less than 1 indicating a
decrease that in this case is just more than a ten-
fold reduction per generation. If dispersion pat-
terns of the 2 fly types were different, then 

 

λ

 

GIL

 

would vary from place to place with further con-
sequences for the overall result (

 

λ

 

GIA

 

).
The simulated SIT calculations were based on

real weekly censuses (trap clearances) selected
from the data from Gilgandra and Narromine.
Censuses with large numbers of sterile recap-
tures (mean recaptures per trap exceeding 100)
were chosen in order to conform to a realistic sem-
blance of a successful SIT operation. However,
there were only 4 such censuses at Gilgandra
(range of means, 103-218) and 3 from Narromine
(range of means, 102-185) that satisfied this crite-
rion and that were also spaced more than 2 weeks
apart. Thus, to augment the data set, catches
based on fortnightly totals were selected; this pro-
cedure made 4 more censuses available for Gil-
gandra and 1 more for Narromine (range of
means, 87-185). The actual census dates used for
Gilgandra were Mar 18 and 25 (1996), Dec 30
(1996), Mar 17 (1997), Apr 21 and 27 (1997), Sep
29 and Oct 6 (1997), Nov 10 (1997), Dec 29 (1997)
and Jan 5 (1998), and Mar 16 (1998). For Narrom-
ine they were Mar 17 and 24 (1997), Mar 2 (1998),
Mar 23 (1998), and Apr 20 (1998). It can be con-
cluded, therefore, that less than 5% of flies in suc-
cessive censuses came from the same release (see
above) and virtually none did so in most cases.

For the SIT simulation, the dispersion of wild
flies between traps was retained but the numbers
for each trap were reduced by the same factor for
any 1 census (trap clearance) date so that the
overall sterile to wild ratio (i.e. the ratio pertain-
ing to the recaptures of the whole trap set on that
date) was 100:1. This was done by applying the
following equation to the data for any given cen-
sus date:

 

W

 

L

 

 = 

 

w

 

L

 

 (0.01·

 

S

 

A

 

/

 

w

 

A

 

)

where 

 

w

 

L

 

 is the unadjusted number of wild flies in
a trap at the census date, 

 

W

 

L

 

 is the adjusted num-
ber, 

 

SA is the total of sterile flies in all traps and
wA is the unadjusted total of wild flies in all traps.

For simulation of the effects of SIT with the
given dispersions of sterile and wild flies on any
one date, it was assumed that the natural rate of
increase per generation (λGN) of the wild flies
would have been 5 and the locally imposed rate of
increase (λGIL) pertaining to the data from any 1
trap was calculated as follows:
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λGIL = λGN /((CSL/WL)+1)

and the imposed rate of increase over the whole
trap array (λGIA) was found by

λGIA = (Σ(λGILWL))/(ΣWL)

where C is the mating competitiveness of the ster-
ile flies, SL is the number of sterile flies in the
trap.

The relationship of various factors to the im-
posed rate of increase over the whole trap array
(λGIA) was examined by means of correlation and
regression analyses. The factors were as follows:
the mean catch per trap of sterile flies and its SD,
the percentages of positive traps with more than
0, 10, or 50 flies and the ‘index of similarity’ of the
sterile and wild dispersion (see above).

RESULTS

Complete Data for Gilgandra and Narromine

The relation between log10 standard deviation
(SD) and log10 mean catch per trap (m) of B. tryoni
appears to be linear. Both wild and sterile flies fit
a common slope (b = 0.91) that explains 96.4% of
the total variance, 91.3% of the variance of wild
flies and 96.2% of that of sterile flies (Fig. 1). The
slope for the analogous relation used by Taylor’s
Power Law (where variance replaces SD) is dou-
ble of that in Fig. 1.

Limited Data Set for Towns under Sterile Releases

When restricted data sets were used for Gil-
gandra and Narromine in order to avoid non-in-
dependence between censuses, no significant dif-
ferences between sterile and wild B. tryoni were
found (P > 0.05, n = 12) for the slope of the regres-
sion of log10 SD (and therefore variance) on log10

mean catch per trap (Fig. 2a, Table 1). The regres-
sion slopes for log10 SD on log10 mean catch per
trap did not differ significantly from unity (P >
0.05, n = 12) and this can be related to the finding
that there were no significant relationships of

Fig. 1. The relation of standard deviation (SD) to
mean (m) for weekly trap catches of wild and sterile
Bactrocera tryoni at Gilgandra and Narromine. The
common equation log10 SD = 0.37 + 0.91·(log10 m) ex-
plains 91.3% of the variance of wild flies and 96.2% of
that of sterile flies.

Fig. 2. The relation for wild and sterile Bactrocera
tryoni of mean trap catch m to (a) its standard devia-
tion, SD, (b) its coefficient of variation, CV, (c) the per-
centage of positive traps. Circular symbols, sterile flies,
triangular symbols wild flies; black symbols, Gilgandra
flies, white symbols, Narromine flies. In Fig. 2a the solid
line is the common slope (b) of the regression log10 SD =
a + b (log10 m). The upper and lower dashed lines are the
equivalent slopes for sterile and wild flies respectively.
In Fig. 2c, the alternating dashed and solid curves are
the predictions of the negative binomial model with k
values of respectively (top to bottom) 2, 1, 0.5, 0.3, 0.2,
0.1, 0.05, and 0.02.
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coefficient of variation (SD/mean catch per trap)
and mean catch per trap for either wild or sterile
flies (Fig. 2b). The 3 regression lines shown in Fig.
2a pertain to the combined Gilgandra and Nar-
romine data for sterile flies only (upper dashed
line), wild flies only (lower dashed line), and wild
and sterile flies combined (solid line). These re-
gressions explain 71%, 93%, and 98% of the vari-
ance of the corresponding values of log10 SD. The
common regression (solid line) explains 61% of
the variance of sterile flies only and 90% of that of
wild flies only.

The relationship between the percentage of
positive traps and mean catch per trap (Fig. 2c)
was variable but the values fell within the range
predicted by negative binomial models for very
clumped distributions having exponent (k) values
in the range 0.1-1.0.

Extinction of B. papayae at Cairns

Data from the original monitoring grid at
Cairns during the extinction of B. papayae are
plotted on Fig. 3a-c in an analogous form to Fig.
2a-c. The slope of Fig. 3a appears to be similar to
that of the slope for the combined data of Fig. 2a,
but it is significantly lower than unity (P < 0.01, n
= 12) with the consequence that the slope of log10

CV on log10 mean catch per trap (Fig. 3b) declines
significantly with increasing mean (P < 0.01, n =
12). However, it can be argued that because these
data come from successive trapping intervals,
they are not strictly independent and conclusions
as to statistical significance should be treated
with caution. The relation between the percentage
positive traps and mean catch per trap (Fig. 3c)
fell within a similar range to that seen in Fig. 2c.

Dispersion after Sterile Releases Stopped

Fig. 4c enables the comparison to be made of
the natural decline of sterile B. tryoni at Gilgan-
dra and Narromine after releases stopped with
the forced decline of B. papayae at Cairns (above)
that was due to male annihilation. Fig. 4c is very
similar to Fig. 3c, with the percentage of positive
traps falling within the predictions given by neg-
ative binomial models for very clumped distribu-
tions with k values in the range <0.05-1.0.

Simulated Extinction Trend

The results of the simulation of trends to ex-
tinction that were produced by manipulating data
of sterile fly trapping at Gilgandra are shown in
Figs. 4a-b. The original Gilgandra data are plot-
ted on the right hand side of each graph. Three
other sets of points are plotted which are the re-
sults of dividing the catch data from the original
set by 10, 100, and 500, respectively.

The dashed lines in Fig. 4a illustrate how (be-
cause of the nature of the formula for SD) this
process preserves, for each set of points, the orig-
inal slope (b) of the regression log10 SD = log10 a +
(b log10 m). The value of the original b is 0.79 (±
SEM, 0.20) for each set of points, not significantly
different from unity (P < 0.01). The intercepts
(log10 a) are all different being (from right to left)
0.61, 0.40, 0.19, and 0.13. The common slope
(solid line) has a slope (b = 0.996 ± SEM, 0.013)
not significantly different from unity (P << 0.01). 

The simulated values for percentage of positive
traps (a trap ceasing to be deemed positive if the
simulation results in there being 0.5 or less flies in
it) show much less variation with decrease in mean

TABLE 1. CONSTANTS OF TAYLOR’S POWER LAW1 DETERMINED FROM REGRESSIONS PERTAINING TO BACTROCERA TRY-
ONI AND B. PAPAYAE (DIPTERA: TEPHRITIDAE) IN AUSTRALIA.

Regression of form: y = log10 a + bx2 % var expl3
Intercept,
a(± SEM)

Slope,
b(± SEM) Traps Weeks

(a) Restricted range of trapping data at 
Gilgandra (wild B. tryoni)

94.0 0.26 (0.10) 1.92 (0.13) 31 16

(b) Restricted range of trapping data at 
Narromine (wild B. tryoni)

97.6 0.60 (0.06) 1.62 (0.10) 40 8

(c) Restricted range of trapping data at 
Gilgandra (sterile B. tryoni)

73.5 1.19 (0.51) 1.62 (0.26) 31 16

(d) Restricted range of trapping data at 
Narromine (sterile B. tryoni)

84.1 1.43 (0.56) 1.62 (0.29) 40 8

(e) Combined wild and sterile data (a-d) 97.7 0.26 (0.07) 2.11 (0.05) n.a. n.a.
(f) Cairns original grid (monitoring 

eradication of B. papayae) 4
98.0 0.78 (0.08) 1.73 (0.08) 12 244

1Mean (m) relates to variance (s2) as s2 = amb

2y = log10 (spatial variance), x = (log10 spatial mean).
3Percentage of variance of log10 (spatial variance) explained by regression.
4Trap data based on fortnightly counts; all other rows based on weekly counts.
 n.a. = not applicable.
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catch per trap than is seen with real data from de-
clining populations (compare Fig. 4b with Figs. 3c
and 4c). With the simulated reductions, the original
variation in percentage of positive traps appears to
be almost exactly maintained. This is not consistent
with Fig. 3c and 4c where the variation is encom-
passed by a wider range of negative binomial pre-
dictions when pertinent to lower mean catch rates.

Similarity of Sterile and Wild Fly Dispersions

Among the set of 8 sterile fly censuses used for
the Gilgandra SIT simulation, there were only 3
instances of a significant correlation (P < 0.05) be-
tween immediately successive censuses (respec-
tively 5, 6 and 10 weeks apart). For the 4 Narrom-
ine simulation SIT censuses, there were no signif-
icant correlations between successive censuses (P
> 0.05). A similar lack of serial correlation applied
to the wild flies trapped at each of the above

dates. This is perhaps to be expected with such
widely spaced dates.

Fig. 3 The relation for wild Bactrocera papayae at
Cairns of mean trap catch to (a) its standard deviation
(b) its coefficient of variation (c) the percentage of posi-
tive traps. The alternating dashed and solid curves are
the predictions of the negative binomial model with k
values of respectively (top to bottom) 2, 1, 0.5, 0.3, 0.2,
0.1, 0.05, and 0.02.

Fig. 4 Simulated decline in trap catches of sterile flies
compared with a real range of high and low values for
sterile flies at Gilgandra. The top graph (a) relates simu-
lated mean catch per trap (m) to standard deviation (SD)
as regressions of the form log10 SD = log10 a + (b log10 m).
The dashed lines are the regressions for each set of
points; all have the same slope (b) of 0.79 but the inter-
cepts (log10 a) are all different being (from right to left)
0.61, 0.40, 0.19, and 0.13. The common regression (solid
line) has a slope (b = 0.996). The middle graph (b) relates
the percentage of positive traps to the mean catch (m).
The alternating sets of white and black points pertain to
(right to left) real data for Gilgandra sterile flies and the
results of dividing the individual trap data for the latter
by 10, 100, and 500, respectively. The lowest graph (c) re-
lates real data for mean trap catches of Gilgandra flies to
the percentage of positive traps. The black points are
from the original set used in the upper 2 graphs and the
white points are from weeks when the numbers of sterile
flies decline due to cessation of releases. The alternating
dashed and solid curves on (b) and (c) are the predictions
of the negative binomial model with k values of respec-
tively (top to bottom) 2, 1, 0.5, 0.3, 0.2, 0.1, 0.05, and 0.02.
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When runs of 5 consecutive weekly censuses
were compared (12 runs, each including weeks
used for the SIT simulations) the correlation be-
tween dates was much stronger. The first census
of any run was compared to the following 4 cen-
suses with respect to both wild and sterile flies.
For Gilgandra, the mean number of ‘following cen-
suses’ (out of a possible maximum of 4) that was
significantly correlated with the first (P < 0.05)
was 3.1 for sterile flies and 3.4 for wild flies. The
Narromine data had less sequential correlation,
the equivalent Figures being 2 and 1, respectively.
Indices of dispersion similarity of wild and sterile
flies in any one week showed analogous results.
Such an index is expressed as a percentage and is
found by 100r2 where r is the correlation coeffi-
cient pertinent to numbers of wild and sterile flies
in each trap in a given week. There was consider-
able consistency in the index at Gilgandra where,
out of the 8 runs of 5 weeks, it stayed within a 10%
band for 3 or more weeks for 6 of those runs. At
Narromine, the similarity index was within a 10%
band for never more than 2 weeks.

Simulated SIT with Mismatched Dispersions

The degree of mismatch between the distribu-
tion patterns of the wild and sterile flies varied
over time. The imposed rate of increase (λGIA) var-
ied from 0.13-0.35 despite the overall ratio of ster-
ile to wild flies being one that should impose a
value of 0.098 if the 2 types of fly were identically
dispersed (see above). The mean catch per trap of
sterile flies ranged from 87-218 and the associ-
ated SD values from 116-283. The percentages of
the 3 categories of positive traps (those with >0,
>10 and >100 sterile flies in) ranged from 52-90%,
23-53%, and 38-68%, respectively, whereas the in-
dex of dispersion similarity ranged from 23-73%.

Of the relationships between the imposed rate
of increase and the various factors, only the 1
with the index of dispersion similarity (Fig. 5)
was significant. The latter regression explained
60% of the variance of λGIA. Despite the rather low
value of percentage variance explained, the re-
gression line in Fig. 5 predicts a value of λGIA for
100% similarity in dispersion that is very close to
the theoretical value of 0.098.

DISCUSSION

Taylor’s Power Law, SD and CV

The exponent (b) of Taylor’s Power Law (slope
of log10 variance of catch per trap on log10 of its
mean) was found to be, in all cases, not signifi-
cantly different from a value of 2. Zalucki et al.
(1984) found that its value for B. tryoni in a natu-
ral area of coastal rainforest and open Eucalyptus
woodland in south east Queensland (Australia)
was significantly higher at 2.27 (SEM ± 0.07). The

range of mean values was similar to those used
here, but the area was over 10 times larger than
the trap arrays at Gilgandra and Narromine and
the traps were spaced by 1 km or more. Thus, the
difference may be a matter of scale in sampling
frequency, or size of sampled area (Southwood &
Henderson 2000), but it is also possible that the
town landscapes relevant to the present paper
may be associated with a slightly less clumped
distribution than a heterogeneous natural one. If
the dispersal pattern of wild flies were the prod-
uct of the distribution of favorable and unfavor-
able microhabitats and recent demographic his-
tory, then there is no reason for the Taylor expo-
nent to be the same in all places. Sterile flies are
initially distributed as evenly as possible and
have no local demographic history thus their dis-
persion when trapped need not necessarily be the
same as that of wild flies in the same area. Nev-
ertheless, no significant differences were found
between the Taylor exponent (b) of wild and ster-
ile flies at Gilgandra and Narromine. However,
the interpretation of regression slopes can depend
on the range of values that are being used and
this point will be developed in discussing the
slopes of SD on mean.

Fig. 5. Simulated results of SIT. The relation of de-
gree of mismatch in dispersions of wild and sterile flies
to imposed generational rate of increase when that
value would be 0.098 if dispersions were perfectly
matched and there was a ratio of sterile to wild flies of
100:1 in all parts of the treated area and the sterile flies
had a mating competitiveness value of 0.5. The degree
of mismatch is inversely related to the index of similar-
ity, which is found by 100r2 where r is the correlation co-
efficient pertinent to the association of the numbers of
wild and sterile flies in each trap in a given week. The
dispersion patterns for both kinds of fly were based on
data from actual distributions and Gilgandra and Nar-
romine. The curve in the Fig. is a regression of the form
y = bx + a where y is imposed generational rate of in-
crease, x is 100r2, r = coefficient of correlation between
trap catches of wild and sterile flies, a = 0.41 (± 0.05,
SEM) and b = -0.0032 (± 0.001, SEM).
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The slopes for log10 SD on log10 mean are (inev-
itably) half the value of the Taylor exponent, and
were not significantly different from unity in the
case of B. tryoni and hence the CV of the same
data did not decline with the mean. The equiva-
lent slope for B. papayae was, in contrast, signifi-
cantly lower than unity and hence the CV did de-
cline with mean. The fact that CV did not decline
with mean catch per trap in the case of sterile
B. tryoni implies that a more even coverage in SIT
will not necessarily be achieved by increasing the
release rate. This is also supported by the relation
of the percentage of positive traps to the mean
(see later).

One of the problems of comparing regression
slopes is that the greater the numerical range of
the data series on abscissa, the steeper the slope
of a significant relationship is likely to be. This is
the result of the method of calculating the line
with the method of ‘least squares’, which mini-
mizes the squared deviations of the dependent
variable from the line (Maelzer 1970; St. Amant
1970). Also, there is a similar effect on the mea-
sure of ‘goodness of fit’ as indicated by the per-
centage of variation of the dependent variable ex-
plained by the regression line. This is clearly il-
lustrated by Fig. 2a where the common slope for
sterile and wild flies (where the range of mean
values is large) is compared with the slopes that
pertain only to either the sterile or the wild flies
(where the range of means is more restricted).
The percentage of variance explained by the com-
mon slope is large (where the range of means is
largest), the percentage explained by the ‘wild
only’ slope is less (range of means of intermediate
length) whereas the percentage explained by the
‘sterile only’ slope is least (the range of mean val-
ues of the sterile data being the least). Taking the
case of the common slope versus either of the
other 2 slopes, it is apparent that the fact that the
variance explained by the former is greatest is an
artifact of the process, whereby the mean of the
dependent variables is roughly intermediate be-
tween the means of the wild and sterile variables
taken separately. As a result, deviations of both
kinds from the common means are much larger,
whereas the deviations of either set from the com-
mon slope (the ‘unexplained’ deviations) are not
much bigger than they are from their own specific
slopes. A similar illustration can be seen in Fig.
4a for simulated extinction data, where the slopes
of individual clusters of points can be compared
with the common slope.

Relation to Negative Binomial Model

The relationship between the percentage of
positive traps and mean catch per trap was vari-
able in all cases, the values falling within the
range predicted by negative binomial models for
very clumped distributions having exponent (k)

values in the range <0.05-1.0. The values of per-
centage of positive traps that are predicted by
negative binomial models rise with decreasing
slope as the mean increases. With such low values
of k, they indicate a very poor return in terms of
increasing the percentage of positive traps by in-
creasing the number of flies released. For exam-
ple, if k were 0.2, the model would predict a per-
centage of traps with positive values of 71% when
catch per trap was 100 and this would rise only to
82% when the catch per trap was 1000.

Extinction Trends

Real extinction trends (of wild B. papayae at
Cairns and of sterile B. tryoni when releases
stopped) were very similar to the trend simulated
by dividing the catch data from an original set by
10, 100, and 500, respectively. However, the scat-
ter of points in the slopes of graphs of percentage
of positive traps on mean catch per trap is smaller
in the simulated data than it is in the real data.
No attempt has been made to quantify this, but
the data suggest that clumping can be more pro-
nounced at lower densities in real situations that
it is at higher ones. This is consistent with the
model of patterns of outbreak and extinction (see
Introduction) where colonization starts with dis-
crete propagules and only remnant foci are left as
extinction is approached.

SIT with Mismatched Dispersions

The imposed rate of increase (λGIA) varied from
0.13-0.35 despite the overall ratio of sterile to wild
flies being of a value that should impose a rate of
0.098 if the 2 types of fly were identically dis-
persed. It is of interest that in no case did a mis-
match result in an imposed rate of increase that
was less than that expected from evenly matched
dispersions. This was a consequence of the asym-
metry of the effect of increasing the local density of
sterile flies in one patch by decreasing it in an-
other (as would happen with uneven dispersion
with a given overall ratio of sterile to wild flies).
This can be illustrated as follows by with the equa-
tion and competitiveness value (0.5) that were
used in the simulations. Consider that 2 local
patches have the same ratio of sterile to wild flies
and that this ratio (100:1) imposed the same local
rate of increase of 0.098. If the sterile flies were
dispersed differently so that there were 170 sterile
flies to every wild one in one patch and only 30 in
the other then the rates of increase imposed on the
wild flies would be 0.058 and 0.313, respectively,
with the mean of the 2 patches taken together be-
ing 0.185 or about 1.9 times greater than would
have been expected had the sterile flies been
evenly dispersed. The effect is greater with greater
mismatch and analogous results are obtained if
the wild flies are varied instead of the sterile ones.
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Such a phenomenon has analogies in the ecologi-
cal model whereby sufficiently uneven distribu-
tion of attack rates by natural enemies (predators
or parasitoids) on population patches of an organ-
ism can result in effective partial refuges for that
organism that can facilitate the persistence of the
relationship (Murdoch & Briggs 1996).

Implications for Release Strategy

It appears that the patchy distribution of re-
leased fruit flies is inevitable and that it is not
practicable to decrease it by increasing the num-
ber released because the increase of mean recap-
ture rate by an array of traps is not accompanied
by a reduction in its coefficient of variation and
with high recapture rates, the percentage of traps
catching zero does not decrease appreciably with
increase in recapture rate. It is probable that this
would also apply to releases of other flying in-
sects, whether for SIT or for inundative releases
of natural enemies for augmentative biological
control.

However, it appears from the simulation study
that a clumped distribution would not be a prob-
lem if the target organism has a similar one (as
could happen if patchiness of suitable micro-hab-
itats was the sole cause). The problem arises
when the dispersal patterns are mismatched. In
that case, the reason is not likely to be environ-
mental unsuitability because the target flies are
present where the mismatch is adverse. Shiga
(1986) described such a situation. He found that
in an SIT program involving releases of Bactro-
cera cucurbitae (Coquillett), the spatial correla-
tion between wild and sterile trappings on a mon-
itoring array was variable and often poor over a
period of three months, the index of similarity
ranging from 1-41%. This compares with the
range 23-73% reported in the present paper. The
more extreme mismatches reported by Shiga
(1986) were associated with resurgent foci or ‘hot
spots’ of wild flies and these were treated with
supplementary releases of sterile flies. Of course,
in the case of Shiga’s data one cannot tell whether
the mismatches were the cause of the hotspots or
vice versa. It would be highly likely that the more
extreme mismatches were at least part of the
cause of the hotspots if the mismatches preceded
the eruptions and were also associated with lo-
cally low ratios of sterile to wild flies in the adja-
cent traps. In such circumstances, the population
in the hot spots may have a rate of increase close
to the natural one whereas the overall rate of in-
crease pertaining to the whole trapping grid may
still be below replacement rate (λ < 1). However,
hotspots must be dealt with if eradication is to
proceed to completion. It may be prudent, there-
fore, to avoid the occurrence of hot spots by iden-
tifying those traps where the mismatch produces
an ineffective ratio of released to wild insects and

augment areas surrounding the former with sup-
plementary releases. This may be feasible be-
cause the degree of mismatch can be consistent
for several weeks (as at Gilgandra).

When the numbers of wild insects become too
low for reliable detection by traps, the problem of
patchy coverage by wild flies is probably not seri-
ous, even in the vicinity of traps failing to recap-
ture released sterile insects. This is because when
population density is very low, the probability of
persistence is also low (Meats et al. 2003b) How-
ever, continued monitoring would always be re-
quired for a given period after no target insects
are trapped as a precaution against resurgence of
the infestation (Shiga 1986; Clift & Meats 2004).

ACKNOWLEDGMENTS

I thank Harry Fay and Robert Duthie for supplying
the original trapping data for B. papayae and B. tryoni,
respectively. The IAEA and the Department of Agricul-
ture, Western Australia, are thanked for providing a fo-
rum in which I could test my ideas. The analytical work
of this investigation was supported by the Australian
Research Council grant LP 0562391. The original
Queensland fruit fly trials were financed in part by the
Horticultural Research and Development Corporation
(Project CT95027) and in part by NSW Agriculture and
the Tristate Fruit Fly Organization.

REFERENCES CITED

BUNTIN, G. D. 1988. Sampling techniques, population
dispersion, and sampling plans for leafhoppers (Ho-
moptera: Cicadellidae) in Bermuda grass. Environ.
Entomol. 17: 872-877.

CLARKE, A. R., M. P. ZALUCKI, J. L MADDEN, V. S. PA-
TEL, AND S. C. PATERSON. 1997. Local dispersion of
the Eucalyptus leaf-beetle Chrysophtharta bimacu-
lata (Coleoptera: Chrysomelidae), and implications
for forest protection. J. Appl. Ecol. 34: 807-816.

CLIFT, A. D., AND A. MEATS. 1998. The relation of ‘per-
centage positive traps’ to the negative binomial dis-
tribution and to progress in the eradication of
Bactrocera papayae Drew and Hancock (Diptera: Te-
phritidae) in northern Queensland. Gen. Appl. Ento-
mol. 28: 61-64.

CLIFT, A. D., AND A. MEATS. 2004. When does zero catch
in a male lure trap mean no tephritid flies in the
area? pp. 183-188 In B.N Barnes [ed.] Proc. 6th Int.
Symp. Fruit Flies Economic Importance, Isteg Scien-
tific Publications, Irene, South Africa.

COWLEY, J. M., F. D. PAGE, P. R. NIMMO, AND D. R COW-
LEY. 1990. Comparison of the effectiveness of 2 traps
for Bactrocera tryoni (Diptera: Tephritidae) and im-
plications for quarantine surveillance systems. J.
Aust. Entomol. Soc. 29: 171-176.

DOMINIAK, B. C., M. CAGNACCI, T. RAFFERTY, AND I.
BARCHIA. 1998. Field cage release of sterile Queen-
sland fruit fly, Bactrocera tryoni (Froggatt). Gen.
Appl. Entomol. 28: 65-71.

FLETCHER, B. S. 1973. The ecology of a natural popula-
tion of the Queensland fruit fly, Dacus tryoni IV. The
immigration and emigration of adults. Aust. J. Zool.
21: 541-565.



146 Florida Entomologist 90(1) March 2007

HANCOCK, D. L., R. OSBORNE, S. BROUGHTON, AND P. J.
GLEESON. 2000. Eradication of Bactrocera papayae
(Diptera: Tephritidae) by male annihilation and pro-
tein baiting in Queensland, Australia, pp. 381-388 In
K. H. Tan [ed.] Area-wide Control of Fruit Flies and
Other Insect Pests, USM Press, Penang, Malaysia.

HARRISON, S. 1991. Local extinction in a metapopula-
tion context: an empirical evaluation. Biol. J. Lin.
Soc. 42: 73-88.

HASSELL, M. P., R. M. MAY, S. W. PACALA, AND P. L.
CHESSON. 1991. The persistence of host-parasitoid
associations in patchy environments. I. A general
criterion. American Nat. 138: 568-583.

HASSELL, M. P., AND J. K. WAAGE. 1984. Host-parasitoid
population interactions. Annu. Rev. Entomol. 29: 89-
114.

HUFFAKER, C. B., K. P. SHEA, AND S. G. HERMAN. 1963.
Experimental studies on predation. Complex disper-
sion and levels of food in an Acarine predator-prey
interaction. Hilgardia 34: 305-330.

IWAHASHI, O. 1996. Problems encountered during long-
term SIT program in Japan, pp. 391-398 In B. A.
McPheron and G. J. Steck [eds.], Fruit Fly Pests. St.
Lucie Press, Delray Beach, Florida, USA.

IWAHASHI, O., Y. ITO, AND S. SHIYOMI. 1983. A field eval-
uation of the sexual competitiveness of sterile melon
flies, Dacus (Zeudacus) cucurbitae. Ecol. Entomol. 8:
43-48.

KUNO, E. 1991. Sampling and analysis of insect popula-
tions. Annu. Rev. Entomol. 36: 285-304.

MAELZER, D. A. 1970. The regression of log Nn+1 on log Nn

as a test of density dependence: an exercise with
computer-constructed density-independent popula-
tions. Ecology 51: 810-822.

MAY, R. M. 1978. Host-parasitoid systems in patchy en-
vironments: a phenomenological model. J. Anim.
Ecol. 47: 833-843.

MEATS, A. 1983. Strategies for maximising the potential
of the sterile insect release method: Experiments
with Dacus tryoni, pp. 371-377 In R. Cavolloro [ed.]
Fruit Flies of Economic Importance. Balkema Rot-
terdam.

MEATS, A. 1996. Demographic analysis of sterile insect
trials with the Queensland fruit fly, Bactrocera try-
oni (Froggatt) (Diptera: Tephritidae). Gen. Appl. En-
tomol. 27: 2-12.

MEATS, A. 1998. Cartesian methods of locating spot in-
festations of the Papaya fruit fly Bactrocera papayae
Drew and Hancock within the trapping grid at Ma-
reeba, Queensland, Australia. Gen. Appl. Entomol.
28: 57-60.

MEATS, A., B. S. FLETCHER, AND H. A. C. FAY. 1988. En-
vironmental assessment of the quality of mass
reared sterile insects, pp. 201-208 In A. P. Econo-
mopoulos [ed.] Fruit Flies of Economic Importance.
Elsevier Rotterdam.

MEATS, A., R. DUTHIE, A. D. CLIFT, AND B. C. DOMINIAK.
2003a. Trials with variants of the Sterile Insect
Technique (SIT) for suppression of populations of the
Queensland fruit fly in small towns neighbouring a
quarantine (exclusion) zone. Aust. J. Exp. Agric. 43:
389-395.

MEATS, A., A. D. CLIFT, AND M. K. ROBSON. 2003b. In-
cipient founder populations of Mediterranean and

Queensland fruit flies in Australia: the relation of
trap catch to infestation radius and models for quar-
antine radius. Aust. J. Exp. Agric. 43: 407-417.

MURDOCH, W. W., AND C. J. BRIGGS. 1996. Theory of bi-
ological control: recent developments. Ecology 77:
2001-2013.

NYROP, J. P., AND M. BINNS. 1991. Quantitative meth-
ods for designing and analyzing sampling programs
for use in pest management, pp. 67-132 In D. Pimen-
tel [ed.], Handbook of Pest Management in Agricul-
ture, Vol. 2 CRC Press, Boca Raton, FL, USA.

PACALA, S. W., AND M. P HASSELL. 1991. The persis-
tence of host-parasitoid associations in patchy envi-
ronments. II. Evaluation of field data. Am. Nat. 138:
584-605. 

PAPADOPOULOS, N. T., B. I. KATSOYANNOS, AND D. NES-
TEL. 2003. Spatial autocorrelation analysis of a Cer-
atitis capitata (Diptera: Tephritidae) adult
population in a mixed deciduous fruit orchard in
Northern Greece. Environ. Entomol. 32: 319-326.

PIELOU, D. P. 1960. Contagious distribution of the Eu-
ropean red mite, Panonychus ulmi (Koch), and a
method of grading population densities from a count
of mite-free leaves. Can. J. Zool. 38: 645-653.

PLANT, R. E., AND R. T. CUNNINGHAM. 1991. Analyses of
the dispersal of sterile Mediterranean fruit flies
(Diptera: Tephritidae) released from a point source.
Environ. Entomol. 20: 1493-1503.

SHIGA, M. 1986. Analysis of spatial distribution in fruit
fly eradication. Pest control: operations and systems
analysis in fruit fly management, pp. 387-398 In M.
Mangel, J. R. Carey, and R. Plant [eds.], Pest Con-
trol: Operations and Systems Analysis in Fruit Fly
Management. Springer-Verlag Berlin.

SNEDECOR, G. W., AND W. G. COCHRAN. 1989. Statistical
Methods 8th ed. Iowa State University Press, Iowa,
USA.

SOUTHWOOD, T. R. E., AND P. A. HENDERSON. 2000. Eco-
logical Methods 3rd ed. 575 pp. Blackwell, Oxford, U.K.

ST. AMANT, J. L. 1970. The detection of regulation in an-
imal populations. Ecology 53: 823-828.

TAYLOR, A. D. 1991. Studying metapopulation effects in
predator-prey systems. Biol. J. Lin. Soc. 42: 305-323.

TAYLOR, L. R., AND I. P. WOIWOOD. 1989. Temporal and
spatial patterns in pheromone-trap catches of Heli-
coverpa spp. (Lepidoptera: Noctuidae) in cotton-
growing areas of Australia. Bull. Entomol. Res. 79:
145-161.

TERUYA, T. 1986. Trials to establish quality control
method of mass-reared and irradiated flies in the
field, pp. 211-224 In M. Mangel, J. R. Carey, and R.
Plant [eds.], Pest Control: Operations and Systems
Analysis in Fruit Fly Management. Springer-Verlag
Berlin.

VARGAS, R. I., J. D. STARK, AND T. NISHIDA. 1989. Abun-
dance, distribution, and dispersion indices of the
Oriental fruit fly and melon fly (Diptera: Tephriti-
dae) on Kauai, Hawaiian Islands. J. Econ. Entomol.
82: 1609-1615.

ZALUCKI, M. P., R. A. I. DREW, AND G. H. S. HOOPER.
1984. Ecological studies of eastern Australian fruit
flies (Diptera: Tephritidae) in their endemic habitat.
II. The spatial pattern of abundance. Oecologia 64:
273-279.



 

Gómez Cendra et al.: Longevity of

 

 

 

Anastrepha fraterculus

 

147

 

COMPARISON OF LONGEVITY BETWEEN A LABORATORY STRAIN
AND A NATURAL POPULATION OF 

 

ANASTREPHA FRATERCULUS

 

(DIPTERA: TEPHRITIDAE) UNDER FIELD CAGE CONDITIONS

 

P

 

AULA

 

 G

 

ÓMEZ

 

 C

 

ENDRA

 

1

 

, D

 

IEGO

 

 S

 

EGURA

 

2

 

, A

 

RMANDO

 

 A

 

LLINGHI

 

3

 

, J

 

ORGE

 

 C

 

LADERA

 

2

 

 

 

AND

 

 J

 

UAN

 

 V

 

ILARDI

 

1

1

 

Depto. Ecología, Genética y Evolución, Facultad de Ciencias Exactas y Naturales
Universidad de Buenos Aires, (1428) Buenos Aires, Argentina

 

2

 

Instituto de Genética, INTA Castelar, CC25, (1712), Buenos Aires, Argentina

 

3

 

Comisión Nacional de Energía Atómica, CNEA, Buenos Aires, Argentina

A

 

BSTRACT

 

The South American fruit fly 

 

Anastrepha fraterculus

 

 (Wiedemann) is one of the most de-
structive fruit pests in this region, infesting major fruit crops. Implementation of the sterile
insect technique (SIT) as part of an area-wide integrated approach against this species re-
quires information on the survival of mass-reared and sterilized insects in the field and their
ability to mate with wild females. The survival rates in field cages of both non-irradiated and
irradiated laboratory flies were compared with that of wild flies. Both types of laboratory
flies survived longer than their wild counterparts over the 8 days under the experimental
conditions. The irradiation dose (70 Gy) did not affect survival of the laboratory reared flies.
Our results improve the prospect of integrating the SIT into the control of 

 

A. fraterculus

 

 pop-
ulations in Argentina.

Key Words:

 

 

 

Anastrepha fraterculus

 

, SIT, genetic control, longevity, survival

R

 

ESUMEN

 

Anastrepha fraterculus

 

 (Wiedemann), la mosca sudamericana de la fruta, es una de las pla-
gas más destructivas en la región que infesta a los principales cultivos de frutas. La imple-
mentación de la Técnica del Insecto Estéril (TIE) como parte de un manejo integrado en
áreas extensivas contra esta especie requiere ensayos que demuestren que los insectos pro-
ducidos en forma masiva y esterilizados son capaces de sobrevivir en el campo y aparearse
con las hembras silvestres. Se comparó la supervivencia de individuos de una línea de labo-
ratorio, tanto irradiados como no irradiados con la de individuos de una población natural.
Los dos tratamientos de moscas de laboratorio sobrevivieron más tiempo que las salvajes du-
rante los 8 días y en las condiciones ensayadas. La dosis de radiación (70 Gy.) no afectó la
supervivencia de las moscas criadas en laboratorio. Nuestros resultados mejoran las pers-
pectivas de integrar la TIE en el control de las poblaciones argentinas de 

 

A. fraterculus

 

.

 

Translation provided by the authors.

 

Anastrepha

 

 (Diptera: Tephritidae) is a genus
of American origin, present in the subtropical and
tropical regions (Hernández-Ortíz 1992). It in-
cludes nearly 180 species, several of which are re-
garded as pests of economic importance (Norrbom
& Kim 1988; Steck 1991; Hernández-Ortíz 1992;
Aluja 1994). A widely distributed species of this
genus is

 

 Anastrepha fraterculus

 

 (Wiedemann) the
South American fruit fly. It is one of the most de-
structive fruit pests in the neotropical region, in-
festing about 80 host plants including major fruit
crops such as peach, plum, and mango (Norrbom
& Kim 1988). It causes quarantine restriction for
fruit trade and commercial losses in several coun-
tries (Steck 1998). In Argentina, it is abundant in
the northwest and the northeast (Vergani 1956),
which apparently represent the southern limits of
the two unconnected distributions reported for

their continental distribution (Salles 1995; Steck
1998). These regions are characterized by hot and
wet subtropical climate and are separated by an
extremely arid region (Cabrera & Willink 1980).
Gene flow between populations of the northwest
and northeast seems restricted only to what is al-
lowed by fruit trade.

Traditional control methods for this pest spe-
cies are based on the extensive use of chemical in-
secticides, but because they are associated with
environmental harmful effects, the use of biologi-
cal and genetic methods is now being encouraged.
One of them is the sterile insect technique (SIT),
based on the release of mass-reared and sterilized
insects in order to reduce pest populations
(Knipling 1959, 1968). It requires that the num-
ber of released sterile males should be higher
than the number of wild males in the target pop-
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ulation, increasing the probability for a wild fe-
male to copulate with a sterile male. This method
has been very successful in eradication of the
New World screwworm, 

 

Cochliomyia hominivo-
rax 

 

(Coquerel) (Diptera: Calliphoridae) from
southern USA to Central America (Wyss 2000)
and North Africa (Lindquist et al. 1992), the con-
trol of the Mediterranean fruit fly 

 

Ceratitis capi-
tata

 

 (Wiedemann) (Diptera: Tephritidae) in many
Latin America regions (Hendrichs et al. 1995),
and the suppression of the codling moth 

 

Cydia
pomonella 

 

(L.) (Lepidoptera: Tortricidae) in Can-
ada (IAEA 2001). The main advantages of SIT are
that it is environmentally friendly, species-spe-
cific, compatible with other control methods, and
its effectiveness increases as the size of the target
population declines (Benedict & Robinson 2003).

In Argentina, the SIT has been successfully
implemented against the most common tephritid
pest, 

 

C. capitata

 

 (Aruani et al. 1996; De Longo et al.
2000). The use of this technique to control 

 

A. frater-
culus

 

 requires political support and grower organi-
zation to allow an area-wide approach, and a more
detailed knowledge of its biology. One requirement
for SIT to be successful is that released insects
must survive in the field and mate with wild in-
sects. Mating success is probably related to interac-
tions with other males and to female choice (Par-
tridge & Halliday 1984). Also, at least in related te-
phritids, such as 

 

C. capitata

 

, morphometric traits
appear relevant in mate choice (Norry et al. 1999;
Kotiaho et al. 2001; Rodriguero et al. 2002a, b).

Previous studies by our group verified that

 

A. fraterculus

 

 populations of different regions in
Argentina are fully compatible among themselves
(Petit-Marty et al. 2004). Nevertheless, as the
mass-rearing process and sterilization may cause
a loss of fitness (Shelly et al. 1994; Lance et al.
2000; Alphey 2002; Benedict & Robinson 2003),
survival of laboratory reared sterile insects
should be evaluated under field conditions in or-
der to predict their performance in control pro-
grams that integrate the SIT. Field cages with
host trees provide a suitable model to simulate
some aspects of field conditions.

The main objective of this study was to com-
pare the survival of a laboratory-reared strain
of 

 

A. fraterculus 

 

(irradiated and non-irradiated)
with that of a wild population in order to develop
a non-expensive, easy to follow method that can
be applied as a routine quality control test for
sterilized, mass-reared insects in SIT based con-
trol programs.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Insects and Methods of Handling

 

Two populations were tested. The first one was
collected from the wild and the second was a lab-
oratory strain, reared since 1997 under semi

mass-rearing conditions (Jaldo et al. 2001) at the
Estación Experimental Agroindustrial Obispo
Colombres, Tucumán Province, in the northwest
of Argentina. Cages were held in a rearing room
with 25 ± 1°C, 80 ± 10% R.H. and a photoperiod of
12:12 (L:D) (Vera et al. 2007). Wild flies were col-
lected at Horco Molle, (26°48’S, 65°20’W), in the
same province, from wild guava fruits, 

 

Psidium
guajava

 

 L. (Myrtaceae).
Infested guava fruits were put on a sand layer

to allow pupation. Emerging pupae were sieved
and transferred to glass flasks. Both wild and lab-
oratory reared pupae were sent to the Instituto
Nacional de Tecnología Agropecuaria (Castelar,
Buenos Aires, 58°40’W, 34°40’S), where they were
kept in glass flasks (3 liters) and maintained un-
der controlled conditions (23 ± 2°C, 70 ± 5% R.H.
and a photoperiod of 12:12 (L:D) until adult emer-
gence. Previously, half of the laboratory reared
pupae were irradiated at the Centro Atómico
Ezeiza (Comisión Nacional de Energía Atómica,
Argentina) with a sterilizing median dose of 70
Gy in a Gammacell 220 

 

60

 

Co irradiator. Irradia-
tion was performed 2 d before adult emergence, at
room temperature, air atmosphere and 1 atmo-
sphere of pressure with a dose rate between
1.0904 and 1.0785 Gy/min.

 

Sex Separation

 

Every day, emerging adults from all treat-
ments were removed from the flasks and trans-
ferred to new 3-L glass containers. The following
day they were sorted by sex

 

 

 

and supplied with
water and adult food composed of brown sugar
and hydrolyzed corn protein. This diet promoted
normal sexual development in laboratory strains
(Manso 1998). Adults were kept under laboratory
conditions (20-27°C, 60 ± 20% R.H. and a photope-
riod of 12:12 (L:D) until the moment of release
into the field cages.

 

Fly Marking

 

Two d after emergence flies were marked to
identify their origin. They were placed in a net-
ting bag (1 mm mesh), carefully immobilized and
labeled with a dot of water-based paint (Témpera
Alba, Alba, Inc., Argentina) on the mesonotum.
Five colors (green, red, white, blue, and yellow)
were interchanged sequentially each labeling day.
After painting, groups of 25 flies were placed in 1-
L containers, covered with a mesh, and provided
with food and water and held under laboratory
conditions. They were released into the field cages
2 d after marking.

 

Field Test

 

The experiments took place at Instituto Nacio-
nal de Tecnología Agropecuaria, between 25 Mar
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and 8 Apr 2004. Eight outdoor nylon screened
cages (2.5 m high 

 

×

 

 3 m diameter) were placed
over rooted young (about 1.5 m high) tangerine
trees (one per cage). Two flasks (50 cm

 

3

 

) filled
with water were placed in each cage. The flasks
had a perforated lid with a gauze wick (partially
outside the flask). As a result, flies could take wa-
ter from the gauze without polluting the water in-
side the flask. Two pieces of dry peach suspended
from a wire fixed to the roof of the cage were used
as food source; this was shown to be a suitable
food source in preliminary tests (data not shown).

The first d (Day 0), at noon, 18 males and 25
females of wild origin were released into each of
the 8 cages. Additionally, the same number of
male and female irradiated laboratory flies were
release into 4 cages (#1, #2, #3, and #4) and non-
irradiated laboratory flies into the remaining 4
(#1’, #2’, #3’, and #4’). All the cages had the same
number of flies, half from wild and half from lab-
oratory origin. Two d later (Day 2) all surviving
flies were recovered from 2 cages (#1 and #1’). In
each case the number of flies of each strain (wild
or laboratory) was recorded. Both cages were re-
filled with flies of the same age as that of Day 0.
The same procedure was followed on Day 4 with
cages #2 and #2’, on Day 6 with cages #3 and #3’,
and on Day 8 with cages #4 and #4’. All flies recov-
ered by aspiration from Day 2 to Day 8 had been
released on Day 0 and represent, respectively, the
survivors after 2, 4, 6, and 8 d. On d 10 all survi-
vors were aspirated from all cages. At this mo-
ment the flies in cages #1, #2, #3, and #4 had sur-
vived respectively 8, 6, 4, and 2 d (they correspond
to the second release into each cage).

With this protocol we obtained for each set of
laboratory flies (non-irradiated and irradiated) 2
replicates of relative survival at 2, 4, 6, and 8 d
with respect to wild flies. An additional release
was performed on d 11 in two cages, one with non-
irradiated laboratory flies and the other with ir-
radiated laboratory flies, in both cases co-released
with the wild flies (in proportion 1:1). On Day 13
both cages were emptied, providing a third repli-
cate of the survival after 2 d. These extra repli-
cates allowed us to compensate for the fact that
(due to lack of material), one of the earlier repli-
cates for 2 d had wild insects 3-4 d older than lab-
oratory insects.

In 1 replicate (corresponding to survivors at 4
d) 22 (instead of 25) females from the non-irradi-
ated laboratory strain and 16 (instead of 18) wild
males were released. These numbers were taken
into account to estimate expected values when
performing the statistical analysis. It was not
possible to have more replicates because of the in-
creasingly cold weather. Meteorological data
(temperature, relative humidity, wind speed, and
sunshine) were recorded every h at the meteoro-
logical station of the Instituto de Clima y Agua,
located 2 km away from the experimental site.

 

Data Analysis

 

Homogeneity among replicates was analyzed
by means of homogeneity 

 

χ

 

2

 

 tests. The statistical
significance of any departure from equal perfor-
mance of populations was tested by means of a 

 

χ

 

2

 

test of goodness of fit comparing the number of
wild and laboratory reared flies recovered alive
with the expected 1:1 ratio (i.e., the null hypothe-
sis is that the probability of survival is the same
for both groups.) An alternative method of analyz-
ing relative survival through time was based on
evaluating the regression of the proportion of lab-
oratory flies (number of laboratory flies/total
number of flies) recovered on the number of days
spent into the field cages.

In order to compare performance between pop-
ulations, a new variable was defined as the pro-
portion between laboratory-reared and total re-
covered flies. Arithmetic means over replicates
were calculated for each period (2, 4, 6 and 8 d)
and used to perform the regression analysis. The
average proportion of laboratory flies recovered at
each age (2, 4, 6, and 8 d) was compared between
the cages with irradiated and non-irradiated lab-
oratory flies by means of a Wilcoxon pair wise
test. All statistical analyses were performed with
Statistica (5.1) for Windows (Stat Soft, Inc. 2000). 

R

 

ESULTS

 

Temperature and humidity during the field
tests (Table 1) varied within ranges that are con-
sidered favorable for 

 

A. fraterculus

 

. Sunshine
ranged between 0.3 and 10 h of direct light (effec-
tive heliophany, 3 to 88% of relative heliophany).
The weather was benign, except for a single rainy
day with strong winds.

Wild flies were compared with both irradiated
and non-irradiated laboratory flies, and the total
number of wild flies released in all was twice each
of the 2 other groups. Total numbers of male and
female flies recovered alive at each time period
are presented in Tables 2 and 3, respectively. Re-
sults for males (Table 2) indicate that the num-
bers of flies recovered for both laboratory classes
(irradiated and non-irradiated) were similar to
wild flies for the shorter periods, but significantly
higher for the longest period of 8 d. Results for
females (Table 3) are similar for non-irradiated
females, however wild females caged with irradi-
ated females had an unusually high survival rate
at 8 d (14% vs. 5.6-6.0% in equivalent cells for
wild males and females of Tables 2 and 3), mean-
ing that in this case no significant differences
were found between wild females and irradiated
laboratory females.

The regression analyses showed the same
trend in all cases (Fig. 1). The association be-
tween the ratio of laboratory:wild in the recov-
ered flies and the number of days in the cage was
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positive and highly significant (

 

P

 

 < 0.01), indicat-
ing that on average laboratory flies survive longer
under protected field cage conditions than wild
flies. Wilcoxon matched pairs tests indicated that
the differences were not significant (

 

P 

 

= 0.29 and

 

P 

 

= 0.72 for male and female regressions, respec-
tively). In order to avoid any bias due to the dif-
ferent age in 1 of the replicates (2 d), the complete
analysis was repeated after removing this case
(i.e., 2 replicates for 2 d in cage, as well as for the
other periods). Significance levels remained un-
changed.

D

 

ISCUSSION

 

Even though weather conditions affect abso-
lute survival, the present analysis was based on
relative viability of laboratory flies with respect to
wild flies. As the weather was similar most of the

days we consider that it was not a factor that
could have modified the results in different cages.

Field cages, as a semi-natural environment,
represent a compromise between the laboratory
and the open field. Within closed field cages flies
are much more protected from abiotic and biotic
factors such as predators than under open field
conditions (Hendrichs et al. 1993; Hernández et
al. 2007). Nevertheless, the uncontrolled condi-
tions in an outdoor field cage test significantly re-
duced survival of flies with respect to laboratory
tests. Only 6-35% of flies could be recovered after
8 d inside the cages, whereas flies survived longer
periods of time under laboratory conditions (data
not shown). This result suggests that closed field
cages still represent a challenging environment,
where weather variation could impose extra mor-
tality and where it is not possible to avoid com-
pletely the presence of predators such as spiders.
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Day Max temp (°C) Mean temp (°C) Min temp (°C)
Wind speed

(km/h)
Precipitation

(mm)
Humidity

(%)

25 Mar 33.0 25.2 17.4 4.0 0.0 63
26 Mar 32.6 24.5 16.4 4.1 0.0 61
27 Mar 31.0 23.0 15.0 4.3 0.0 59
28 Mar 30.6 23.8 17.0 7.3 0.0 65
29 Mar 32.0 26.0 20.0 6.0 0.0 56
30 Mar 30.6 26.0 21.5 11.9 0.0 69
31 Mar 27.4 24.2 21.0 6.2 0.5 79
01 Apr 28.2 22.5 16.8 5.1 0.0 67
02 Apr 32.0 25.8 19.6 3.3 0.0 76
03 Apr 34.0 28.0 22.0 3.7 0.0 68
04 Apr 34.8 28.8 22.8 10.9 0.0 59
05 Apr 30.7 25.9 21.0 9.4 26.3 70
06 Apr 25.8 22.3 18.8 3.4 0.0 89
07 Apr 28.2 22.6 17.0 2.6 0.0 74
08 Apr 28.0 22.0 16.0 9.2 5.0 87
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RELATIVE

 

 

 

SURVIVAL OF LABORATORY FLIES WITH RESPECT
TO WILD FLIES. DATA ARE PRESENTED AS AN ABSOLUTE NUMBER (n) OF INSECTS RECOVERED IN ALL THE REP-
LICATES FOR THE SAME PERIOD AND PERCENT SURVIVAL (%) (100 × RECOVERED/RELEASED).1

Period
(days)

W Lab

χ2 P

W* Irr

χ2 Pn (%) n (%) n (%) n (%)

2 27 50.00 31 57.41 0.28 0.60 31 57.41 44 81.48 2.25 0.13
4 15 41.67 12 33.33 0.33 0.56 9 26.47 9 25.00 0.01 0.90
6 6 16.67 14 38.89 3.20 0.07 2 5.56 5 13.89 1.29 0.26
8 2 5.56 9 25.00 4.45 0.03 2 5.56 10 27.78 5.33 0.02
Total 50 30.86 66 40.74 44 27.5 68 41.98

1W stands for wild flies released into the same cages that the laboratory reared stain (Lab), and W* for wild flies released to-
gether with laboratory reared and gamma irradiated flies (Irr). 
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In addition to that, food and water were supplied
in a way that flies had to actively forage for them. 

The ability of a laboratory reared and steril-
ized fly to survive to sexual maturity under open
field conditions is very important for the applica-
tion of the SIT. Usually, in fruit fly suppression or

and eradication programs, releases of sterilized
flies occur once or twice a week (Dyck et al. 2005).
It would be desirable that a significant proportion
of the released flies survive this period. Thus, if
flies are released in an immature state, as in our
experiments, and as is common in most opera-

TABLE 3. ANASTREPHA FRATERCULUS FEMALES RECOVERED FOR EACH PERIOD (DAYS IN THE FIELD CAGE) AND CHI
SQUARE TESTS FOR GOODNESS OF FIT TO COMPARE RELATIVE SURVIVAL OF LABORATORY FLIES WITH RESPECT
TO WILD FLIES. DATA ARE PRESENTED AS AN ABSOLUTE NUMBER (n) OF INSECTS RECOVERED IN ALL THE REP-
LICATES FOR THE SAME PERIOD AND PERCENT SURVIVAL (%) (100 × RECOVERED/RELEASED).1

Period
(days)

W Lab

χ2 P

W* Irr

χ2 Pn (%) n (%) n (%) n (%)

2 49 65.33 45 60.00 0.17 0.68 54 72.00 48 64.00 0.35 0.55
4 16 32.00 13 27.66 0.27 0.60 9 18.00 19 38.00 3.57 0.06
6 9 18.00 18 36.00 3.00 0.08 10 20.00 18 36.00 2.29 0.13
8 3 6.00 17 34.00 9.80 <0.01 7 14.00 9 18.00 0.25 0.62
Total 77 34.22 93 41.89 80 35.56 94 41.78

1W stands for wild flies released into the same cages that the laboratory reared stain (Lab), and W* for wild flies released to-
gether with laboratory reared and gamma irradiated flies (Irr).

Fig. 1. Regression (95% confidence) of relative advantage of laboratory non-irradiated or irradiated flies with re-
spect to wild flies on the number of days survived after release into field cages. Relative advantage was calculated
as the proportion of non-irradiated or irradiated laboratory flies in the total number of recovered flies at each pe-
riod: (a) non-irradiated males (r = 0.569, P = 0.0004); (b) irradiated males (r = 0.593, P = 0.0006); (c) non-irradiated
females (r = 0.602, P = 0.0006); and (d): irradiated females (r = 0.316, P = 0.0000).
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tional programs, only a proportion of males
reaches sexual maturity, because on average they
require at least one week to achieve maturation
(Segura et al. 2005). Results of the current test
suggest that roughly only 25% of sterilized flies
are able to survive 8 d in field cages.

The relation between the number of released
flies and the survivors after a week should be con-
sidered when estimating the number of flies to be
released and the frequency of releases. Most flies
survived the first 2 d in field cages. Therefore, if
mature sterilized males were released, signifi-
cantly more males could participate in sexual ac-
tivities, and a considerable proportion of males
would have the ability to continue mating during
the following days. This assumption is strongly
supported by the fact that survival of the labora-
tory-reared flies was higher than that of wild flies
even after irradiation.

Mass rearing can affect fly fitness (Cayol 2000).
Additionally, radiation can damage some physio-
logical processes, leading to reduction of survival
(Spates & Hightower 1970; Crystal & Whitten
1976) and/or mating competitiveness (Calcagno
2001; Allinghi et al. 2002; Calcagno et al. 2002;
Lux et al. 2002). It is not unreasonable to suppose
that the advantage in survival that laboratory-
reared flies showed in our experiments is due to
good rearing conditions in the laboratory facility.
It is impossible to predict exactly how this fitness
would change if a major A. fraterculus mass rear-
ing system was used, but our results based on a
small-scale rearing suggest that manipulation
and irradiation did not reduce survival, which
would be good for the application of the SIT to con-
trol this insect. Nevertheless, there are a number
of factors that could modify these results as labo-
ratory and wild flies have undergone entirely dif-
ferent selection pressures. Characteristics that
are relevant for flies to survive and mate in the
laboratory may not be the same as those needed to
survive and mate in field (Mayer et al. 1998).

Obviously, all these considerations are to be
added to the effect of handling and transportation
of the flies to be released in field that could cause
damage and possibly stress the insects. It is pos-
sible that released flies could have reduced dis-
persal compared to wild flies (Mayer et al. 1998).
As in every laboratory strain, lack of diversity
could affect the ability to survive, reach sexual
maturity, find a potential mate, and copulate in
the field. Implementation of SIT requires contin-
uous surveillance to evaluate survival of sterile
flies, probably through the implementation of reg-
ular field cage and open field tests.
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A

 

BSTRACT

 

Anastrepha fraterculus

 

 (Wiedemann) (Diptera: Tephritidae) displays a lek mating system.
Males form groups in which they simultaneously display signals (acoustical, visual, or chem-
ical) to attract females with the purpose of mating. Females visit the lek and choose among
signaling and courting males to mate. Scarce information is available in 

 

A. fraterculus

 

 about
the main factors involved in female choice and the behavior of displaying males. This infor-
mation could be important within the context of pest control programs with a sterile insect
technique (SIT) component, because departures from normal sexual behavior caused by ar-
tificial rearing could affect males’ performance in the field. In this study we assessed

 

A. fraterculus

 

 male behavior within the leks and analyzed the importance of behavioral and
morphological traits on their copulatory success. The existence of preferred places for lek for-
mation was evaluated in field cages with trees inside and analyzed by dividing the trees in
sectors according to a 3-dimensional system. Males were individually weighed, marked, and
observed every 15 min. Morphometric and behavioral characteristics of successful and un-
successful males were compared. Most successful males grouped in a region of the tree char-
acterized by the highest light intensity in the first 2 h of the morning. Results showed that
pheromone calling activity is positively associated with copulatory success. Copulations
were more frequent for males calling inside the lek, indicating that pheromone calling activ-
ity and presence in the lek are key factors for copulatory success. A positive association be-
tween copulatory success and eye length was found; some characteristics of the face were
also associated with copula duration and latency.

Key Words: 

 

Anastrepha fraterculus

 

, field cages, lek, mating behavior, morphometric traits,
sexual selection, South American fruit fly

R

 

ESUMEN

 

Anastrepha fraterculus 

 

(Wiedemann) (Diptera: Tephritidae) presenta un sistema de apar-
eamiento tipo lek. Los machos forman grupos y, en forma conjunta, emiten señales (acústi-
cas, visuales, o químicas) para atraer a las hembras con el propósito de aparearse. Las
hembras visitan el lek y eligen entre los machos para copular. La información acerca de los
principales factores involucrados en la elección de la hembra y de la influencia del compor-
tamiento de los machos en los leks en esta elección es escasa para 

 

A. fraterculus

 

. Esta infor-
mación es importante en el contexto de programas de control que incluyen la Técnica del
Insecto Estéril. En el presente estudio se evaluó el comportamiento sexual de machos de

 

A. fraterculus

 

 dentro de los leks, y la asociación de su comportamiento y de rasgos morfo-
métricos con el éxito copulatorio. El lugar preferido de agrupamiento de los machos fue eval-
uado en jaulas de campo con árboles en su interior y dividiendo el árbol en sectores de
acuerdo a un sistema de tres dimensiones. Los machos fueron individualmente pesados,
marcados y observados cada quince minutos. Luego de finalizado el ensayo se midieron los
rasgos morfométricos. El mayor éxito correspondió a machos agrupados en una región del ár-
bol caracterizada por tener la mayor intensidad de luz en las dos primeras horas de la
mañana. Los resultados mostraron que la actividad de llamado con feromonas está asociada
con el éxito copulatorio. Las cópulas fueron más frecuentes para machos que llamaron den-
tro del lek, indicando que la actividad de llamado con feromonas y la presencia dentro del lek
son factores importantes en la obtención de la copula. Los análisis morfométricos revelaron
una asociación positiva entre el éxito copulatorio y el largo del ojo, y que algunas caracterís-
ticas de la cara están asociadas además con la duración de la cópula y la latencia.
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Anastrepha fraterculus

 

 (Wiedemann) is a
quarantine fruit fly present in South America. It
is a polyphagous species that attacks about 80
fruit species from more than 15 different families,
many of them of economic importance (Malavasi
et al. 2000; Norrbom 2004). Efforts to develop the
sterile insect technique (SIT) to integrate it in the
control for 

 

A. fraterculus

 

 are in progress and in-
clude the development of mass-rearing (Vera et
al. 2007), irradiation protocols (Allinghi et al.
2007b), and studies of the sexual compatibility
among different populations (Petit-Marty et al.
2004a; Petit-Marty et al. 2004b;Vera et al. 2006). 

Sexual behavior of 

 

A. fraterculus

 

 has been an-
alyzed for some Brazilian and Argentinean popu-
lations (Malavasi et al. 1983; Petit-Marty et al.
2004a). Mating occurs early in the morning, with
most copulations taking place during the first 2 or
3 h after dawn, when males aggregate in groups
(known as “leks”) to which females are attracted
(Malavasi et al. 1983). Copulation takes place
preferably on the undersides of leaves, half-way
up in the tree (Malavasi et al. 1983). Environmen-
tal conditions such as temperature, sunshine, and
wind speed affect mating behavior (Malavasi et
al. 1983; de Lima et al. 1994; Petit-Marty et al.
2004a).

Lek formation is common in the genus 

 

Anas-
trepha

 

 (Aluja et al. 2000). Aluja & Birke (1993)
defined the 

 

Anastrepha

 

 lek as “an aggregation of
at least 3 males (pheromone) calling simulta-
neously in a clearly defined area, usually from ad-
jacent leaves of a single branch”. The largest lek
was observed in 

 

A. suspensa

 

, containing 9 phero-
mone calling males (Sivinski 1989). For 

 

A. frater-
culus

 

, Malavasi et al. (1983) recorded leks of 5
males separated by less than 80 cm from one an-
other, grouped in the area of the tree with the
highest incidence of sunlight and generally estab-
lishing territories on the underside of leaves of
host and non-host trees. The stimuli eliciting lek
formation in 

 

A. fraterculus

 

 are unknown but may
involve light characteristics as well as male sig-
naling behavior, mainly through pheromone re-
lease (Malavasi et al. 1983).

Sexual selection plays an important role in the
evolution of species with lek mating systems.
Males often defend a small territory and exhibit a
wide repertory of signals (acoustic, visual, and/or
chemical) to attract females. In this mating sys-
tem, females visit the sites where males aggre-
gate and display their calling behavior, and
choose a mating partner (Burk 1983). This, in
turn, could lead to sexual selection, through fe-
male choice, on male morphological or behavioral
traits.

In the Mediterranean fruit fly 

 

Ceratitis capi-
tata

 

 (Wiedemann), which is also a lekking spe-
cies, male mating success may be associated, at
least partially, to morphometric traits (Norry et
al. 1999; Rodriguero et al. 2002a; Rodriguero et

al. 2002b). In 

 

A. fraterculus

 

, the relative impor-
tance of these traits has recently been studied
(Sciurano et al. 2007), but the importance of at-
tendance at leks for the male copulatory success
remains unknown. Considering that a high pro-
portion of the matings in this genus apparently
occurs at the lek (Burk 1983; Hendrichs 1986;
Aluja et al. 2000), strong selection in males for
their ability to acquire a position within the lek
(and perhaps even an intense competition for the
female preferred positions) could be occurring.
Descriptions of male-male agonistic interactions
had been made for 

 

Anastrepha

 

 species (Hendrichs
1986; Sivinski & Burk 1989). In fact, Hendrichs
(1986) found that 

 

A. suspensa

 

 males compete for
leaves in the center of leks and that matings usu-
ally occur there. However, evidence that females
choose males based on the location of the male
may be difficult to reconcile with studies that sug-
gest that individual qualities are important in
mate choice (Kotiaho et al. 2001; Sciurano et al.
2007). Studies directed to assess the traits in-
volved in female preference and male mating suc-
cess should take into account the particular mat-
ing system of each species. Thus, any behavioral
test must allow the males to form a lek, but also
the females to choose among males inside and
outside leks (Zapien et al. 1983).

The aims of our study were (1) to analyze the
distribution of males inside the tree and determine
regions of lek occurrence, (2) to evaluate the effect
of morphological traits and pheromone calling be-
havior of the males on their lekking behavior and
their copulatory success, and (3) to reveal potential
advantages and requirements to join a lek.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Biological Material

 

A. fraterculus

 

 wild adults were obtained from
infested guavas (

 

Psidium guajava

 

) collected at
Horco Molle (Tucumán, Argentina). This popula-
tion has been evaluated in terms of its mating
compatibility with other populations (Petit-
Marty et al. 2004a; Vera et al. 2006) and its sex-
ual behavior (Petit-Marty et al. 2004a; Allinghi et
al. 2007a). Upon emergence, flies were sorted by
sex and fed with brown sugar and hydrolyzed
corn protein (2:1), the regular diet used at Insti-
tuto de Genética, INTA Castelar, Argentina
(Manso 1998). When tested, males were 20 d old,
and females were 17 d old. All males were
weighed and marked 1 day before testing. The
mark consisted of a small piece of colored paper
glued with a dot of acrylic paint on their nototho-
rax. A letter (Microsoft Word Arial size 4) printed
on the paper was used to individually recognize
all the males. This technique has been used in
sexual behavior studies in the medfly (McInnis
et al. 2002; Vera et al. 2002; Vera et al. 2003).
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Test Procedure

 

Lekking behavior and male copulatory success
was assessed in standard outdoor field cages (2 m
tall, 3 m diameter) containing a rooted tangerine
tree (nearly 1.7 m tall), at the experimental field
in INTA Castelar during Apr 2002 (time of sun-
rise 7:20 

 

AM

 

 approximately). Sixteen marked
males were released into each cage. Observations
took place from 7:30 

 

AM

 

 to 12:00 

 

PM

 

, covering the
period of sexual activity for Argentinean popula-
tions of this species (Petit-Marty et al. 2004a;
Vera et al. 2006). One hour after the males were
released, 8 virgin females were released into each
field cage.

Two observers were assigned to each cage. Fif-
teen min after male release, the position and ac-
tivity of each male inside the cage was recorded.
This recording was repeated every 15 min. To de-
termine the position of the males inside the tree,
all trees were divided in 24 sectors in a 3 dimen-
sional arrangement: (1) according to cardinal axes
we defined four quadrants (NE, NW, SW, and SE
representing the northeastern, northwestern,
southwestern, and

 

 

 

southeastern quadrants, re-
spectively); (2) regarding tree height we defined 3
evenly-spaced sections (approximately 40 cm
high) of the canopy (1 for the lowest third, 2 for the
middle third, and 3 for the highest third); and (3)
according to the depth of the leaves in the canopy
we defined 2 sectors (P), for leaves situated ap-
proximately 5 cm from the periphery or edge of the
canopy, and (C),

 

 

 

for central or core leaves. Both
height and depth were relative to each tree and
defined previously by all observers to avoid bias.
The activities of the males were classified as pher-
omone calling (hereafter referred to as calling, the
presence of an everted anal pouch at the tip of the
anus), mating, walking, interacting with other
males (face to face encounters between males),
and resting (motionless). Mating start time and
copula duration were recorded for each couple ob-
served. The test was performed simultaneously in
4 field cages and repeated on 2 different days.

At the end of the observation period, all males
were recovered and stored in the freezer. A sam-
ple of 25 successful males (70% of all mated
males) and 68 unsuccessful males (74% of all un-
mated males) were selected at random and mea-
sured for 8 morphometric traits, as follows: head
width (HW), face width (FW), eye length (EL),
thorax length (THL), wing length (WL), wing
width (WW), femur length (FL), and tibia length
(TIL) (Fig. 1). All measurements were made with
a stereoscopic microscope, Ernst Leitz Wetzler,
with a 12.5

 

×

 

 ocular containing a micrometric
scale. WL and WW were measured with a 1

 

×

 

 ob-
jective; HW, EL, THL, FL and TIL with 4

 

×

 

 and
FW with an 8

 

×

 

 objective (for a more detailed de-
scription see Sciurano et al. 2007). The data were
standardized to have mean zero and unit vari-

ance in each replicate (Norry et al. 1999) in order
to overcome any possible effect of the cage or the
day.

 

Data Analysis

 

Location of calling males was used to deter-
mine if leks were actually forming, and if so, to de-
scribe the number of males inside each lek, the
number of leks per tree, and whether leks were
randomly distributed or followed some sort of
spatial organization inside the tree. For those
males that moved and called in different parts of
the tree during the observation period, we consid-
ered their most frequent position in the analysis.
In order to see whether it was possible to pool the
data from the 8 replicates, differences among rep-
licates for number of males in each position
(height, depth, or cardinal position inside the
tree) were analyzed with an ANOVA test. Non-
significant differences were found (

 

P

 

 > 0.05) and
as a consequence, the analysis was performed by
grouping data from all replicates. The observed
frequencies of calling males found in each sector
(NE, NW, SW, or SE; 1, 2, or 3; and C or P) were
compared with the expected frequencies under
random distribution by a Chi square test.

Sexual behavior of males was described con-
sidering (1) the time elapsed between the release
of the males and the beginning of calling behavior
(time to call), (2) the time spent calling, and (3)
the time doing other activities. Time spent calling
was calculated as the number of observations in
which an individual male was observed phero-
mone calling divided by the number of observa-
tions on this male before attaining copulation (in

Fig. 1. Description of traits measured. HW, head
width; FW, face width; EL, eye length; THL, thorax
length; WL, wing length; WW, wing width; FL, femur
length and TIL, tibia length. Bars = 1 mm.
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the case of successful males) or by the total num-
ber of observations performed until the end of the
observation period. Thus, if a male was phero-
mone calling all the time before mating, the time
spent in calling behavior was one. The other activ-
ities registered such as walking, interacting with
other males, or resting were grouped in a variable
called ‘other activities’. The sum of time spent
calling and the time doing other activities equals
one. For those males that mated, the time since
female release until the achievement of copula-
tion (referred to as ‘latency’) and copula duration
were computed.

The time to call, the time spent calling (calling
activity), and the body weight were compared be-
tween successful and unsuccessful males by
means of a one-way analysis of variance
(ANOVA). The association of time to call, calling
activity, and weight with latency and copula du-
ration of successful males were analyzed by
means of Pearson product-moment correlation
analysis. Statistical relationship between 8 mor-
phological traits and copulatory success, copula
duration, and latency was studied by step-wise
multiple regression analysis.

Those males that exhibited calling behavior
were classified according to whether they called
inside a lek, always, sometimes, or never. The per-
centage of males that successfully mated was
compared among the 3 categories by means of a
Chi square test of heterogeneity. In addition, dif-
ferences in time to call, time spent calling, body
weight, and the 8 morphometric traits were eval-
uated among the same 3 categories (males that al-
ways, sometimes, or never called inside a lek). For
the first 3 variables (time to call, time spent call-
ing, and body weight), a one-way ANOVA was per-
formed and for morphometric traits a MANOVA
was used. In those cases in which significant dif-
ferences were found, a Tukey test was performed.
All statistical analyses were performed with Sta-
tistica for Windows (StatSoft, Inc. 2000) and
STATISTIX 7 (Analytical Software 2000).

R

 

ESULTS

 

Lekking Behavior and Mating Location

 

The distribution of the number of calling males
on the different sections of the tree is shown in
Fig. 2. Calling males tended to be grouped in the
NE quadrant (

 

χ

 

2

 

 = 58.16, 

 

df

 

 = 3, 

 

P

 

 < 0.001), in the
peripheral leaves (

 

χ

 

2

 

 = 21.16, 

 

df

 

 = 1, 

 

P

 

 < 0.001),
and at a middle height of the tree canopy (

 

χ

 

2

 

 

 

=
18.81, 

 

df

 

 = 2, 

 

P

 

 < 0.001). Given that the preferred
area to call was so small (one out of the 24 avail-
able, considering cardinal orientation, height of
the tree, and depth in the canopy), only one group
of calling males (i.e., lek) was evident in each tree.
The largest lek in location NE2P contained 4
males. The position of the first male that called in

the tree determined the location of the rest of the
pheromone calling males. In 58.88% of the cases,
the first calling male was detected in the central
third of the canopy (with the rest evenly distrib-
uted between the lowest and the highest thirds);
in 70.6% of the cases the first calling male was lo-
cated in the NE quadrant, with the remaining
cases found in the SE quadrant. And finally, in all
cases the first calling male was located in the P
leaves.

Mating started at 9:30 

 

AM

 

 and continued until
11:30 

 

AM

 

, reaching a maximum around 10:15 

 

AM

 

.
Matings lasted from 15 min to 105 min; with a
mean (± SE) of 67.30 ± 4.30 min. Mating couples
had a spatial distribution similar to that of call-
ing males (Fig. 2). They were found in the follow-
ing areas: 90% in the P leaves, 72% in the NE
quadrant, and 48% at height 2. In all, 35% of the
couples were collected in the preferred area (pe-
riphery at an intermediate height of the NE quad-
rant). The percentage of males that mated was
28%. Considering that only half as many females
as males were released per cage, this figure repre-

Fig. 2. Mean number of calling males observed in
each part of the tree throughout the observation period:
(a) number of males calling at each quadrant, (b) males
calling in each height, and (c) males calling in periph-
eral and central leaves.
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sented 56% of the possible copulations. The mean
number of copulations per cage was 3.9. Most of
the copulations (90%) were observed on the un-
derside of the leaves. Mean latency was 30 min
and the last copulation was registered 150 min af-
ter releasing the females.

 

Lekking Behavior and Copulatory Success

 

The comparison of behavioral and morphologi-
cal traits between successful and unsuccessful
males indicated that successful males spent sig-
nificantly more time calling than unsuccessful
ones (

 

F

 

 = 3.97, 

 

P

 

 = 0.048). The time to call was not
different between the 2 classes of males (

 

F

 

 =
2.099, 

 

P

 

 = 0.151) and 20% of unsuccessful males
did not call at all. The mean body weight was
14.55 ± 0.17 mg. This variable did not differ sta-
tistically between successful and unsuccessful
males (14.99 ± 0.35 mg and 14.30 ± 0.26 mg, re-
spectively). Multiple stepwise regression analysis
indicated that eye length (EL) was associated
with copulatory success (Table 1).

Latency and copula duration were not associ-
ated with time to call, time spent calling, or body
weight (Table 2). By contrast, the analysis of mor-
phometric traits showed that latency was associ-
ated with face width (FW) and that copula dura-
tion was associated with FW and EL (Table 1).

We found that only 10% of the males called ex-
clusively within the limits of the lek, while most
of them (64%) never integrated to leks, and the
rest (26%) entered the lek occasionally. Although
males that called always inside the lek were less
abundant, most of them (83.3%) copulated, while
only 20.6% of the males that sometimes called
inside the lek and 23.7% of the males that called
always outside the lek mated. The differences
among these classes were significant (

 

χ

 

2

 

 = 8.03,

 

P

 

 = 0.018). No differences in body weight or any of
the morphometric traits were found among males
that called only, sometimes, or never inside the
leks (ANOVA for body weight: 

 

F 

 

= 0.82, 

 

P

 

 = 0.441;

MANOVA for morphometric traits: 0.853 

 

≥

 

 

 

P

 

 

 

≥

 

0.155). However, significant differences were
found in calling activity, both for the time spent
calling (ANOVA: 

 

F 

 

= 5.47, 

 

P

 

 = 0.009, Table 3) and
for the time required to start calling (ANOVA: 

 

F 

 

=
6.35, 

 

P

 

 = 0.003, Table 3). Males that never joined
the lek spent less time calling than males that
called alternatively outside or inside the lek
(Tukey test: 

 

P

 

 < 0.001), while those that always
called inside the lek showed intermediate (but
non-significantly different) values for this vari-
able. The same pattern was found when perform-
ing Tukey test for the time to call; males that
never called inside the lek started their calling ac-
tivity later than males that called alternatively
inside or outside the lek (

 

P

 

 = 0.002). The males
that always called inside the leks showed inter-
mediate values (

 

P

 

 > 0.05). Interactions between
males were not very frequent (only 8 observa-
tions) and therefore they were not analyzed.

DISCUSSION

In the present study we analyze A. fraterculus
male behavior and location during the hours of
sexual activity and its relevance in their copula-
tory success. Males were found pheromone calling
in a restricted part of the trees (on the northeast-
ern quadrant, at an intermediate height, and in
the peripheral leaves). This area represents one
out of the 24 parts into which the tree canopy was
divided, indicating that the grouping was very re-
stricted and only a small portion of the tree is
suitable or selected by the flies for calling and
mating activity. This was considered as the area
of lek formation. Given that most matings started
before 11.00 AM, the preferred place to call corre-
sponded to the one that received sunlight during
the first hours of the day (the experiment was con-
ducted in middle of autumn and the sunlight
around 10.00 AM is concentrated in the NE and
SE quadrants). This seems to imply that light de-
termines, at least to some extent, the area of lek

TABLE 1. ASSOCIATION BETWEEN COPULATORY SUCCESS, COPULA DURATION, LATENCY, AND THE 8 MORPHOMETRIC
VARIABLES.

Dependent variables Independent variables Order β’1 SD (β’) t (df) P

Copulatory success EL 1 0.43 0.18 2.36 (89) 0.020
FW 2 -0.22 0.13 -1.68 (89) 0.097
TIL 3 -0.19 0.16 -1.17 (89) 0.244

Copula duration EL 1 0.50 0.18 2.79 (22) 0.007
FW 2 -0.29 0.13 -2.24 (22) 0.028
TIL 3 -0.19 0.16 -1.20 (22) 0.234

Latency FW 1 0.59 0.21 2.78 (22) 0.011
WL 2 -0.35 0.21 -1.65 (22) 0.113

1β’, partial regression coefficient of the corresponding dependent variable on the independent variable; SD (β’), standard devia-
tion of β’; t (df), Student’s t-test (degrees of freedom). FW = face width; EL = eye length; WL = wing length; and TIL = tibia length.



Segura et al.: Lekking Behavior of Anastrepha fraterculus 159

formation. Probably flies look for the best place to
display during the time of highest sexual activity
(Petit-Marty et al. 2004a; Vera et al. 2006).

Factors such as light intensity, foliage density,
and wind speed have been postulated to affect lek
location in the medfly (Arita & Kaneshiro 1989;
Hendrichs & Hendrichs 1990; Whittier et al.
1992). Malavasi et al. (1983), studying a Brazilian
population of A. fraterculus that exhibits the
same temporal pattern of sexual activity, also
found that leks occurred on leaves receiving more
sunlight in the morning. Given that tephritid
males are usually attracted by pheromone emit-
ting males (Kaspi & Yuval 1999), it could be pro-
posed that in A. fraterculus the first active calling
male positions himself in the best place of the tree
(probably the one which receives more sunlight,
NE2P in our case), and then new males arrive to
join the calling male until the stimulus becomes
sufficiently intense to attract females.

Fiske et al. (1998) found that male copulatory
success in lekking species is associated mainly
with male displaying activity, aggression rate,
and lek attendance. Our results suggest that call-
ing activity and the way in which the males par-
ticipate in the lek are key factors determining
copulatory success (successful males called more
than unsuccessful ones, and those who called ex-
clusively inside the lek attained a higher propor-
tion of the copulas). Although agonistic interac-
tion between males of other Anastrepha species
has been proposed as an important factor to
maintain the position in the lek (Aluja et al. 1983;
Hendrichs 1986; Sivinski & Burk 1989), aggres-
sion did not seem to be important in A. fratercu-
lus, given that direct interactions between males
were infrequent in our experiment. According to
Shelly (2000), several lines of evidence suggest
that male-male conflict seems to have low influ-

ence on copulatory success compared with the ef-
fect of intersexual selection in C. capitata. Whit-
tier et al. (1994) found that male-male contests in
C. capitata are infrequent and that male copula-
tory frequency is unrelated to fighting ability.
This low frequency of fights between males was
also found in our study, probably indicating the
intrasexual selection mediated by agonistic inter-
action is unimportant for the copulatory success
of A. fraterculus males, at least at the density we
set inside our field cages. Nonetheless, the
method employed in our study to characterize
male behavior could have underestimated male-
male interactions, because these phenomena usu-
ally last only a few s. A more focused observation
of male-male interactions will surely help to un-
derstand the importance of male aggressive be-
havior on copulatory success.

There is some evidence suggesting that larger
males have higher copulatory success in A. frater-
culus (Sciurano et al. 2007), Anastrepha suspensa
(Loew) (Burk & Webb 1983), and C. capitata
(Churchill-Stanland et al. 1986; Blay & Yuval
1997; Taylor & Yuval 1999; Kaspi et al. 2000). Con-
versely, other studies showed that size has no effect
on male copulatory success, at least for C. capitata
(Whittier et al. 1994; Vera 1996; Norry et al. 1999;
Shelly 2000). In the present study, body weight,
thorax length, and wing width and length were
used as indicators of males’ size, and no relation-
ship was found between these variables and copu-
latory success. Our males were collected from gua-
vas, a highly nutritious host, and after emergence
were fed ad libitum until the field cage trials. Thus,
it is likely that the males used in our study cover
only a small range of possible sizes, a range that
perhaps was not large enough to include those
sizes that diminish the copulatory success.

Although overall size was not associated with
copulatory success, probably other morphological
characteristics could be the target of female selec-
tion. Indeed, from the morphometric analysis, we
found that eye length was positively associated
with copulatory success. Several morphometric
studies on C. capitata have shown the importance
of this variable on male copulatory success (Vera
1996; Norry et al. 1999; Rodriguero et al. 2002a;
Rodriguero et al. 2002b), and it was shown that
this selection operated via female choice, proba-
bly during close male-female interactions (Norry
et al. 1999). A more detailed analysis of the im-
portance of the eye length on copulatory success

TABLE 2. RESULTS OF THE PEARSON PRODUCT-MOMENT CORRELATION ANALYSIS. CORRELATION COEFFICIENT R, AND
THE ASSOCIATED P-VALUE IS PRESENTED FOR EACH PAIR OF VARIABLES.

Weight Calling activity Time to call

Latency r = 0.06, P = 0.49 r = 0.04, P = 0.60 r = 0.20, P = 0.35
Copula duration r = 0.14, P = 0.11 r = 0.15, P = 0.09 r = 0.22, P = 0.29

TABLE 3. CALLING BEHAVIOR OF MALES THAT ALWAYS,
SOMETIMES, AND NEVER CALLED IN THE AREA
OF FORMATION OF LEK.

Lek participation 
(n)

Mean time
in minutes
to call ± SE

Mean calling
activity ± SE

Always (12) 58.50 ± 31.18 0.44 ± 0.26
Sometimes (34) 34.44 ± 29.94 0.64 ± 0.25
Never (81) 63.02 ± 35.25 0.25 ± 0.23
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in A. fraterculus will probably provide an impor-
tant tool to evaluate male sexual performance.

We additionally analyzed 2 variables, latency
and copula duration, that could be associated with
the mating success of males. Latency was ex-
pected to be negatively associated with mating
success because copulations in A. fraterculus are
restricted to a narrow time window during the
first 3 h after dawn (Malavasi et al. 1983; Petit-
Marty et al. 2004a). Copula duration was expected
to be positively associated with mating success be-
cause sperm transfer could be ineffective in very
short copulations (nonetheless it has been shown
by Taylor et al. 2001 that long-lasting copulas does
not imply sperm transfer, so this variable should
be analyzed with care). Our results suggest that
morphological traits such as eye length and face
width were associated with latency and copula du-
ration, indicating that these traits could have
some relationship with the physiological state of
the males. Face width was negatively associated
with fitness, because it was positively associated
with latency and negatively associated with cop-
ula duration. On the contrary, eye length was pos-
itively associated with copula duration, and there-
fore -coupled with face width- could be the target
of sexual selection. The high correlation between
these 2 variables should be taken into account.

Defining the area of lek formation allowed us
to analyze where each male called during the
hours of sexual activity. We found that a minority
of the males called exclusively inside the lek, and
most of them attended the lek only occasionally or
never. But, from those that remained in the lek,
83% copulated, and only one quarter of the re-
maining calling males achieved copulation. This
result showed the importance of calling inside the
leks, and the fact that presence in the lek could
result from strong selective pressures to keep
these “preferred sites”. We could not find any mor-
phological difference among males from these 3
classes. So it seems that overall size and morpho-
metric traits are not requirements to be a part of
the lek. Conversely, differences were observed in
their calling activity. Males which called only oc-
casionally inside the lek spent more time in call-
ing activity than the rest, and started to call ear-
lier than the others. Thus, another advantage of
staying in the lek is that less effort on calling is
needed; this is an advantage under the assump-
tion that pheromone calling is an energetically
“expensive” activity (Yuval et al. 2007), although
joining a lek may also increase the risk of preda-
tion (Hendrichs & Hendrichs 1998).

Based on our results, we can propose that
A. fraterculus males exhibit 3 strategies related to
pheromone calling behavior: (1) males that call al-
ways in the lek invest a moderate effort in calling
and have a high probability of mating (83% in our
case); (2) males that call outside the leks invest a
moderate effort in calling with the advantage of

lacking competitors (even though there were 63%
of the males outside the lek, they located in the 23
remaining sectors of the tree) but with the disad-
vantage of lower probability to copulate (24% in
our case) -perhaps these males were less moti-
vated to mate or some undetected trait or interac-
tions impeded them from entering the lek and
thus acted as “satellite” males; and (3) males that
call inside and outside the lek invest a lot on call-
ing and have a low probability of achieving a cop-
ula (21% in our case). Probably these males try to
occupy empty sites inside the leks and alternate
this behavior with a male satellite strategy. Per-
haps they would achieve a copula (as well as the
successful males) if females continued arriving at
the lek (in our experimental design only 8 females
were released, and no more females were added
after the males started to copulate). Insightful re-
sults would come from studies that register the
number of unsuccessful mating attempts made by
each type of calling male, to assess if males that
call outside the leks attract less females or if they
are being rejected more by attracted females.

In summary, the present study showed that,
although A. fraterculus was considered a lekking
species as many other of the same genus, the lek
is formed not only by males that remain in it
throughout the period of sexual activity, but also
by males that call alternatively inside and out-
side the lek. Also, we found that the area of lek
formation was the same in all the trees that we
used, indicating that factors other than intrinsic
properties of the trees are determining where the
males should group to call. In all trees the area of
lek formation was the one that received more sun-
light during the morning, strongly indicating a
major role of this variable. However, as Aluja et
al. (1993) noted, the lekking systems in Anas-
trepha are very dynamic and highly influenced by
male density, so the present results should be con-
firmed in nature, where males are allowed to join
or leave a tree if it is already occupied by other
calling males.

We conclude that the copulatory success of
males is associated with morphometric and be-
havioral traits. Males with longer eyes, spending
more time calling, and that call inside the lek,
have higher chances of copulating than males
with shorter eyes, spending less time calling, and
calling outside the lek. Interestingly, those males
that call alternatively inside and outside the lek
start to call earlier and spend more time calling,
and yet obtained less copulas than those inside
the lek, and about the same amount as those who
call always from outside. This suggests some hier-
archical order in the behavioral traits: calling is
important, but the males should call from a spe-
cific location of the tree. Also, it seems that fe-
males are evaluating some morphometric trait of
the males, but the distribution of this trait is in-
dependent of male behavior (males that always,
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never or sometimes called inside the lek do not
show differences in morphometric traits). Mor-
phometric traits (in this case EL) could be used by
females only after coming in close contact with
males. It seems that A. fraterculus follows the
pattern found for Anastrepha striata Schiner
(Aluja et al. 1993) in that females use a chemical
cue (e.g., calling pheromones) to locate males at
long distances, and visual, acoustic and/or contact
cues (e.g., courtship behavior, morphometric
traits) to evaluate males at short distances.

We are still lacking sufficient information on
male copulatory success in A. fraterculus. This in-
formation is vital within the context of SIT imple-
mentation, which has been proposed as a compo-
nent of an area-wide integrated management of
this pest (Guillén & Rodríguez 2007). The results
of the present study shed light on several traits of
A. fraterculus males that seems to be associated to
their copulatory success. In fact, based on our re-
sults, morphometric traits such as eye length and
face width should be considered in quality control
tests rather than weight or overall size. Further-
more, studies or quality control tests directed to
assess alterations of behavioral patterns due to
mass rearing, irradiation (which is commonly
used to sterilize the males) and handling should
include not only calling behavior, but also lekking
attendance, as we found that this seems to be a
keystone on the way to a successful sterile male.
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BSTRACT

 

Despite the interest in applying environmentally friendly control methods such as sterile in-
sect technique (SIT) against 

 

Anastrepha fraterculus

 

 (Wiedemann) (Diptera: Tephritidae), in-
formation about its biology, taxonomy, and behavior is still insufficient. To increase this
information, the present study aims to evaluate the performance of wild flies under field
cage conditions through the study of sexual competitiveness among males (sexual selection).
A wild population from Horco Molle, Tucumán, Argentina was sampled. Mature virgin
males and females were released into outdoor field cages to compete for mating. Morphomet-
ric analyses were applied to determine the relationship between the multivariate phenotype
and copulatory success. Successful and unsuccessful males were measured for 8 traits: head
width (HW), face width (FW), eye length (EL), thorax length (THL), wing length (WL), wing
width (WW), femur length (FL), and tibia length (TIL). Combinations of different multivari-
ate statistical methods and graphical analyses were used to evaluate sexual selection on
male phenotype. The results indicated that wing width and thorax length would be the most
probable targets of sexual selection. They describe a nonlinear association between expected
fitness and each of these 2 traits. This nonlinear relation suggests that observed selection
could maintain the diversity related to body size.

Key Words:

 

 

 

sexual selection,

 

 

 

morphology, multivariate statistical techniques, sterile insect
technique, morphometric analysis, 

 

Anastrepha fraterculus

 

R

 

ESUMEN

 

A pesar del interés por la aplicación de métodos de control de bajo impacto ambiental sobre

 

Anastrepha fraterculus

 

 (Diptera: Tephritidae), como la Técnica del Insecto Estéril (TIE), no
existe aún información suficiente sobre su biología, taxonomía y comportamiento. Este tra-
bajo tiene como objetivo evaluar el desempeño de moscas en jaulas de campo a través del es-
tudio de la competitividad sexual entre machos salvajes (selección sexual). Para ello, se
muestreó una población de Horco Molle, Tucumán (Argentina). En jaulas de campo se libe-
raron machos y hembras adultos vírgenes para evaluar la competición por el apareamiento.
Se midieron ocho rasgos morfométricos en machos exitosos y no exitosos: ancho de la cabeza,
ancho de la cara, largo del ojo, largo del tórax, largo del ala, ancho del ala, largo del fémur y
largo de la tibia. Se realizaron análisis morfométricos para determinar la relación entre el
fenotipo multivariado y el éxito copulatorio. Para evaluar la selección sexual sobre el feno-
tipo del macho se utilizaron diferentes combinaciones de métodos estadísticos multivariados
y análisis gráficos. Los resultados demostraron que el ancho de ala y el largo de tórax serían
los blancos más probables de selección sexual, y describen una asociación no lineal entre el
éxito copulatorio y cada uno de estos dos rasgos. Dicha asociación sugiere que la selección ob-
servada mantendría la diversidad para el tamaño del cuerpo.

 

Translation provided by the authors.

 

The South American fruit fly 

 

Anastrepha
fraterculus 

 

(Wiedemann) is an important fruit fly
pest which, because of its wide host range, causes
major economic losses to Argentina through di-
rect effects reducing total production and indirect
effects derived from restrictions to fruit and hor-

ticultural exports (Ortíz 1999). The species is
abundant in the northwestern and northeastern
regions of Argentina, which are characterized by
hot and wet subtropical climates and separated
from each other by an extremely arid region (Ver-
gani 1956).
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In 1994, Argentina embarked on an ambitious
National Program for Control and Eradication of
Fruit Flies (PROCEM-Argentina), whose strat-
egy is based on integrated pest management. In
this context, and with the objective of developing
environmentally friendly approaches for their
control (Manso & Basso 1999; Ovruski et al.
2003), one of the methods proposed is the sterile
insect technique (SIT). Although it is being suc-
cessfully applied against other tephritid species,
most notably 

 

Ceratitis capitata

 

 (Wiedemann), it
has not been yet developed for 

 

A. fraterculus

 

. The
SIT relies on reducing the reproductive potential
of wild females by inducing egg sterility through
the release of mass reared and sterilized males.
Such reduction can be achieved only if the re-
leased sterile males are successful in mating and
transferring sperm to wild females (Lux et al.
2002).

An indispensable requirement for the applica-
tion of the SIT against 

 

A. fraterculus 

 

is the evalu-
ation of the sexual behavior of wild flies and iden-
tification of the factors that affect mate choice, in
order to predict the expected performance of lab-
oratory strains under field conditions. Mate
choice may be the consequence of 2 different pro-
cesses: (1) positive assortative mating and (2) sex-
ual selection. The first implies that mating part-
ners are phenotypically more similar to each
other than expected by random mating (Falconer
& MacKay 2001). Positive assortative mating will
take place if mate choice preference differs be-
tween laboratory and wild females, determining
that mass reared males mate preferentially with
released females rather than with wild females.
This process does not involve selection in natural
conditions but may have negative consequences
when SIT involves bisexual releases.

Sexual selection implies that certain individu-
als have advantage over other individuals of the
same sex in exclusive relation to reproduction
(Darwin 1871). Two different kinds of evolution-
ary processes can account for the evolution of sex-
ually selected traits (Darwin 1871): (1) “intrasex-
ual selection” or competition for mates between
members of the same sex, usually males, and (2)
“intersexual selection”, which involves active
choice of particular individuals of the opposite
sex, usually female choice of mates.

Rodriguero et al. (2002a, b) demonstrated the
occurrence of both selective processes operating
on several morphological traits correlated with
body size in 

 

C. capitata

 

. Furthermore, body size is
usually considered a quality index (Churchill-
Stanland et al. 1986; Blay & Yuval 1997; Taylor &
Yuval 1999; Kaspi et al. 2000). Because wings,
legs, and head are apparently related to courtship
behavior in 

 

A. fraterculus

 

 (unpublished results)
and thorax length is an index of body size, we
compared these traits in mating pairs and non-
mated males to identify morphological character-

istics involved in the male copulatory success. To
understand the process of sexual selection on
male morphological traits, different multivariate
statistical techniques were used to detect, quan-
tify, and visualize multivariate selection in indi-
viduals from a wild population from Argentina.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Field Cage Experiments

 

A wild population from Horco Molle, Tucumán
(26°48’ latitude South, 68°20’ longitude West) was
sampled in Feb 2001. Wild flies were obtained
from infested 

 

Psidium guajava

 

 L. fruits taken
from the tree and the ground. The fruits were sent
to the Laboratorio de Insectos, Instituto de
Genética “E. A. Favret” at INTA Castelar, where
they were kept in plastic trays with a sand layer
to allow pupation. Periodically, the sand was
sieved to obtain pupae that were maintained un-
der controlled conditions (25 ± 1°C, 80 ± 5% RH
and a photoperiod of 12:12 (L:D) until adult emer-
gence. Emerged adults were removed from flasks
every 24 h and were separated by sex and kept
under laboratory conditions (23-27°C, 50-70% RH
and a photoperiod of 12:12 (L:D) until they
reached the age of 20 ± 1 d.

Experiments were conducted under outdoor
field cage conditions. Screened nylon cages (2.5 m
high 

 

×

 

 2.5 m diameter) were erected over rooted
tangerine (

 

Citrus nobilis 

 

L.) trees. Mature adults
(250 males and 25 females) were released inside
each cage. We choose this proportion for 2 rea-
sons: (1) the number of calling males forming a
lek in nature is usually much higher than the
number of receptive females visiting a lek, and (2)
a high number of males results in stronger selec-
tion on male mating success.

During observation periods, which ranged from
0800-1400 h, mating pairs were scored and gently
removed from the cage by capturing them in a
vial. Copulating males were designated “success-
ful”, while those males that failed to mate during
the test were designated “unsuccessful”. The
whole experiment involved 8 replicates carried
out on 12, 13, and 17 of Apr 2001. Although this
design measures only mating success, the ability
to mate may be considered a key component of
sexual selection. In fact, previous studies (Petit-
Marty et al. 2004a, 2004b) showed that sperm
transfer is verified in virtually all copulations
achieved under similar experimental conditions.

 

Morphometric Measurements

 

A sample of 70 successful and 135 unsuccessful
males were selected at random after pooling the
data from all replicates. These flies were mea-
sured for 8 morphometric traits (Fig. 1): head
width (HW), face width (FW), eye length (EL), tho-
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rax length (THL), wing length (WL), wing width
(WW), femur length (FL), and tibia length (TIL).

Each fly was dissected on a Petri dish with a
paraffin wax layer. Head traits were observed
from the front and thorax length was scored from
the dorsal view. In the case of bilateral limbs
(wings and legs) the measurements were scored
on the left side only. To measure HW, FW, EL, and
THL, the body part was dissected and placed on a
Petri dish with Bacto-agar (DIFCO laboratories,
U.S.A.) 1% in H

 

2

 

O. WL, WW, FL, and TIL were
measured on a microscope slide (24.4 

 

×

 

 76.2 mm)
with a cover glass (24 

 

×

 

 40 mm) sealed with syn-
thetic balsam.

All measurements were made with a stereo-
scopic microscope, Leitz Wetzler, with a 12.5

 

×

 

 oc-
ular provided with a micrometric scale. WL and
WW were measured at 1

 

×

 

, HW, EL, THL, FL and
TIL at 4

 

×

 

, and FW at 8

 

×

 

.

 

Data Analyses

 

In the present work, the term ‘fitness’ was used
to mean ‘copulatory success’. Mated males (suc-
cessful) were assigned an absolute fitness value of
1 (

 

W 

 

= 1) while unmated males were assigned 

 

W

 

= 0. Individual phenotypic values for each trait
were standardized to have mean zero and unit

variance according to the corresponding replicate
(to the cage and to the day).

Pearson (1903) showed that multivariate sta-
tistics could be used to discriminate the direct
and indirect effects of selection to determine
which traits in a correlated ensemble are the tar-
gets of direct selection (Lande & Arnold 1983).

Multiple linear regression allows multiple
traits to be considered simultaneously (Lande &
Arnold 1983; Phillips & Arnold 1989; Brodie III et
al. 1995). However, some difficulties exist in ap-
plying this analytical method to the data from se-
lection studies (Schluter & Smith 1986; Mitchell-
Olds & Shaw 1987; Wade & Kalisz 1990; Crespi
1990). To avoid some difficulties such as those de-
rived from assumptions not fulfilled, different
complementary statistical techniques were ap-
plied in the present study, as follows: (1) multiple
logistic regression; (2) multiple stepwise regres-
sion; (3) principal components analyses (normal-
ized varimax rotation) coupled with logistic re-
gression; and (4) a nonparametric graphic tech-
nique known as ‘cubic spline’ (Schluter & Smith
1986; Schluter 1988).

Multiple logistic regression is a more natural
model for studying the relationship between a di-
chotomous fitness measure and various pheno-
typic explanatory variables than is multiple lin-

Fig 1. Description of measured traits: HW, head width; FW, face width; EL, eye length; THL, thorax length; WL,
wing length; WW, wing width; FL, femur length and TIL, tibia length. Bar = 1 mm.
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ear regression. It does not rely on assumptions of
normality for the predictor variables or the er-
rors, and it allows the selection effect to vary non-
linearly (Janzen & Stern 1998). Among different
multiple regression methods, stepwise regression
analysis was used to find the smallest set of pre-
dictor variables that still yields an adequate pre-
diction (Sokal & Rohlf 1979).

Principal component analysis (PCA) of mor-
phological variables was used to eliminate bias
due to the correlation among traits. A normalized
VARIMAX rotation was applied to extract the
first 3 principal components from the standard-
ized phenotypic covariance matrix, because this
method insures that components are orthogonal
and simplifies interpretation by minimizing the
number of variables that have high loadings on
each principal component (Norry & Vilardi 1996;
Norry et al. 1999; Rodriguero et al. 2002a, 2002b).
The logistic regression of relative copulatory suc-
cess on the rotated principal components esti-
mates the regression of fitness on each of these
composite variables (

 

β

 

’). Because copulatory suc-
cess is a dichotomic variable (W = 1 or 0), the sig-
nificance of 

 

β

 

’

 

 

 

was tested by Chi-square test (

 

χ

 

2

 

)
(Schluter 1988).

Finally, to reveal the precise shape of the re-
gression of fitness on the multivariate phenotype,
we adopted Schluter’s (1988) nonparametric visu-
alizing technique known as ‘cubic spline’. This
nonparametric method is not restricted 

 

a priori 

 

to
a particular model of selection and estimates
complex functions with multiple peaks and val-
leys allowing a complete descriptive model of se-
lection pressures on individuals (Schluter 1988;
Brodie III et al. 1995), although a shortcoming is
the higher sampling variation compared with
parametric regression surfaces (Schluter 1988;
Schluter & Nychtka 1994).

All statistical analyses were made with the
software STATISTICA 6.0 (Statistica Statsoft
1998) and STATISTIX 7 Trial Version (Analytical
Software 2000).

R

 

ESULTS

 

For most traits, successful males had on aver-
age higher values than unsuccessful ones, but dif-
ferences were only significant for wing width (

 

P 

 

=
0.003) (Table 1). The statistical relationship be-
tween fitness and phenotypic characters was
evaluated by 3 multivariate methods. First, a
multiple logistic regression revealed 3 variables
as possible targets of sexual selection: thorax
length (

 

β

 

’ = -0.59 ± 0.24; 

 

P

 

 = 0.014), wing width (

 

β

 

’
= 0.94 ± 0.32; 

 

P

 

 = 0.003), and femur length (

 

β

 

’ =
-1.11 ± 0.50; 

 

P

 

 = 0.025). Second, the possible cor-
relation among traits was removed by means of a
step-wise multiple regression analysis. This anal-
ysis identified wing width (

 

β

 

’ = 0.32 ± 0.08; 

 

P

 

 =
0.003) and thorax length (

 

β

 

’ = -0.24 ± 0.08; 

 

P

 

 =

0.002) as possible targets of sexual selection. Both
characters were significantly correlated with fit-
ness but with opposite signs. Third, the principal
component analysis of morphological characters
showed that although PC1 explains most of phe-
notypic variance, it is not associated with selec-
tive differences. Only PC2 and PC3 are signifi-
cantly related with fitness. PC2 is mainly deter-
mined by wing width while PC3 is determined by
thorax length (Table 2). Together, the first 3 prin-
cipal components accounted for nearly 88% of the
total variance in traits. The 3 analyses were con-
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FROM
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CAGE

 

 

 

MATING

 

 

 

TESTS

 

.

Trait

 

1

 

Males

Unsuccessful
(

 

n 

 

= 135)

 

2

 

Successful
(

 

n 

 

= 70)

HW 7.34 ± 0.44 7.41 ± 0.46
FW 4.60 ± 0.34 4.65 ± 0.34
EL 5.42 ± 0.36 5.45 ± 0.36
THL 2.44 ± 0.19 2.41 ± 0.18
WL 4.80 ± 0.26 4.83 ± 0.42
WW 2.40 ± 0.15

 

3

 

2.48 ± 0.29

 

3

 

FL 6.85 ± 0.40 6.85 ± 0.45
TIL 6.18 ± 0.39 6.22 ± 0.47

 

1

 

Abbreviations of morphometric traits for this and subse-
quent tables are given in Fig. 1.

 

2

 

n

 

, number of individuals.

 

3

 

Significant differences between successful and unsuccessful
males (

 

P

 

 = 0.003).

 

T

 

ABLE

 

 2. P

 

RINCIPAL

 

 

 

COMPONENTS

 

 (PC) 

 

ANALYSES

 

 

 

COU-
PLED

 

 

 

WITH

 

 LOGISTIC REGRESSION ANALYSES.1

Trait PC1 PC2 PC3

HW 0.75 0.50 0.32
FW 0.81 0.44 0.13
EL 0.70 0.48 0.42
THL 0.30 0.25 0.87
WL 0.81 0.01 0.46
WW 0.24 0.91 0.23
FL 0.70 0.32 0.52
TIL 0.64 0.33 0.54
Eigenvalues 5.92 0.66 0.46
% total variance 74.03 8.26 5.76
Cumulative % 74.03 82.30 88.05
β’ 0.13 0.57 -0.31
χ2 0.71 8.80 4.29
P 0.399 0.003 0.038

1Traits with the highest factor loadings on each PC, cumula-
tive variance percentage and where P-value < 0.05, are under-
lined.
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sistent with each other indicating that direct se-
lection favored males with broader wings and
shorter thorax.

A 2-dimensional graphical representation of
selection surfaces by means of the nonparametric
method of cubic spline showed a nonlinear rela-
tionship between copulatory success and each of
the characters that are probable targets of sexual
selection (Fig. 2). Fig. 2a suggests that selection
on wing width acts by favoring extreme pheno-
types, while Fig. 2b shows a principal and a local
maximum in the case of thorax length. Further-
more, a 3-dimensional selection surface plot (Fig.
3) allows visualization of selection on wing width
and thorax length simultaneously by considering
the loading of these traits on the major axes of the
selection surface. This graph showed one absolute
and 2 local maxima consistent with Fig. 2. The ab-
solute maximum corresponds to males with the
widest wings and large (but not largest) thorax.
One local maximum is associated with shortest
thorax and medium width wings and the other
corresponds to medium-sized thorax and narrow-
est wings. The nonlinear relationship between ex-

pected fitness and the probable targets of sexual
selection suggests that observed selection could
favor the maintenance of body-size diversity.

DISCUSSION

Despite increased interest in applying envi-
ronmentally-friendly control methods, such as
SIT, against A. fraterculus, information about its
biology, taxonomy, and behavior is still insuffi-
cient. Interdisciplinary work is necessary to de-
velop mass-reared strains that mate successfully
with wild populations. Some of the key subjects
for research involve nutrition to optimize mass
rearing methods in the laboratory (Manso 1999;
Jaldo et al. 2001), the development of genetic sex-
ing strains, population genetic studies to deter-
mine affinity and gene flow among different pop-
ulations and the routes of colonization (Alberti et
al. 1999), studies of sexual behavior, mating sys-
tems, and compatibility between wild and mass-
reared flies (Petit-Marty et al. 2004a, 2004b), and
morphometric studies to determine characters re-
lated to fitness (Russo et al. 2002).

In A. suspensa (Burk & Webb 1983) and C. cap-
itata (Churchill-Stanland et al. 1986; Orozco &
López 1993) male size has been shown to be re-
lated with mating success. However, this variable
itself may not necessarily be the direct target of
sexual selection, because such an association
could be the result of selection on one or many
traits correlated with it (Norry et al. 1995). In C.
capitata some size-related traits have been de-
tected as targets of sexual selection (Norry et al.
1999; Rodriguero et al. 2002a; Rodriguero et al.
2002b). In this species, the combination of step-
wise regression plus principal component analy-
sis, coupled with regression analysis, indicated
that eye and thorax length were positively corre-
lated with copulatory success, while face width
was negatively correlated, suggesting that those
males with largest eyes and thorax, and smallest

Fig. 2. 2-dimensional graphical representation of se-
lection surfaces by means of nonparametric method of
cubic splines. Copulatory success of male fruit fly A.
fraterculus as a function of a) wing width (y = -0.006x3 +
0.036x2 + 0.135x + 0.313) and b) thorax length (y =
0.032x3 + 0.024x2 – 0.126x + 0.324). � expected values —
observed values.

Fig. 3. 3-dimensional visualizations of selection.
Copulatory success of male fruit fly A. fraterculus as a
function of wing width and thorax length, simulta-
neously.
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faces have the highest copulatory success (Rod-
riguero et al. 2002a; Rodriguero et al. 2002b).
Norry et al. (1999) revealed that copulatory suc-
cess was also partially determined by intersexual
selection on morphology, probably on size or shape
of the head capsule. These results suggested that
in C. capitata discrimination among potential
mates on the basis of the male head morphology
probably takes place when the female approaches
the wing-fanning and head rocking male face to
face (Calcagno et al. 1999; Norry et al. 1999; Rod-
riguero et al. 2002b). In contrast, there are other
studies showing no relationship between male
size and copulatory success (Whittier et al. 1994;
Whittier & Kaneshiro 1995; Vera et al. 1996).

Our results suggest that thorax length, wing
width, and femur length are possible targets of
sexual selection in A. fraterculus. However, when
the effect of correlation among traits is removed
(stepwise regression and PCA), only thorax length
and wing width are significantly correlated with
copulatory success. Thus, the selection on femur
length would be indirect, due to the correlation of
this trait with other size-related traits. According
to principal component analysis the PC1, an indi-
cator or overall size, in the present case is not sig-
nificantly associated with mating success. Our re-
sults indicate that wing width and thorax length
are selected in different direction. All this evidence
leads to the conclusion that under these experi-
mental field-cage conditions sexual selection oper-
ates on body shape rather than body size level.

Rodriguero et al. (2002a, b) suggested the oc-
currence of correlational selection on multivari-
ate phenotype as a by-product of directional selec-
tion acting on face width and thorax length sepa-
rately and in the opposite direction in C. capitata.
The selection surface analyzed in the present
study described a nonlinear association between
expected fitness and the 2 traits (wing width and
thorax length) identified as targets of sexual se-
lection, considered both separately or simulta-
neously. That nonlinear relation suggests that the
observed selection could maintain diversity re-
lated to body size or shape. The different multi-
variate statistical methods and visual analyses
yielded consistent results suggesting that sexual
selection would affect multivariate phenotype in
A. fraterculus.

Under natural conditions the adult male:fe-
male ratio should be near 1. However, the popula-
tion of pheromone calling and signaling males is
usually several times higher than the number of
receptive virgin females that approach the calling
males. In the present work, the proportion of
males to females released inside each cage (10:1)
is probably higher than that in the wild and
might increase selective pressure on characters
related to mating success. Our experimental de-
sign might lead to an overestimation of sexual se-
lection. However, in natural conditions with huge

population numbers very slight selective differ-
ences will have significant effects that would be
impossible to detect under experimental condi-
tions. In our experiment we did not evaluate the
whole process of sexual selection because we did
not measure post-zygotic components. However,
mating success may be considered as the final re-
sult of many pre-zygotic components of sexual se-
lection, such us male ability to integrate into leks,
initiate pheromone calling, and display success-
fully the whole sequence of courtship activities
that lead to female acceptance. In previous work
(Petit-Marty et al. 2004b), we observed that virtu-
ally all matings achieved under similar experi-
mental conditions were fertile. This means that
an advantage in the ability to mate would be
strongly selected under natural conditions.
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EFFECT OF ACCLIMATION TO OUTDOOR CONDITIONS ON THE SEXUAL
PERFORMANCE OF MASS-PRODUCED MEDFLIES (DIPTERA: TEPHRITIDAE)
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A

 

BSTRACT

 

Application of the sterile insect technique (SIT) as part of integrated area-wide programs to
control the Mediterranean fruit fly (medfly) 

 

Ceratitis capitata

 

 (Wiedemann) require that the
released males attract wild females and transfer sterile sperm. However, knowledge about
male sexual performance after they are released is scarce. We conducted a study to evaluate
male sexual performance in field cage tests, according to standard quality control proce-
dures. Mass-reared 5-d-old sterile males from the genetic sexing strain VIENNA 7mix2000
were acclimated for 0, 1, and 3 d to outdoor conditions before competing with wild males for
wild females. Although the proportion of mating (PM) in the test was satisfactory, the result-
ing relative sterility index (RSI) data showed no significant differences among the treat-
ments. The data indicate that pre-conditioning males to outdoor conditions in Madeira did
not confer an advantage in field cage sexual performance.

Key Words: acclimation, 

 

Ceratitis capitata

 

, female mating, genetic sexing strains, relative
sterility index, sexual success, SIT

R

 

ESUMEN

 

La aplicación de la técnica del insecto estéril (TIE) como parte de un programa integrado de
amplio efecto para el control de la mosca mediterránea de la fruta 

 

Ceratitis capitata

 

 (Wiede-
mann) requiere que los machos liberados atraigan las hembras naturales y transfieran su
esperma. Sin embargo, el conocimiento del desempeño sexual de los machos después de ser
liberados es muy escaso. Nosotros realizamos un estudio para evaluar el desempeño sexual
de los machos en pruebas usando jaulas del campo, según los procedimientos estandardiza-
dos de calidad. Machos estériles de 5 dias de edad de la raza que separa los sexos genética-
mente VIENNA 7mix2000 criados en masa fueron aclimatados por 0, 1 y 3 días en
condiciones de campo antes de competir con machos naturales para las hembras naturales.
Aunque la proporción del apareamiento en la prueba fue satisfactorio, el índice relativo de
esterilidad (IRS) resultante no mostró ninguna diferencia significativa entre los tratamien-
tos. Los datos indicaron que al condicionar los machos anteriormente a las condiciones de

 

campo en Madeira no conferió ventaja alguna en el desempeño sexual en la jaula de campo.

 

Mediterranean fruit fly (medfly) 

 

Ceratitis capi-
tata

 

 (Wiedemann) control programs integrating
the sterile insect technique (SIT) now use genetic
sexing strains, which allow for the release of ster-
ile males only (Franz 2005). Genetic sexing strains
eliminate the sterile sting problem and mating be-
tween sterile insects, and they greatly increase the
efficacy of the SIT (Hendrichs et al. 1995).

For effective control with the SIT, however, it is
essential to produce sterile males that will com-
pete successfully with wild males for copulations
with wild females (Knipling 1955; Hendrichs et
al. 2002). The compatibility (ability of sterile male
flies to mate with wild females) and competitive-
ness (mating success in competition with the wild
males) were in the past mainly tested in the labo-
ratory (Fried 1971). However, laboratory tests
cannot assess the full behavioral repertoire of
mass-produced insects, and field cage tests are es-
sential (Robinson et al. 2002).

Studies of survival and sexual performance in
the open field after male release are scarce. Never-

theless, some studies were conducted in the field
through mark release recapture studies to evaluate
male dispersal and survival (Plant & Cunningham
1991; Hendrichs et al. 1993; Barbosa et al. 2000),
fruit infestation (Cayol & Zarai 1999), and popula-
tion suppression and induced sterility (McInnis et
al. 1994). To study the behavior of sterile flies in the
field, however, observations need to be done on
field-caged host trees, where direct observations of
behavior and evaluation of competitiveness can be
done. Several such studies of male sexual perfor-
mance (Prokopy & Hendrichs 1979; Wong et al.
1983; Cayol et al. 1999; Katsoyannos et al. 1999;
Rendón et al. 2000; Calcagno et al. 2002; Econo-
mopoulos & Mavrikakis 2002) and mating compat-
ibility (Cayol et al. 2002) have been conducted. The
insects can be maintained as close as possible to
natural conditions, with the advantage of being
able to obtain fly performance measurements.

We conducted a field cage study in Madeira
Island to evaluate the effects of acclimation in
the field on sexual performance of mass reared
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male medflies. Male medflies were acclimated to
outdoor conditions for 0, 1, and 3 d before measur-
ing their mating performance.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

The medflies used in the study were (1) males
of the genetic sexing strain (VIENNA 7mix2000)
(Franz 2005) produced in the Madeira medfly fac-
tory (Pereira et al. 2000), and (2) Madeira wild
flies collected from larval survey samples (mixed
hosts). Mass-reared flies were irradiated under
hypoxia in a Nordion 

 

60

 

Co irradiator 24 to 48 h
before emergence at a dose of 100 Gy. Pupae
from both strains were placed in Plexiglas® cages
(30 cm 

 

×

 

 30 cm 

 

×

 

 40 cm) until emergence. The wild
flies were sexed within 24 h of emergence, and fe-
males were kept in separate rooms from males to
avoid contact with the male pheromone before the
tests. All flies were maintained at 24 ± 2°C, 65 ±
5% RH and daylight conditions, with water and
optimal food (3 parts sugar and 1 part hydrolyzed
yeast). Healthy flies were selected for the tests
and marked with a dot of water-based paint on
the thorax on the day before the test.

All tests were conducted in standard field
cages (2.9 m diameter and 2.0 m high) (Calkins &
Webb 1983) and followed the procedures outlined
in the FAO/IAEA/USDA (2003) international
quality control manual. Each field cage was
placed over a citrus or mango tree (about 1.8 m
tall). Pruning was sometimes necessary to facili-
tate observation in the field cage.

The testing period covered the time of maxi-
mum sexual activity of both wild and mass reared
flies (sunrise to 12:00). Male flies were released
30 min before the females at dawn so that they
could start forming leks (Prokopy & Hendrichs
1979). In each cage we released equal numbers of
wild males (9-11 d old), mass-reared sterile males
(5 d old), and wild, virgin females (10-12 d old).
Mass-reared sterile males were submitted to the
following 3 different treatments before the test:
(1) zero days acclimation to outdoor conditions, (2)
1 d acclimation to outdoor conditions, and (3) 3 d
acclimation to outdoor conditions.

Experiments were conducted in 3 sets, with
different fly densities, (due to the availability of
wild flies), but maintaining the ratio of (1:1:1).
Experiment 1 was conducted in Aug and Sep,
2002 (30:30:30 flies per cage) and a total of 30
cages were run (10 per treatment). Experiment 2
was conducted in May, 2004 (45:45:45 flies per
cage) with a total of 18 cages (6 per treatment),
and experiment 3 was conducted in Jun, 2004
(40:40:40 flies per cage) with a total of 9 cages (3
per treatment).

The flies were observed by continuous census,
and copulating pairs were collected in 20-mL vi-
als. The proportion of females mating (PM) and
relative sterility index (RSI) were determined ac-

cording to the matings obtained. PM measures
the suitability and sexual maturity of the flies, as
well as an adequate environment for lek forma-
tion and mating. It represents the overall mating
activity of the flies (McInnis et al. 1996; Cayol et
al. 1999) and is defined as follows:

The RSI measures the proportion of mating
achieved by sterile males when competing with
wild males (McInnis et al. 1996) and is defined ac-
cording the following formula where LW is the
number of matings between laboratory sterile
males and wild females, and WW the number of
matings between wild males and wild females, as
follows:

The data were analyzed by analysis of vari-
ance (ANOVA) (Ott & Longnecker 2001). The sig-
nificance value used in tests was 95% (

 

α

 

 = 0.05).
Statistical analyses were performed with R soft-
ware (version 2.1.0, www.r-project.org).

R

 

ESULTS

 

Only the field cage tests that yielded a PM
above 0.25 (more than 25% of the females mated)
were considered in our data analysis (FAO/IAEA/
USDA 2003). In the 57 field cage tests run, 51 met
this requirement. The 6 cages having low PM
were conducted on 2 days of heavy rain. Data
were pooled to increase the statistical analysis
power for comparisons among treatments since
the ratio of the flies inside the cage was main-
tained and is corrected by the PM and RSI calcu-
lations. Data are presented in Table 1. No signifi-
cant differences were found among the 3 treat-
ments for either PM (

 

F

 

2

 

, = 0.271; 

 

df 

 

= 2,48; 

 

P

 

 =
0.764) or RSI (

 

F

 

 = 1.233; 

 

df

 

 = 2,48; 

 

P

 

 = 0.301).
However, the RSI for all treatments is below 0.27,
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P

 

> 0.05).

Outdoor
acclimatization PM (± SD) RSI (± SD)

0 d 0.45 ± 0.13 0.24 ± 0.11
1 d 0.43 ± 0.11 0.19 ± 0.12
3 d 0.42 ± 0.15 0.26 ± 0.18

PM Number of pairs collected
Number of females released
-------------------------------------------------------------------=

RSI LW
LW WW+
---------------------------=
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which is a relatively low sexual success for these
sterile males when interacting with wild males.

D

 

ISCUSSION

 

When medfly sterile males are released into
the field (2-4 d old) as part of SIT operations, we
only indirectly know how they perform in the en-
vironment (Vreysen et al. 2005). As soon they are
released, males need to be capable of participat-
ing in leks, where they have to compete with wild
males (Prokopy & Hendrichs 1979). This aspect
could be influenced by acclimatization to outdoor
conditions. However, as we can conclude from our
study, no advantages in sexual performance are
achieved with acclimation to outdoor conditions,
at least under the Madeira conditions tested.

Our question was do sterile males perform bet-
ter in the field cage mating arenas after being ex-
posed to outdoor conditions for 1 or 3 d? Our data
show no advantage to acclimatizing the males to
outdoor conditions. A few days of acclimatization
to outdoor conditions was not sufficient for males
to improve their sexual performance.

Even though outdoor conditioning plays ap-
parently no role within field cages, in terms of
sterile male survival in the open field, some re-
lease and recapture studies show an enormous re-
duction of recaptures in the first days (Hendrichs
et al. 1993; Barbosa et al. 2000). These 2 studies
conducted in 2 different geographical areas, as
well as data from operational programs, show a
very low percentage of recapture of sterile males
after day four. After this, however, a relative con-
stant number of sterile males are present. There
are 2 possible explanations for this drastic mor-
tality on the first days after releases as follows:
(1) difficulties of male foraging outdoors to find
food (Yuval et al. 1998), although Yuval et al. (this
volume) confirm that sterile males are as capable
as wild males in finding food when it is available,
or (2) the sterile males suffered heavy predation
and only a few manage to escape predation (Hen-
drichs & Hendrichs 1998; Hendrichs et al., 2007).

Another implication of this study involves fly
emergence and handling facilities where flies are
exposed to natural light. This is probably not re-
quired, since according to our data the sterile
males gain no advantage when acclimated to out-
door conditions. However, ours is a preliminary
study at the environmental conditions of Ma-
deira. Further studies looking at other proce-
dures and for longer periods of acclimatization,
and in other geographical areas are recom-
mended.
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A

 

BSTRACT

 

The results of previous studies that showed that exposing mass-reared male Mediterranean
fruit flies 

 

Ceratitis capitata

 

 (Wiedemann) to ginger root oil (“aromatherapy”) increases the
likelihood of mating with wild females were confirmed. The increased male success could be
due to female responses to changes in male behavior or male pheromones. There were no sig-
nificant differences in the types of courtship movements executed by males with and without
aromatherapy. The durations of movements also did not differ when mass-reared males were
paired with mass-reared females; however, when they were paired with wild females, there
were a few, small differences. Previous studies indicated that the effectiveness of the male
long-distance attractant pheromone is not affected by aromatherapy, but these studies did
not consider pheromones released at close range during courtship, which behavioral analy-
ses suggest may be different. We propose the following possible explanation for the different
effects of aromatherapy with different females. Selection on males under mass rearing may
have altered their close-range pheromones in ways that can be remedied by aromatherapy;
and only wild females respond because the pheromonal responsiveness of mass-reared fe-
males has also changed. We propose observations that could test these ideas.

Key Words: aromatherapy, 

 

Ceratitis capitata

 

, close range pheromones, mating behavior,
Mediterranean fruit fly, sexual selection

R

 

ESUMEN

 

Los resultados de estudios previos que muestran que al exponer machos criados en masa de
la mosca mediterránea de la fruta 

 

Ceratitis capitata 

 

(Wiedemann) al aceite de la raíz del jen-
gibre (“aromaterapia”) aumentó la probabilidad del apareamiento con hembras naturales
fueron confirmados. El aumento en el éxito de los machos puede ser debido a las respuestas
de las hembras a los cambios en el comportamiento o feromonas de los machos. No hubo una
diferencia significativa en la clase de los movimientos del cortejo ejecutados por los machos
con y sin la aromaterapia. La duración de los movimientos tampoco fue diferente cuando los
machos criados en masa fueron apareados con hembras criadas en masa; sin embargo,
cuando ellos fueron apareados con hembras naturales, resultaron unas pequeñas diferen-
cias. Los estudios previos indicaron que la eficacia de la feromona atrayente de machos de
larga distancia no esta afectada por la aromaterapia, pero estos estudios no consideran las
feromonas sueltas en un rango corto durante el cortejo, cuando el análisis de comporta-
miento sugiere que puede ser diferente. Nosotros proponemos la explicación siguiente para
los efectos diferentes de la aromaterapia con las diferentes hembras. La selección de machos
bajo condiciones de cria en masa puede haber alterado las feromonas de rango corto de ma-
nera que puede ser remediada por la aromaterapia; y solamente las hembras naturales res-
ponden por que también ha cambiado la respuesta de las hembras criadas en masa a la

 

feromona. Nosotros indicamos observaciones que pueden probar estas ideas.

 

The Mediterranean fruit fly (medfly) 

 

Ceratitis
capitata

 

 (Wiedemann) is a serious agricultural
pest, and much effort is expended in attempting
to control populations in the wild. One important
technique involves releasing large numbers of
mass-reared sterile males to mate with wild fe-
males, thus rendering their eggs inviable. The
success of this technique depends on the ability of

mass-reared males to successfully mate with wild
females. Unfortunately, males from mass-rearing
strains are often inferior to wild males, appar-
ently because their courtships are less effective
(Lance et al. 2000). Although several aspects of
male courtship behavior are known to have
changed in at least some mass-reared strains (Li-
imantainen et al. 1997; Briceño & Eberhard 1998;
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Calcagno et al. 1999; Briceño et al. 2002b), it is
not clear whether these or other male traits are
more important in producing this inferiority
(Eberhard 2000). Further understanding of the
causes of male inferiority would be useful in de-
signing better systems for mass rearing, and in
testing the quality of mass-reared males.

The recent discovery that exposing mass-
reared males to certain male pheromone ana-
logues or precursors of pheromone production
(“aromatherapy”) greatly increases their ability
to compete with wild males for females (Shelly et
al. 1996; Shelly 1999, 2001; Shelly & McInnis
2001), may help alleviate the problem of reduced
competitiveness. Male ability to copulate with
wild females was improved by exposing them to
these compounds the day before mating. The
mechanism by which this effect occurs is not
known, other than that it can be obtained by ex-
posing the male to only the aroma of the sub-
stance; feeding is not required. There are several
non-exclusive possible explanations for the
greater success of treated males, including that
they are more motivated and insistent, that their
production of attractant substances is somehow
altered, or that their courtship behavior is al-
tered. This study focused on possible changes in
courtship behavior.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

All observations were made in the Tephritid
Fruit Fly Laboratory of the University of Hawaii
at Manoa, Oahu, Hawaii. The mass-reared flies
used were from a small laboratory colony that
was derived in 1996 from the old “HiLab” mass-
reared strain (44 years or about 748 generations),
and since maintained by D. McInnis. Wild flies
were collected from coffee on the island of Kauai.
Larvae and pupae were reared in the laboratory,
and adults were separated by sex within 24 h of
emergence. Flies were held in 5-L buckets (maxi-
mum number: 150 flies) topped with screen, with

 

ad libitum

 

 access to water and food (hydrolyzed
yeast and sugar, 1:3).

Aromatherapy consisted of placing a small vial
containing 20 micro liters of ginger root oil (“Oil
Ginger Chinese FCC”, Citrus and Allied Essences
Ltd. of Lake Success, New York, U.S.A.), on blot-
ting paper (placed in a foil-lined Petri dish) for 7
h in each bucket containing 50 mass-reared males
the day before the mating trial. The males could
not touch the oil. Mating trials were performed in
plastic Petri dishes 13.7 cm in diameter and 1.8
cm deep, and were videotaped from below
through a glass table (Briceño & Eberhard 1998)
with a Sony Hi8 camcorder equipped with +6
closeup lenses. Flies in mating trials were 5-10 d
old, and each fly was used only once.

Durations of different components of courtship
behavior in interactions that led to a mounting

attempt were determined to the nearest 0.03 s
with frame by frame analyses of the videotapes.
Only a single mounting was analyzed for each
male to avoid pseudoreplication. Male behaviors
analyzed were continuous vibration (wings di-
rected postero-laterally and vibrated rapidly dor-
soventrally), intermittent buzzing (wings moved
periodically from being directed dorsally over to
the body to anteriorly while also being vibrated)
(for more detailed descriptions see Briceño &
Eberhard 2002b), and initial head rock (rotating
and lateral movements of the head that occurred
just before intermittent buzzing began). Because
contact with the male’s sexually dimorphic aris-
tae during buzzing appears to be part of medfly
courtship (Briceño & Eberhard 2002a), intermit-
tent buzzing was divided into two parts: prior to
full arista contact (the male contacted the female,
usually her aristae, with one of his aristae), and
after full arista contact (both male aristae con-
tacted those of the female). Also noted was the to-
tal time the female had remained immobile before
the male launched his mounting attempt, the to-
tal number of buzzes, and whether the mount was
successful (resulted in copulation). All means are
followed by ± 1 standard deviation. Statistical
tests were Mann-Whitney 

 

U

 

 Tests performed by
the statistical package “Statistica” unless other-
wise specified.

R

 

ESULTS

 

The same behavior patterns (continuous vibra-
tion, intermittent buzzing, head rocking) were ex-
ecuted with qualitatively similar movements by
both control and experimental males. Aromather-
apy did not produce consistent differences in the
measured aspects of male courtship behavior (Ta-
ble 1). There were no significant differences in du-
rations and numbers of repetitions between con-
trol and experimental males when courting mass-
reared females. There were 2 differences in the
small sample of 9 experimental males courting
wild females; these differences were not evident,
however, in the larger sample of experimental
males courting mass-reared females (in fact, the 2
trends involving durations of arista contact were
reversed with mass-reared females). Combined
data from courtships of wild and mass-reared fe-
males showed no significant effects of aromather-
apy on male behavior (see discussion of combining
data below). Comparisons between courtships pre-
ceding successful and unsuccessful mounts also
failed to reveal consistent differences (Table 2).

As in previous studies, aromatherapy in-
creased the probability of copulation with wild
females (78% of 9 vs. 29% of 34) (

 

χ

 

2

 

 = 6.96, 

 

df

 

 = 1,

 

P

 

 = 0.008), but did not increase success with
mass-reared females (22% of 36 vs. 25% of 40) (

 

χ

 

2

 

= 0.08, 

 

df

 

 = 1, 

 

P

 

 = 0.78). Aromatherapy resulted in
greater likelihood that mounting would be suc-



 

Briceño et al.: Courtship after Aromatherapy 177

 

cessful with wild females than with mass-reared
females (78% of 9 vs. 22% of 36) (

 

χ

 

2

 

 = 10.0, 

 

df

 

 = 1,

 

P

 

 < 0.0016).

D

 

ISCUSSION

 

It is not obvious how to interpret some of these
results. Aromatherapy resulted in courtships that
were more likely to induce wild females to copu-
late, but did not affect the receptivity of mass-
reared females. What aspects of courtship
changed? On the one hand, the durations of
nearly all aspects of male courtship of wild-type
females were reduced when males had received
aromatherapy. Only two aspects (durations of
arista contact and total courtship) were statisti-
cally significant. However, the number of pairs
was small, and most traits were quite variable.
On the other hand, there were no indications of
corresponding differences in the larger samples of
males courting mass-reared females, or in the to-
tals combining wild and mass-reared females. It
is not clear, however, whether combining the data
in this way is justified. If the origin of female does
not affect male courtship behavior, it is reason-
able to combine the samples; but if it does alter
male behavior, pooling the data is inadvisable.
One previous study showed that, in another pair
of strains, the male’s courtship did not change
when the strain of the female varied (Briceño &
Eberhard 1998), suggesting that combining data
from different strains in the present study may be
reasonable. However, differences in the cues that
affect female behavior in different strains could
determine whether or not it is appropriate to com-
bine data. It is possible, for instance, that male
pheromones did not vary between strains in the

previous study (Briceño & Eberhard 1998) (thus
arguing in favor of combining data), but that they
did vary in the present study (thus arguing
against combination) (see below).

One possible explanation for increased accep-
tance by wild females of males that received aro-
matherapy is that some aspect of the complex mix
of male sexual pheromones (Millar 1995) is
changed by aromatherapy. There are indications
that the effectiveness of the male long-distance at-
traction pheromone mix (Millar 1995) is not af-
fected by aromatherapy (Shelly 2001), but there
are no data testing the possibility that it affects
the male pheromone(s) released at close range
during courtship, after the female has approached
the male to within approximately one to five body
lengths. Assuming that the male rectal epithelium
and his abdominal pleura do not emit the same
blend of 90+ components found in the pheromones
of this species (Millar 1995), the fact that different
male structures are everted at different stages
during interactions with females suggests that
males release different pheromone mixes at close-
range and long-range (Eberhard 2000).

It should be kept in mind that the durations of
most of the aspects of male medfly courtship be-
havior that we measured may be influenced not
only by the male’s own tendency to pace his court-
ship, but also by the female’s responses to his be-
havior. Courting male medflies are more or less
immobile, and movements by the female are usu-
ally responsible for bringing the pair of flies close
together (Feron 1962), and in orienting the female
to face directly toward the male so he can touch
her aristae with his and attempt to mount
(Briceño & Eberhard 2002a, 2002b). If males use
female proximity and orientation to trigger
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UNSUCCESSFUL
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COMBINED

 

).
C

 

OMPARISONS

 

 

 

ARE

 

 

 

BETWEEN

 

 

 

CONTROL

 

 

 

AND

 

 

 

AROMATHERAPY

 

 

 

MALES

 

 (**

 

P

 

 < 0.01, *

 

P

 

 < 0.05).

Male behavior
duration (s)

Wild females Mass-reared females Totals

Control Aromatherapy Control Aromatherapy Control Aromatherapy

Continuous vibration 6.20 ± 7.6 3.50 ± 2.1 5.60 ± 6.7 4.80 ± 4.7 5.90 ± 7.1 4.60 ± 4.2
Intermittent buzzing 12.20 ± 7.9 7.80 ± 2.1 10.50 ± 6.0 8.90 ± 6.2 11.30 ± 6.9 8.60 ± 5.5
Initial head rocking 1.10 ± 1.0 0.70 ± 0.4 1.50 ± 1.9 1.30 ± 0.9 1.30 ± 1.5 1.20 ± 0.9
Single arista contact 6.10 ± 4.7 1.00 ± 1.6 3.90 ± 2.5 8.80 ± 7.5 5.40 ± 4.1 5.40 ± 6.2
Full arista contact 8.50 ± 5.3** 3.60 ± 2.0 6.90 ± 4.5 6.80 ± 5.3 7.60 ± 4.9 5.90 ± 4.8
Total arista contact 9.30 ± 8.0* 4.30 ± 1.9 6.90 ± 4.8 7.50 ± 5.4 8.00 ± 6.5 6.70 ± 4.9
Total courtship 17.50 ± 12.7* 9.40 ± 2.1 15.10 ± 10.2 12.70 ± 8.6 16.20 ± 11.4 11.80 ± 7.6
Number of buzzes 49.00 ± 30.5 34.40 ± 10.5 39.60 ± 21.7 47.40 ± 23.7 43.90 ± 26.4 44.20 ± 21.8
Frequency of buzzes
(number/s)

3.80 ± 0.8 4.35 ± 0.5 3.95 ± 0.9 4.02 ± 1.42 3.90 ± 0.9 4.10 ± 1.3

Female Behavior

Female immobile 13.20 ± 9.2* 6.30 ± 3.3 8.60 ± 5.3 7.50 ± 4.2 10.70 ± 7.7 7.20 ± 3.9

 

n

 

34 9 40 30 74 39
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mounting attempts (Briceño & Eberhard 2002b),
then quicker female approaches and alignments
could result in shorter durations of several com-
ponents of male courtship. The shorter durations
(if they exist) of the courtship of wild females by
males that received aromatherapy could result
from more rapid female approaches, perhaps due
to improved male short-range pheromone.

The limitation of this effect to interactions
with wild but not mass-reared females could be
explained if female chemical criteria for accepting
males have changed under mass-rearing.
Changes in the criteria of mass-reared females
for another male courtship trait have been docu-
mented in this species (Briceño & Eberhard
2000a, 2002b). It seems undeniable that the pher-
omonal mileu in mass-rearing cages must be
quite different from that under natural condi-
tions, so selection on both male pheromone pro-
duction and female responsiveness to phero-
mones is likely to be different.

Whatever the correct interpretation of these
aspects of our data, they emphasize the central

role of females in determining the effect of aroma-
therapy on the ability of males to obtain copula-
tions, and focus attention on possible mechanisms
responsible for this effect. If aromatherapy causes
changes in the durations of different aspects of
male courtship behavior, this change occurs only
when the male courts wild females, not mass-
reared females. If aromatherapy does not directly
cause such changes in male courtship behavior,
then increased acceptance by wild females is pre-
sumably due to responses to other cues from the
treated males (probably chemical) that induce the
females to accept copulation when mounted.

Future studies could test the possible impor-
tance of male and female roles in increased accep-
tance and courtship duration by concentrating on
male and female movements prior to mounting. If
changes in duration of male behavior are due to
greater female attraction, courtships by males that
have received aromatherapy should produce more
rapid and extensive female turning to orient toward
the male, more frequent female walking move-
ments toward him, and approaches that occur with
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Male behavior duration (s)

Control males Aromatherapy males

Successful Unsuccessful Successful Unsuccessful

A. Mass-reared males 

 

×

 

 wild females
Continuous vibration 7.9 ±8.6 5.3 ± 7.0 5.00 ± 1.2 1.4 ± 1.6
Intermittent buzzing 15.9 ± 10.2 10.7 ± 6.4 8.30 ± 2.1 5.8 ± 2.1
Initial head rocking 0.9 ± 0.5 1.2 ± 1.1 1.10 ± 0.1 0.3 ± 0.2
Single arista contact 10.1 ± 10.1 4.9 ± 4.7 1.90 ± 1.6 —
Full arista contact 11.1 ± 4.3** 7.3 ± 5.4 3.30 ± 2.2 4.1 ± 4.2
Total arista contact 13.1 ± 8.4** 7.8 ± 7.5 4.40 ± 2.2 4.1 ± 3.9
Total courtship 23.8 ± 12.4* 14.9 ± 12.1 9.90 ± 2.0 7.1 ± 7.3

Number of buzzes 68.8 ± 27.7 40.7 ± 28.2 37.10 ± 10.4 25.0 ± 12.7
Frequency of buzzes (number/s) 3.9 ± 0.4 3.8 ± 0.96 4.36 ± 0.64 4.3 ± 0.6

Female Behavior

Female immobile 19.2 ± 12.7 10.6 ± 5.9 7.30 ± 2.8 1.9 ± 1.1

 

n

 

10 24 7 2

B. Mass-reared males 

 

×

 

 mass-reared medly females
Continuous vibration 4.3 ± 4.3 6.0 ± 7.4 2.90 ± 2.7 5.6 ± 5.1
Intermittent buzzing 10.1 ± 6.0 10.7 ± 6.1 10.00 ± 10.3 8.6 ± 4.3
Initial head rocking 1.3 ± 1.2 1.5 ± 2.1 0.90 ± 0.5 1.4 ± 1.0
Single arista contact — 3.9 ± 2.5 — 8.8 ± 7.5
Full arista contact 3.8 ± 2.8** 8.0 ± 4.6 7.40 ± 8.4 6.6 ± 3.6
Total arista contact 3.8 ± 2.8** 8.0 ± 4.9 7.40 ± 7.6 8.4 ± 4.0
Total courtship 13.5 ± 8.1 15.7 ± 11.0 12.20 ± 9.1 12.9 ± 8.7

Number of buzzes 32.1 ± 16.2 42.2 ± 23.0 60.50 ± 39.6 42.1 ± 10.7
Frequency of buzzes (number/s) 3.5 ± 0.8 4.1 ± 0.9 4.40 ± 1.7 5.0 ± 4.7

Female Behavior

Female immobile 7.7 ± 5.4 9.0 ± 5.4 2.80 ± 1.4 9.3 ± 3.5

 

n

 

10 30 8 28
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less delay. If, in contrast, aromatherapy changes
the male and makes him attempt to court more
quickly, then perhaps male orientation and move-
ments toward the female will be more frequent.

A technically more difficult, but more direct
test would involve checking whether pheromones
differ from courting males that have, and have
not, received aromatherapy. Still another test
would be to determine both female response be-
havior and male copulation success for males
with aromatherapy when paired with females
whose ability to sense pheromone was experimen-
tally altered. This alteration would also be techni-
cally challenging, as the chemical sensors on the
female antennae would have to be modified with-
out changing their sensitivity to the tactile stim-
uli that also influence female acceptance (Briceño
& Eberhard 2002a).
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DESCRIPTION OF THE FINAL INSTAR OF 
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A

 

BSTRACT

 

The preimaginal stages of 

 

T. peregrina

 

 are described. The egg displays a sculptured chorion,
which is found only on those deposited externally. The immature larvae are characterized by
their peculiarities in (a) a setose ring on the thoracic and abdominal segments, (b) an anal
notch and (c) size and the sensory structures of the head capsule. The final instar is described
and illustrated. Morphological structures of diagnostic value are discussed. The most salient
character shown by the mature larva of this species lies in the epistoma, which is complete.

Key Words: Hymenoptera, preimaginal stages, Pteromalidae, 

 

Trichomalopis

 

R

 

ESUMEN

 

Se describen las fases de huevo y larva de 

 

T. peregrina

 

. El huevo, como es característico en
los que se depositan externamente, presenta un corion ornamentado. Las larvas inmaduras
exhiben peculiaridades en (a) el anillo setoso de los segmentos torácicos y abdominales, (b)
la escotadura anal y (c) el tamaño, y estructuras sensoriales, de la cápsula cefálica. El estado
de carácter más sobresaliente presentado por la larva madura de esta especie radica en la
presencia de un epistoma totalmente diferenciado.

 

Translation provided by the authors.

 

The family Pteromalidae includes 3506 species
in 588 genera (Noyes 2003). The life-history of
this family is extremely varied, including solitary
and gregarious species, ectoparasitoids and en-
doparasitoids, koinobionts and idiobionts, pri-
mary and secondary parasitoids, and even preda-
tors. The genus 

 

Trichomalopsis

 

 Crawford, 1913,
with 54 species (Noyes 2003) attacks Diptera, Hy-
menoptera, and Lepidoptera, and its species are
either primary parasitoids of larvae or pupae, or
hyperparasitoids. This study addresses the pre-
imaginal stages of a species of this genus, 

 

Tri-
chomalopsis peregrina

 

 (Graham, 1969). 

 

Tricho-
malopsis peregrina

 

 attacks Hymenoptera and
Lepidoptera, and is a primary ectoparasitoid or
hyperparasitoid. Within 

 

Trichomalopsis

 

 the main
studies of mature larvae have been carried out by
Proper (1931), who described the preimaginal
stages of 

 

Trichomalopsis hemiptera

 

 (Walker,
1836), and Best & Simpson (1975), who reported

on 

 

Trichomalopsis americana

 

 (Gahan, 1933).
Clausen (1972) and Finlayson (1987) published
compendia in which work on immature parasi-
toids was detailed.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Preimaginal instars of 

 

T. peregrina

 

 were ob-
tained from 

 

Euproctis chrysorrhoea

 

 (L., 1758)
(Lymantriidae) larvae in winter tents made on

 

Crataegus

 

 sp. at the Spanish locality of Jarafuel
(Zacaé) (Valencia province). The tents were col-
lected and transported to the laboratory on 20
Jan 2004 and held for the emergence of imagos in
order to identify the parasitoids.

Nine mature larvae, 2 immature larvae and 1
egg of 

 

T. peregrina

 

 were fixed and preserved in 70%
ethyl alcohol (ETOH) for subsequent study and de-
scription. The methodology used in their prepara-
tion was similar to that employed by Tormos et al.
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(2004). The ensuing descriptions essentially em-
ploy the terminology and organization used by Fin-
laysson (1987) and Tormos et al. (2004). Voucher
specimens are deposited at the Fundación Ento-
mológica “Torres-Sala” (València, Spain).

D

 

ESCRIPTION

 

 

 

OF

 

 P

 

REIMAGINAL

 

 S

 

TAGES

 

Trichomalopsis peregrina

 

 (Graham, 1969) (Figs. 1-8)

Mature Larva (Figs. 1-5)

 

Body (Fig. 1) (l = 1.5-2.9 mm (

 

x

 

– = 2.5), maxi-
mum w = 0.5-1.4 mm (

 

x

 

– = 1.9, 

 

n

 

 = 9) hymenopter-
iform, slightly broader in mid region, with a re-

duced head, with distinct segmentation, with 3
thoracic and 10 abdominal segments. Color whit-
ish or yellowish. Weakly sclerotized. Pleural lobes
not developed. Tegument with 3 pairs of setae
(Figs. 2, 3b) (l = 8-10 µm) distributed around all 3
thoracic and the first 9 abdominal segments (set-
ose ring). Anal segment (Figs. 3a, b) notched trans-
versely, a dorsal lobe and another ventral one be-
ing differentiated, each with 2 pairs of setae (l = 8-
12 µm). Spiracles (Figs. 4a, b) on mesothorax, met-
athorax and on first 7 abdominal segments; atrium
(l = 74 µm, d maximum = 37 µm) with peritreme
and asperities well differentiated, funnel-shaped,
with approximately 5 chambers; closing apparatus
(l = 55 µm; w = 7 µm) adjacent to atrium.
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Cranium (Figs. 5a, b) (w = 145 µm, h (from
apex of cranium to base of mandibles = 200 µm),
higher than wide, narrower than the first thoracic
segment, very weakly indented dorsally along its
middle line (Fig. 5c), very weakly sclerotized, with

6 pairs of setae (l = 2-3 µm) and 4 pairs of sensilla
(d = 1-2 µm). Antennae markedly papilliform (Fig.
5d). Mandibles sclerotized, triangular in form,
each with sharp, toothless blade. Maxillae and
labium indistinguishable. Epistoma complete.

Figs. 1-8. 1-5: Mature larva of Trichomalopsis peregrina (Graham): (1) General aspect (lateral view). (2) Abdom-
inal segments VIII-X (lateral view). Letters a-b show the distribution of the setae on segments VIII-IX. (3a) Anal
segment (lateral view). Setae and notch are shown. (3b) Abdominal segments IX-X (ventral view). Note distribution
of lateral (a) and ventral (b) setae on segment IX and the dorsal (DL) and ventral (LV) lobes, and the setae—dorsal
lobe (c), ventral (d) of the anal segment. (4a) Spiracle (a: atrium, a1-a5: chambers of atrium, as: asperities, b: closing
apparatus of spiracle, c: spiracular trachea). (4b) Metathoracic spiracle (detail). (5a) Cranium (lateral view) (a: epis-
toma, b: mandible). (5b) Head capsule (frontal view) Note labrum with its sensilla. (5c) Head capsule (posterior
view). Note the slightly emarginate vertex. (5d) Head capsule (lateral view). Note papilliform antennae (a). 7-8: Im-
mature larvae of Trichomalopsis peregrina (Graham): (7) Epistoma, mandibles, and head sensory structures of im-
mature larva a. (8) Epistoma, mandibles, and head sensory structures of immature larva b.
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Labrum emarginate (Fig. 5b), with 4 sensilla (d =
1-2 µm). Pleurostoma and superior and inferior
mandibular processes present. Tentorium more
or less visible.

 

Data on the Egg and Immature Larvae

 

Egg (l = 230 µm, maximum w = 73 µm) oval,
more or less cylindrical, with a granulate surface.

 

Immature Larvae (Figs. 7, 8)

 

Two small larvae (a and b) were obtained: a (l
= 0.3 mm, maximum w = 0.1 mm), b (l = 0.6 mm,
maximum w = 0.2 mm), whose morphology was
similar to that of the mature larva, although dif-
ferent in presenting a large head capsule in com-
parison with the body; in not having the setose
ring well differentiated, and with the anal notch
poorly differentiated. Larva a (Fig. 7) only had 2
pairs of cephalic sensilla whereas larva b (Fig. 8)
displays 4 pairs.

D

 

ISCUSSION

 

The mature larva of 

 

T. peregrina

 

 share the fol-
lowing characters with other Chalcidoidea: (a) hy-
menopteriform, with a reduced head, 3 thoracic
and 10 abdominal segments, and 9 pairs of spira-
cles; (b) cephalic structures very reduced, al-
though mandibles are well developed, sclerotized,
triangular, with a short blade without teeth: (b1)
maxillae and labium completely fused, and (b2)
salivary orifice absent.

 

Trichomalopsis peregrina

 

 shares the presence
of a pleurostome and superior and inferior man-
dibular processes with the mature larvae of the
pteromalid species 

 

Psychophagus omnivorus

 

(Walker, 1835), 

 

Tritneptis diprionis

 

 Gahan, 1938
and 

 

T. klugii

 

 (Ratzeburg, 1844). However, the
presence of a completely differentiated epistoma
separates this larva from other known larvae of
the family. It is different from those already de-
scribed in the genus in the absence of tubercules
upon the body segments, which are present, al-
though attenuated, in 

 

T. hemiptera

 

 (Proper 1931),
together with the number of sensilla of the la-
brum (6 pairs in 

 

T. hemiptera

 

). The description of

 

T. americana

 

 by Best & Simpson (1975) is ex-
tremely succinct and cannot be used for compara-
tive purposes.

As in the case of eggs that are deposited exter-
nally, the chorion is sculptured.

The immature larvae are very similar to the
mature larva, mainly differing in the size of the
head capsule with respect to the body, in the num-
ber of sensory structures on the head, in the pres-
ence of setae on the tegument, and in the differen-
tiation of the notch of the last body segment.

According to Graham (1969) the mature larva
of 

 

T. hemiptera

 

, described by Proper (1931), would
correspond to that of 

 

T. peregrina

 

, since a mis-
identification of this latter species was made. If
this were the case, the differences mentioned
above between the two preimaginal instars would
have to be considered as being due to the variabil-
ity of the species.
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A

 

BSTRACT

 

Recently re-named as a sub-species of 

 

Mellinus arvensis

 

, 

 

Mellinus arvensis obscurus

 

 Hand-
lirsch 1888 was investigated ecologically and morphologically in Nepal, in order to underline
the most important differences with the well known 

 

M. arvensis arvensis

 

. 

 

Mellinus arvensis
obscurus 

 

females nested in clumped aggregations on inclined plains at high altitudes, both
on sunny bare soil and on a shaded grassy one. Beginning of monsoon season probably in-
terfered with wasp activity, and females performed few provisioning flights during the day.
Prey consisted of a broad range of Diptera, except for one case of a spider. Many females were
observed not provisioning a nest but floating on the nesting site, and many intraspecific in-
teractions suggested a high degree of usurpation attempts. At least one species of flies and
two of ants probably acted as natural enemies of the wasp. Morphological observations on fe-
males showed that the Nepal population shares more similarities (shape of tergite I, body
punctation) with the European populations than with the closer Japanese population; mel-
anization is strong, according to west-east and altitudinal cline. The mature larva of 

 

M. ar-
vensis obscurus 

 

Handlirsch is described, illustrated, and compared with the other mature
larva of the genus. The differences between both larvae mainly lie in the presence/absence,
and number or differentiation of integumental structures. We conclude that morphological
traits are more important than ecological and behavioral ones in distinguishing 

 

M. arvensis
obscurus 

 

from 

 

M. arvensis arvensis

 

.

Key Words: Hymenoptera, larva, 

 

Mellinus arvensis

 

, morphological variation, nesting habits,
subspecies character

R

 

ESUMEN

 

En el presente artículo se aportan los resultados y conclusiones de un estudio, llevado a cabo
en Nepal, en el que se abordaron aspectos ecológicos, comportamentales y morfológicos (tanto
del último estado de la fase larvaria como del adulto) de 

 

Mellinus arvensis obscurus

 

 Han-
dlirsch 1888. El principal objetivo del estudio radicaba en mostrar las principales diferencias
que separan a esta subespecie de la bien estudiada subespecie nominal. 

 

Mellinus arvensis ob-
scurus 

 

nidifica a gran altitud, en terreno inclinado, con y sin vegetación, expuesto en mayor
o menor medida al sol y en agregaciones muy compactas. Durante la estación lluviosa la hem-
bras llevan a cabo pocos vuelos de aprovisonamiento. Las presas pertenecen al orden de los
dípteros, aunque, en una ocasión se observó el aporte de una araña. Gran número de las in-
teracciones intraespecíficas observadas sugieren un alto grado de intentos de usurpación de
nidos. Los enemigos naturales más sobresalientes pertenecen al orden de los dípteros y a la
familia de los formícidos. Del estudio morfológico del adulto, mencionaremos que la foma del
terguito 1 y la escultura del cuerpo, en las hembras de las poblaciones del Nepal, son más se-
mejantes a los de las hembras de las poblaciones europeas que no a los de las japonesas. De
la fase larvaria se describe el último estado larvario, a la vez que se compara con la otra larva
madura ya descrita del género. Las diferencias entre ambas larvas maduras radican en la
presencia/ausencia, número o diferenciación de las estructuras tegumentarias. El estudio fi-
naliza concluyendo que los rasgos morfológicos son más importantes, que los aspectos ecoló-
gicos y comportamentales, a la hora de establecer una separación entre las dos subespecies.

 

Translation provided by the authors.

 

The small genus 

 

Mellinus

 

 F. (13 spp. world-
wide) includes solitary digger wasps that often
nest gregariously (Bohart & Menke 1976). Mor-

phologically, there is important inter-population
variability, which is more evident in the two Pale-
arctic, widely distributed species, 

 

Mellinus crabro-
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neus 

 

Thunberg, 1791 and 

 

Mellinus arvensis

 

 (L.,
1758). Apart from the common European 

 

Mellinus
arvensis arvensis

 

, whose nesting habits have been
studied in detail by many authors (Hamm & Rich-
ards 1930; Minkiewicz 1931; Bristowe 1948;
Bonelli 1952; Grandi 1961; Ghazoul 2001), little is
known about the biology of the genus. Only the
mature larva of 

 

Mellinus arvensis arvensis 

 

(L.,
1758) is known (Maneval 1939; Evans 1959). Scat-
tered information on the nest, prey, mating behav-
ior, and associate organisms has been offered for

 

Mellinus crabroneus

 

 (Hamm & Richards 1930)
and 

 

Mellinus rufinodus

 

 (Evans 1989).

 

Mellinus

 

 wasps nest in sandy to compact soils
and, unlike most solitary sphecoid wasps, often in
grassy areas (Minkiewicz 1931; Bonelli 1952).
Soil hardness seems to be an important factor for
the occurrence of aggressive, competitive interac-
tions between females (Ghazoul 2001). Nests are
multicellular, including up to 20 cells 5-50 cm
deep in the ground (Adlerz 1903; Minkiewicz
1931; Bonelli 1952) and which are provisioned
with 3-15 flies (mainly Muscidae, Calliphoridae,
Anthomyiidae, and Sarcophagidae) (Hamm & Ri-
chards 1930; Grandi 1961; Shaw & Pont 1972).
Nests are left open during provisioning activity
but brood cells are sealed when finished (Hamm
& Richards 1930).

The biology of the subspecies observed in this
study, the eastern Asiatic 

 

Mellinus arvensis obscu-
rus

 

, has been investigated only in Japan (Tsuneki
1946; Maruyama 1948). It had been considered as

 

Mellinus obscurus 

 

Handlirsch 1888, a separate
species, until very recently (Nemkov 2005).

In this paper we present behavioral and eco-
logical information on nesting site, prey, and in-
traspecific and interspecific interactions of 

 

M. ar-
vensis obscurus 

 

nesting in aggregations found in
eastern Himalaya. In addition, we give an ac-
count of both adult female and larval morpholog-
ical traits. All these biological and morphological
data are compared with the available information
for the much better known 

 

M. arvensis arvensis

 

,
in order to define which characters differentiate
the two subspecies.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

We studied 

 

Mellinus arvensis obscurus

 

 in the
Sagarmatha National Park (Solu Khumbu dis-
trict, Nepal; 27°45’-28°07’N, 86°28’-87°07’E). Two
nesting sites were discovered in the western val-
ley of the park along the path that links Namche
Bazar and Thame. The area is characterized by
monsoon rainfall from the middle of Jun to the
end of Sep. Rain occurred everyday during the ob-
servation period, intermittently. The average tem-
perature from Jun 22 to Jul 13 was 13.4 ± 1.11°C.
Observations on the behavior of nesting females
and their natural enemies were made at both
sites, from Jun 25 to Jul 10, 2003; during this time

we also collected prey from females coming back
to their nests after provisioning flights. Thirteen h
were spent for behavioral observations between
9.00 and 14.00 (solar hours). During 10 h, through
4 different days, we recorded individuals flying si-
multaneously on site 1, every 5 min. A two-dimen-
sional lattice (1 m 

 

×

 

 1 m mesh), was used to deter-
mine the coordinates of each nest entrance.

Seventeen adult females were collected for
morphological analysis, and 2 mature larvae were
extracted from the wasp nests for the same pur-
pose. Non-parametric statistics (Kruskall-Wallis
test) were used for behavioral and ecological data
analysis. The spatial patterning of nests was in-
vestigated with the Clarke & Evans method
(1954). In the text, average figures are given ± SD
(standard deviation), except for nearest neighbor
distances, which are given ± SE (standard error).

Specimens of 

 

M. arvensis obscurus

 

 and 

 

M. ar-
vensis arvensis

 

 used in adult morphological com-
parisons came from our population and from the
Universidad de Salamanca Collection (European
and Japanese specimens). The methods and ter-
minology of Evans (1987) were used in the prepa-
ration of the larvae and in the descriptions. The
following abbreviations are used: d = diameter, l =
length, and w = width. Adult and larval speci-
mens are deposited in the Collection of the Área
de Zoología, Universidad de Salamanca (Spain).

R

 

ESULTS

 

Nesting Habits

 

One aggregation (site 1, 27°48.687’N-
86°41.951’E) was situated along the main path at
3550 m a.s.l., facing south, while a second one (site
2, 27°49.146’N-86°41, 142’E) was placed in a flat
area on the same slope, about 50 meters above the
same path and around 1.5 km far from the first
one. Both areas presented soil smoothed from
heavy rain. Site 1 included 55 nests of 

 

Mellinus ar-
vensis obscurus

 

 and 5 nests of 

 

Crossocerus hing-
stoni 

 

Leclercq in an area of 3 m 

 

×

 

 2.5 m of bare soil,
not covered by trees. Surroundings comprise a for-
est of 

 

Abies spectabilis

 

 and 

 

Pinus wallichiana

 

. The
nests of 

 

M. arvensis obscurus

 

 had an entrance di-
ameter of 4.18 ± 0.75 mm (

 

n 

 

= 55) while the 5 nests
of 

 

C. hingstoni

 

 were 5 mm in diameter each. The
aggregation had a nest density of 7.3 nests/m

 

2

 

.
The mean nearest-neighbor distance was 17.21
cm ± 1.70 (Rn = 0.03, c = 1.13, random distribu-
tion). In Nov 2003 two nests were excavated but it
was not possible to analyze their whole structure,
due to the wet and loose soil. We followed the main
tunnel, almost vertical, for 23 cm and 28 cm.

Site 2 comprised 104 nests of 

 

M. obscurus

 

 in an
area of 5 m 

 

×

 

 161 m, with a density of 0.1 nests/m

 

2

 

.
The area was partially covered with grass and
dwarf shrubs of 

 

Cotoneaster microphyllus

 

 and

 

Rhododendron

 

 spp. It seemed to be split into 2
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sections by some trees of 

 

Betula utilis

 

, but some
nests along the path appeared to join the main
groups. Nest entrance was 4.204 ± 0.528 mm (

 

n

 

 =
54) in diameter. Along the nesting area, 4 well
separated nest aggregations with more than 10
nests were noticed (A = 15 nests, B = 17, C = 17,
D = 12) where the ground was most suitable for
nesting with bare soil, but the surface of B was
partially covered with grass (23%). In B, we ob-
served a few individuals of 

 

C. hingstoni 

 

nesting.
The distances between these small aggregations
of the site 2 were: A-B = 17 m, B-C = 100 m, C-D
= 22 m. Mean neighbor distances revealed differ-
ent aggregation patterns: NND

 

a

 

 (3 m 

 

×

 

 3 m) =
27.246 ± 3.379 cm, Rn = 0.7, 

 

n

 

 = 15, c = -2.19, 

 

P

 

 <
0.05, clustered; NND

 

b

 

 (4 m 

 

×

 

 1.4 m) = 24.411 ±
2.712 cm, Rn = 0.85, 

 

n

 

 = 17, c = -1.78, ns, random;
NND

 

c

 

 (2 m 

 

×

 

 2 m) = 20.969 ± 2.453 cm, Rn = 0.017,
n = 17, c = -1.07, ns, random).

Thirteen h were spent in behavioral observa-
tions between 9.00 and 14.00 (solar hours). Fe-
males did not provision their nest during rainfall.
As rainfall occurred everyday, activity was gener-
ally low. During 10 h, through 4 different days, we
recorded individuals flying simultaneously on
site 1, every 5 min. The average number of ob-
served wasps in these days was 1.19 ± 1.16 (

 

n

 

 =
120 records) while occurrences in each day varied
significantly (Kruskall-Wallis Test: 

 

H

 

 = 45.912,

 

P

 

 < 0.01).
The highest average number of wasps was ob-

served during light rain (2.5, precipitation = 3.8
mm) and the lowest during heavy rain (0.77, pre-
cipitation = 25.4 mm). Nineteen interactions be-
tween individuals were recorded. Usually (58% of
the time), we observed 1 individual inside the nest
putting its head out of the entrance in order to re-
pel an individual getting close to the nest entrance.
On 4 occasions, the individual inside the nest at-
tacked the other one and a fight was observed,
while twice 1 individual approaching the entrance
of a nest was attacked by a flying individual. On 2
more occasions, 1 individual entered a nest while
another was inside, and after 42 s and 38 s, 1 wasp
came out from the nest, followed by the other, and
flew away. Most of the interactions were probably
nest usurpation attempts. We recorded no digging
attempts, in spite of soil appearing easy to dig for
wasps. That could be due to the critical weather
condition and to the short time before heavy mon-
soon. We observed twice, at site 1, 

 

M. arvensis ob-
scurus

 

 females attacking 

 

C. hingstoni 

 

females re-
turning to their nests with prey (Diptera), and

 

C. hingstoni 

 

females trying to enter

 

 M. arvensis ob-
scurus

 

 nests but soon rejected by the owner wasp.
Prey were collected directly from the individuals
carrying them during provisioning flights. Flies
belong to 3 families of Diptera: Sarcophagidae,

 

Ravinia

 

 sp. (1 individual); Anthomyiidae, 

 

Anth-
omyia

 

 sp. (1); Muscidae, 

 

Helina

 

 sp. (1), 

 

Thricops

 

 sp
(8), 

 

Neomyia cornicina

 

 (3), 

 

Phaonia

 

 sp. (2), and

 

Drymeia

 

 sp. (3). On 1 occasion, a female was carry-
ing a spider of the genus 

 

Araniella

 

.
Four natural enemies were collected. 

 

Amicia

 

sp. (Diptera: Sarcophagidae) was captured after
shooting an egg in a nest where a wasp had en-
tered with prey. It took 8 s, after landing on the
entrance, to shoot the egg. The other, 

 

Neomyia
cornicina

 

 (Diptera: Muscidae), was captured dur-
ing its flights around the nests. It behaved like a
satellite fly (i.e., following the wasp at a fixed dis-
tance in order to reach its nest). This fly followed
individuals of 

 

M. arvensis obscurus

 

 flying on the
aggregation 3 times, and was observed landing 2
times at a nest and waiting for 5 and 16 s, with
the abdomen in contact with the nest entrance.

Site 1 had 2 nests of 

 

Myrmica rupestris

 

 Forel
and 

 

Aphaenogaster pachei

 

 Forel (Hymenoptera:
Formicidae). Both species entered the nests of

 

 M.
arvensis obscurus

 

 several times looking for prey
to feed larvae. We observed 3 prey obtained from
ants during only 2 h of observations while they
were carrying them to their nest.

 

Adult Morphology

 

Observations were made on female specimens
from different European and Japanese sites, be-
longing to

 

 M. arvensis arvensis

 

 and the old-named

 

M. obscurus

 

 and 

 

M. tristis. In the European popula-
tions, very small variation in morphology was
noted, with exception of a certain variation in the
extension of the medially ridged part of propodeum.
Coloration is very variable, with melanization
stronger in the northern populations across Eu-
rope. Our Nepal population differed from the Euro-
pean and Japanese ones for the finer sculptures on
the whole body: head and scutum are shagreened
(inconspicuously punctate), propodeal enclosure
weakly sculptured (a median narrow sulcus only),
petiole with short setae, and wing venation darker
(including stigma). European specimens and Nepal
specimens have a more similarly shaped tergite I
and a more similar punctation comparing with the
Japanese specimens. Melanization in the Nepal
population is strong as in the Japanese one. In par-
ticular, Nepal females show the following few
white-yellow parts: apical part of the clypeum, the
lower half-part of the inner orbitae, mandibulae (at
exception of the apex), forward face of scapo, two
spots in the collar, inner face of the tibiae I, a small
spot at the base of the tibiae II (eventually together
with another one at the middle or at the apex), and
two lateral spots on the tergite III (not always
present). The metasoma is almost completely black.

Larval Morphology

General aspect (Figs. 1a, b, c)

Body (l = 5.5 mm, maximum w = 3 mm) hy-
menopteriform, broad, somewhat depressed, yel-
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lowish, weakly sclerotized, except for spinules, se-
tae, spiracles, and mouthparts; each segment with
a pair of similar conical prominences located dorso-
laterally, except the apical abdominal segment,
which is rounded. Anus (Fig. 2) ventral, preapical.
Pleural lobes convex, prominent. Integument with
sparse spinules (l = 5 µm) and setae (l = 20-25 µm)
except: (a) on the tips of the pleural (Fig. 3) and
dorso-lateral prominences of the first 11 segments,
which are capped with a series of spinules (l = 5
µm) and scattered setae (l = 20-25 µm), (b) on the
tips of the pleural and dorso-lateral prominences of
the 12th and 13th abdominal segments, which are
bare and smooth, and (c) on the apical third of the
abdominal segment (Fig. 2), where there is a series
of spinules (l = 5 µm) and scattered setae (l = 20-25
µm). Spiracles (Figs. 1b, 4) on prothorax, mesotho-
rax, and first 8 abdominal segments; atria (d = 40
µm) goblet-shaped, walls lined with ridges forming
small and irregular polygons; opening into suba-
tria simple; subatria small, short.

Cranium (Fig. 5)

The w = 0.87 mm, h (height measured to apex
of clypeus) = 0.68 mm, subcircular with sparse se-
tae (l = 18-25 µm) and some punctations close to
mandibular insertion; coronal suture and clypeo-
labral suture absent, parietal bands almost im-
perceptible; antennal orbits (36 × 54 µm) ellipti-
cal, with 3 sensilla. Clypeus with 6 punctations.
The labrum (Fig. 6a) (maximum w = 300 µm;
maximum h = 190 µm) is slightly bilobate; base
smooth; each lobe surface with about 6 setae (l =
23 µm) and 7 sensilla (w = 5 µm); epipharynx (Fig.
6b) densely spinulose (l of spinules = 5 µm, basal
w = 5 µm) apically and laterally, with 8 sensory
pores (d = 5 µm) medially distributed in 2 epipha-
ryngeal sensory areas, each with 4 pores.

Mouthparts

Mandibles (Fig. 5) (l = 430 µm, maximum w =
120 µm) robust, sclerotized; inner margin
strongly excavate, beyond that point bidentate,
the space between the teeth nearly straight. Max-
illae (Fig. 7) with sparse lateral setae (l = 19 µm),
mesally densely spinulose; maxillary palpi longer
than wide (60 × 23 µm); galeae (l = 38 µm, w = 18
µm) similarly formed, with 1 apical sensillum. La-
bium (Fig. 8) with 4 setae (l = 38 µm) behind palpi
and with its smooth margin; salivary orifices (l =
100 µm) slender and slightly pointed.

DISCUSSION

Nesting Habits

Mellinus arvensis obscurus nested at 3550 m
a.s.l. The mean temperature in the study area was
13.4°C in Jun-Jul, and average maximum temper-

atures were being 14.9°C and 14.1°C in Jun and
Jul, respectively, and 14.9°C and 12.5°C, respec-
tively, in Aug and Sep. Total rainfall in Jun was
98.8 mm while from Jul to Sep rainfall was 603.6
mm. Judging from previous reports, this species
seems to be commonly found in mountains, appar-
ently co-adapted to their climatic conditions. It
was observed nesting at 1700 m in Japan (Tottori
Prefecture) in late Aug and Sep (Maruyama 1948).
Temperatures during those observations ranged
from 30 to 37°C around 12.00-13.00 PM. Grandi
(1961) reported aggregations of M. arvensis arven-
sis around 1500 m in summer time in “Val di Gen-
ova” (Trentino Alto Adige County). In late Aug
1947 he found males and females breeding. Near
that place, Bonelli (1952) observed an aggregation
of M. arvensis arvensis at 1300 m from Jul to Oct
in northern Italy (Cavalese). Between 1955 and
1960, during summer from Jul to Sep, maximum
average temperature was 20.2°C while minimum
one was 7.5°C. Moreover from 1950 to 1955 aver-
age rainfall from Jul to Sep was 268.9 mm. Both
found evidence of its bivoltine cycle. Evans (1989)
in Colorado, USA, found M. rufinodus nesting at
2300 m in late Aug-Sep, where mean tempera-
tures in Aug ranged from 17.2 to 23.3°C (1994 to
2004) (data from www.contracostatimes.com).

The monsoon seems to have a great impact on
M. arvensis obscurus activity in Nepal. In sum-
mer (till Sep) rainfalls are abundant and almost
every day, sun light becomes low and tempera-
tures still remain low during all summer. Our
short observations, carried out under light rain in
Jun-Jul when monsoon starts, could represent the
last phase of the wasp annual cycle. We could as-
sume that monsoon season acts as a treacherous
barrier maybe forcing the species to shift its cycle
backward some months. Mellinus arvensis obscu-
rus nested in sunny and inclined slopes as previ-
ously reported for the species M arvensis obscurus
by Maruyama (1948) and M. arvensis arvensis by
Bonelli (1952) but not in compact soil. Hamm &
Richards (1930) and Bonelli (1952) found M. ar-
vensis arvensis in sandy areas while Minkiewicz
(1931) and Maruyama (1948) found it in compact
soil with sparse grass; sometimes it was found
nesting under vegetation (Bonelli 1952).

Nearest-neighbor analysis showed different
patterns of dispersion of nests. When bare soil
was detected we noticed a clustered pattern in
group a of Site 2 but a random one in Site 1. When
vegetation was present, distribution of nests re-
sulted always random (b and c of 2), furthermore
in site C the nests seemed to follow, accurately, its
presence. Site 1 was protected from wind while
site 2 was not. Moreover, nearest neighbor dis-
tances observed were much higher than those in
aggregations studied at sea level in UK, ranging
from 4.47 ± 0.14 cm to 13.50 ± 1.17 cm and with a
much higher number of nests (Ghazoul 2001).
Other factors, if any (e.g., soil hardness), could in-
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terfere with wasps’ nest settlement choice. In Dec,
we were able to dig 2 nests to a depth of 23 cm and
28 cm, respectively. About the end of the second
burrow we found the content of a cell with a ma-
ture larva of Mellinus arvensis obscurus. Similar
depths have been reported for M. arvensis nests
(Ghazoul 2001).

Constant presence of wasps flying as typical
“nest searchers” could indicate a habit to use oc-
cupied or unoccupied burrows and thus possible
nest usurpation attempts, as found or M. arvensis
arvensis by Ghazoul (2001), who stated that
wasps were able to distinguish occupied and un-
occupied nests.

Prey collected proved once more a generalist
hunting behavior for this species. Anthomyia, He-
lina, and Phaonia had been reported as prey by
Bonelli (1952), Hamm & Richards (1930), and
Shaw & Pont (1972). Thricops, Neomyia, and
Drymeia appear to be new records for the species.
All these new genera belong not surprisingly to
Muscidae, very common prey among the species

(Hamm & Richards 1930), with the exception of
Anthomyia (Anthomyiidae). Maruyama (1948)
found M. arvensis obscurus carrying Halictus sp.
as prey (Hymenoptera: Halictidae). A spider
(Araniella sp.) as prey suggests possible mistakes
occurring during hunting.

Adult Morphology

M. arvensis populations exhibit important
morphological variation, which has led to the de-
scription of several species and subspecies (Pérez
1905; Yasumatsu 1943) that only recently have
been considered synonymous. In spite of these
synonymies, populations of Mellinus arvensis
have been assigned to different varieties (Melli-
nus arvensis var. alpinus Handlirsch, 1888 and
Mellinus arvensis var. ibericus Dusmet & Alonso,
1931) in case of close distributional ranges and,
recently, to different subspecies (Mellinus arven-
sis arvensis and M. arvensis obscurus) in case of
distant populations (Nemkov et al. 1995).

Figs 1-8. Mature larva of Mellinus arvensis obscurus: (1a, b, c): general aspect: a and c (lateroventral view); b
(dorsal view). (2) anal segment. (3) tip of pleural prominence. (4) spiracle (atrium, subatrium, and tracheal trunk):
dorsal and lateral view. (5) cranium (frontal view). (6a) labrum; (6b) epipharynx; (7) left maxilla; (8) labium. Abbre-
viations used: antennal orbit (ao), anus (an), atrium (a), clypeus (c), conical prominences (cp), galea (g), labial pal-
pus (lp), mandible (m), maxillary palpus (mp), punctation (p), seta (s), salivary orifice (so), sensillum (ss), sensory
pore (sep), spinule (sp), spiracles (spi), subatrium (sb).
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In general, in the genus Mellinus, the greatest
difference between the Nearctic/Neotropical spe-
cies (New World) and the Palearctic ones are in
the sculpture of propodeal enclosure: shagreened
in the former and more or less medially ridged in
the latter (Siri & Bohart 1974). Our findings agree
with this pattern. However, in the same species
variation of some characters is not strictly linked
to a given subspecies. For example, we found more
similarity concerning punctation patterns and
shape of the tergite I between the Nepal and the
European populations (belonging to 2 subspecies)
than between the Nepal and the Japanese popula-
tions (belonging to a single subspecies). However,
other characters divide clearly the 2 subspecies.
The strong melanization found in the Nepal spec-
imens is common in the Asiatic populations of
M. arvensis, and it seems to be a character linked
someway to a latitudinal and an altitudinal cline.
Other species of Mellinus were found to be mela-
nic in the Neotropics (Menke 1996).

Larval Morphology

The description of the mature larva of M. ar-
vensis obscurus is in reasonable agreement with
the description of the only mature larva of the ge-
nus described: M. arvensis arvensis (Maneval
1939; Evans 1959). Nevertheless, there are some
differences between the 2 subspecies: (a) M. arven-
sis obscurus: integument with spinules and setae/
M. arvensis arvensis: integument smooth, bare,
except on the tips of the pleural and dorso-lateral
prominences, (b) M. arvensis obscurus: tips of the
pleural and dorso-lateral prominences of the 12th
and 13th abdominal segments bare and smooth/
M. arvensis arvensis: tips of the pleural and dorso-
lateral prominences of the 12th and 13th abdomi-
nal segments with a series of spinules and scat-
tered setae, (c) M. arvensis obscurus: apical third
of the abdominal segment with a series of spinules
and scattered setae/M. arvensis arvensis: apical
third of the abdominal segment bare, without se-
tae or spinules, (d) M. arvensis obscurus: top and
sides of the cranium with conspicuous convexities/
M. arvensis arvensis: top and sides of the cranium
without conspicuous convexities, (e) M. arvensis
obscurus: labrum slightly bilobate/M. arvensis ar-
vensis: labrum strongly bilobate, (f) M. arvensis
obscurus: maxillae with sparse lateral setae/M.
arvensis arvensis: maxillae with numerous lateral
setae, (g) M. arvensis obscurus: labium with 4 se-
tae behind palpi/M. arvensis arvensis: labium
with 2 setae behind palpi, and (h) M. arvensis ob-
scurus: salivary orifices slightly pointed.
M. arvensis arvensis: salivary orifices pointed.

CONCLUSIONS

From the behavioral and morphological data
we can conclude that adult morphology, and more

notably larval morphology, vary considerably be-
tween the subspecies (with a possible geographi-
cal cline, with the adult habitus of M. arvensis ar-
vensis, closer to M. arvensis obscurus in Nepal
than to M. arvensis obscurus in Japan). This vari-
ation is stronger than the behavioral (nesting bi-
ology, kind of prey) and ecological (preference of
high altitude nesting sites) traits.
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A

 

BSTRACT

 

Host range of 

 

Xylosandrus mutilatus

 

 (Blandford) in North America is reported here for the
first time. Descriptive data such as number of attacks per host, size of stems at point of at-
tacks, and height of attacks above ground are presented. Hosts observed in Mississippi were

 

Acer rubrum

 

 L., 

 

Acer saccharum

 

 Marsh., 

 

Acer palmatum

 

 Thunb., 

 

Ostrya virginiana

 

 (Mill.)
K. Koch., 

 

Cornus florida

 

 L., 

 

Fagus grandifolia

 

 Ehrh., 

 

Liquidamber styraciflua

 

 L., 

 

Carya

 

spp., 

 

Liriodendron tulipifera

 

 L., 

 

Melia azedarach

 

 L., 

 

Pinus taeda

 

 L., 

 

Prunus serotina

 

 Ehrh.,

 

Prunus americana

 

 Marsh., 

 

Ulmus alata

 

 Michaux, and 

 

Vitus rotundifolia

 

 Michaux. 

 

Liq-
uidamber styraciflua

 

 had significantly more successful attacks, significantly higher proba-
bility of attacks, and significantly higher number of adult beetles per host tree than did

 

Carya

 

 spp., 

 

A. rubrum

 

, and 

 

L. tulipifera

 

. This information is relevant in determining the im-
pact this exotic beetle may have in nurseries, urban areas, and other forestry systems where
this beetle becomes established.

Key Words: ambrosia beetle, exotic insect, polyphagous, Xyleborini

R

 

ESUMEN

 

El rango de hospederos de 

 

Xylosandrus mutilatus

 

 (Blandford) en América del Norte esta re-
portado aquí por la primera vez. Se presentan datos descriptivos como el número de ataques
por hospederos, el tamaño de los tallos en el punto de ataque y la altura por encima del nivel
de tierra de los ataques. Los hospederos observados en el estado de Mississippi fueron 

 

Acer
rubrum

 

 L., 

 

Acer saccharum

 

 Marsh., 

 

Acer palmatum

 

 Thunb., 

 

Ostrya virginiana

 

 (Mill.) K.
Koch., 

 

Cornus florida

 

 L., 

 

Fagus grandifolia

 

 Ehrh., 

 

Liquidamber styraciflua

 

 L., 

 

Carya

 

 spp.,

 

Liriodendron tulipifera

 

 L., 

 

Melia azedarach

 

 L., 

 

Pinus taeda

 

 L., 

 

Prunus serotina

 

 Ehrh., 

 

Pru-
nus americana

 

 Marsh., 

 

Ulmus alata

 

 Michaux y 

 

Vitus rotundifolia

 

 Michaux. 

 

Liquidamber
styraciflua

 

 tuvo ataques significativamente mas exitosos, una probabilidad significativa-
mente mas alta de ataques y un número significativamente mayor de adultos de escarabajos
por árbol hospedero que 

 

Carya

 

 spp., 

 

A. rubrum

 

 y 

 

L. tulipifera

 

. Esta información es perti-
nente en determinar el impacto que pueda tener este escarabajo exótico en invernaderos,

 

áreas urbanas y otros sistemas forestales donde el escarabajo se establece.

 

Exotic bark and ambrosia beetles are becom-
ing established in increasing numbers in North
America due to greater foreign trade and human
movement (Rabaglia, unpublished data; Schiefer
& Bright 2004). Approximately 4600 arthropod
species (2582 species in Hawaii and 2000 in the
continental US) have been introduced with ap-
proximately 95% of these introduced accidentally
in association with plants, soil, or water ballast
from ships (Pimentel et al. 2001). Some 360 non-
indigenous insects have invaded and become es-
tablished in U.S. forests with 30% of these caus-
ing $2.1 billion in damage per year (Pimentel et
al. 2000).

Few bark beetles are considered aggressive
species (Paine et al. 1997). Of the 500 species that
have been described from North America, only 2%
kill trees (Six 2003). Exotic bark and ambrosia
beetles introduced into new localities may impact
forest ecosystems. Ambrosia beetles fulfill an im-

portant role in the forest by initiating and pro-
moting the breakdown of wood (Lindgren 1990).

Xyleborini is one of the largest tribes of insects,
and they attack hundreds of species of woody
plants worldwide (Norris 1979). Ambrosia beetles
are polyphagous and have a wide host range (Bea-
ver 1989). Five of the described species of 

 

Xy-
losandrus

 

 occur in North America and only 

 

X.
zimmermanni

 

 (Hopkins) is native. The remaining

 

Xylosandrus

 

 species, 

 

X. compactus

 

 (Eichhoff), 

 

X.
germanus

 

 (Blandford), 

 

X. crassiusculus

 

 (Mots-
chulsky), and 

 

X. mutilatus

 

 (Blandford), were in-
troduced from the Old World tropics (Wood &
Bright 1992; Schiefer & Bright 2004). Some am-
brosia beetles can attack healthy vigorous trees
and shrubs while others attack only dead or dying
hosts (Roeper & French 1981; Dute et al. 2002).

 

Xylosandrus mutilatus

 

 was first discovered in
the U.S. in Oktibbeha County, Mississippi in 1999
(Schiefer & Bright 2004). Its present distribution
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in the USA has been reported (Schiefer & Bright
2004; Cognato et al. 2006; Stone & Nebeker
2007). Native of Asia, 

 

X. mutilatus

 

 is one of the
major pests attacking the trunk and branches of
Chinese chestnut, 

 

Castanea mollissima

 

 Blume
(Tang 2000). The host plants of 

 

X. mutilatus

 

 in
Asia have been reported previously (Wood &
Bright 1992). Several publications have recorded

 

X. mutilatus

 

 attacking Aceraceae: 

 

Acer siebold-
ianum 

 

Miquel, Fagaceae: 

 

Castanea mollissima

 

,
Lauraceae: 

 

Parabenzoin trilobum 

 

(Sieb. & Zucc.)
Nakai, and Proteaceae: 

 

Grevillea robusta 

 

A.
Cunn. (Sreedharan et al. 1991; Kajimura & Hijii
1992, 1994; Tang 2000).

Studies on the biology and ecology of exotic
bark beetles are needed to allow appropriate
management recommendations to be made to the
public. Schiefer & Bright (2004) stated that the
range of host plants of 

 

X. mutilatus

 

 are unknown
in North America. The objective of this study was
to determine the host range of 

 

X. mutilatus 

 

in
Mississippi.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Field Design—2004

 

Xylosandrus mutilatus

 

 was offered various po-
tential host plants common to the southeastern
United States. Two upland hardwood forests,
Tombigbee National Forest, and a privately owned
forest (Kimbrough property), were selected in
Winston County, Mississippi. The initial field de-
sign used bolts (1 m in length) placed horizontally
on the ground in three diameter classes (2.54 cm
± 1.27, 5.08 cm ± 1.27, and 10.16 cm ± 1.27). Hav-
ing observed no 

 

X. mutilatus 

 

attacks on these hor-
izontal hosts from Mar-Aug 2004, we modified the
field design. On Aug 16, 2004, single saplings in-
cluding their canopy (ground-line diameter 2.54
to 5.08 cm) in 9 species were selected and severed
at ground-line: loblolly pine (

 

Pinus taeda

 

 L.),
hickory (

 

Carya

 

 spp.), yellow poplar (

 

Liriodendron
tulipifera

 

 L.), sweetgum (

 

Liquidambar styraci-
flua 

 

L.), flowering dogwood (

 

Cornus florida

 

 L.),
red maple (

 

Acer rubrum

 

 L.), chinaberry (

 

Melia
azedarach 

 

L.), black cherry (

 

Prunus serotina

 

Ehrh.), and winged elm (

 

Ulmus alata 

 

Michaux).
At each location, 3 vertical, severed saplings of
each species were randomly placed along a con-
tinuous transect and spaced approximately 3 m
apart. They were leaning 60 to 80 degrees from
the ground and supported by other living under-
story saplings. The severed saplings were in-
spected at approximately 10-d intervals for 50
consecutive d (Aug 16 to Oct 5, 2004). For each in-
spection period, attacks were tallied and a small
colored dot was placed adjacent to each new at-
tack. An initial attack in this study was recorded
when a female created an entrance hole that pen-
etrated the xylem. Different colored markers

were used to signify the inspection period during
which the attacks had occurred.

At the end of the observation period the follow-
ing data (mean ± SE) were collected: (1) number of
attacks per host plant, (2) diameter of stem at at-
tack, and (3) attack height above ground-line.
Proper identification concerning what beetle made
the attack was confirmed by the presence of a male
or female 

 

X. mutilatus

 

 and/or its unique gallery
pattern as illustrated by several authors (Choo et
al. 1988; Kajimura & Hijii 1994; Tang 2000).

 

Field Design—2005

 

From Apr to Oct 2005, the vertical presentation
of severed saplings was replicated three times
(Apr 15 to Jun 15, Jun 16 to Aug 16, Aug 17 to Oct
17), and sample size was increased from 3 to 9 sap-
lings per species at each location. 

 

Quercus 

 

spp. re-
placed chinaberry due to the lack of availability of
the latter. Severed saplings were inspected at ap-
proximately 10-d intervals for 60 consecutive d. At
the end of each inspection period, the same data
were obtained as for the fall 2004.

 

Statistical Analysis

 

To determine possible host preferences, hick-
ory, red maple, sweetgum, and yellow poplar were
chosen and analyzed by the GLIMMIX procedure.
Other species had few attacks and were therefore
omitted. The mean number of attacks per host,
the probability of a sapling for a given host being
attacked at least once, and mean number of 

 

X.
mutilatus

 

 adults per tree during the 2004 and
2005 fall replications were compared for signifi-
cant differences among tree species. The data
were analyzed with location and inspection peri-
ods as random effects by the generalized linear
mixed model (PROC GLIMMIX) (

 

α

 

 = 0.05) in SAS
9.1 version.

R

 

ESULTS

 

Xylosandrus mutilatus

 

 attacked saplings in 12
plant families in Mississippi and Alabama (Table
1). Zero attacks occurred on the horizontal bolts.
The vertical severed saplings were attacked at
both locations during each replication. The per-
centage of hosts attacked and number of attacks
per host were higher during the fall than spring
or summer (Table 2). For all replications, the
highest numbers of attacks occurred during the
first 10 d after severing (Table 2). A higher pro-
portion of successful attacks occurred during both
fall replications (Table 3). Unsuccessful attacks
had a higher mean stem diameter at point of at-
tack (2.0 cm ± 0.061) than successful attacks (1.81
cm ± 0.045). Successful attacks had a higher
mean height at attack (2.171 m ± 0.063) than un-
successful attacks (1.889 m ± 0.062).
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GLIMMIX Procedure

 

The mean number of successful attacks per
host tree, the probability of a sapling of a given
host being attacked at least once, and mean num-
ber of 

 

X. mutilatus

 

 adults per host tree during the
2004 and 2005 fall replications among hickory, red
maple, sweetgum, and yellow poplar were all sig-
nificantly different (Table 4). Sweetgum had sig-
nificantly more successful attacks, significantly
higher probability of attack, and significantly
higher number of adult beetles per host tree com-
pared with hickory, red maple, and yellow poplar
(Table 4). Sweetgum had a total of 114 successful
attacks and 65 unsuccessful attacks compared
with hickory (19 successful and 26 unsuccessful),
red maple (6 successful and 38 unsuccessful) and
yellow poplar (4 successful and 2 unsuccessful)
during the 2004 and 2005 fall replications.

D

 

ISCUSSION

 

Including the findings in this paper, 20 host
plant families have been recorded for 

 

X. mutila-
tus

 

 worldwide. This is the first report of Hama-
melidaceae, Magnoliaceae, Pinaceae, Rosaceae,
Ulmaceae, and Vitaceae as host families for

 

X. mutilatus

 

.
Several live host plants were observed being

attacked. An unhealthy sugar maple (

 

Acer sac-
charum

 

 Marsh) possessing crown dieback was at-
tacked. Attacks were located within the dieback,
and 

 

X. mutilatus

 

 did not attack any other portion
of the tree. Attacked eastern hophornbeam (

 

Os-
trya virginiana 

 

(Mill.) K. Koch.) was observed on
a recently herbicide sprayed right-of-way. Attacks
occurred on a dying lower branch apparently
damaged by the herbicide. A flowering dogwood,
observed under attack and planted in a poorly

TABLE 1. HOST PLANTS OF XYLOSANDRUS MUTILATUS IN MISSISSIPPI AND ALABAMA.

Family Scientific name Location Condition of host

Aceraceae Acer rubrum Mississippi Dead
Acer saccharum2 Mississippi Living
Acer palmatum2 Mississippi Dead

Betulaceae Ostrya virginiana2 Mississippi Living
Cornaceae Cornus florida2 Mississippi Living
Fagaceae Fagus grandifolia2 Mississippi Dead

Quercus shumardii2 Alabama Living
Hamamelidaceae1 Liquidambar styraciflua Mississippi Dead

Alabama Dead
Juglandaceae Carya spp. Mississippi Dead
Magnoliaceae1 Liriodendron tulipifera Mississippi Dead
Meliaceae Melia azedarach Mississippi Dead
Pinaceae1 Pinus taeda Mississippi Dead
Rosaceae1 Prunus serotina Mississippi Dead

Prunus americana2 Mississippi Dead
Ulmaceae1 Ulmus alata Mississippi Dead
Vitaceae1 Vitus rotundifolia2 Mississippi Dead

1Families are new host records for X. mutilatus.
2Simple observations not within field study.

TABLE 2. NUMBER OF ATTACKED SEVERED SAPLINGS AND TOTAL ATTACKS BY INSPECTION DAY OF XYLOSANDRUS MU-
TILATUS.

Time of year
Number of

attacked saplings

Number of attacks1 by inspection day

Day 10 Day 20 Day 30 Day 40 Day 50 Day 60

Fall 2004 17 (N = 52) 86 28 15 9 3 —
Spring 2005 5 (N = 162) 4 3 2 0 1 0
Summer 2005 15 (N = 162) 9 3 3 5 2 0
Fall 2005 37 (N = 162) 130 14 8 1 0 0

1An attack was recorded when a female bored into the xylem.
2N = total number of saplings presented.



194 Florida Entomologist 90(1) March 2007

drained area, had approximately 50% leaf drop in
Jun 2004. The attacks occurred along the main
stem. Potted, healthy Quercus shumardii Buckl.
approximately 3 m tall located in a nursery in
Alabama were attacked (J. W. Brewer, pers.
comm.). Xylosandrus mutilatus attacked recently
stressed and dead understory saplings associated
with a prescribed burn. These host plants con-
sisted of sweetgum, hickory spp., winged elm, and
wild muscadine grape.

Xylosandrus mutilatus, like most ambrosia
beetles, is polyphagous and reproduces in numer-
ous hosts (Beaver 1989; Lindgren 1990; Maeto et
al. 1999), and it appears to have low host specific-
ity. The ambrosia beetle’s historical environment
likely promoted polyphagy (Atkinson & Equihua-
Martinez 1986; Beaver 1989). The floristic diver-
sity and high decomposition rates made high host
specificity less favorable in the humid tropics and
similar climates where ambrosia beetles likely
evolved (Atkinson & Equihua-Martinez 1986;
Beaver 1989). Atkinson & Equihua-Martinez
(1986) suggest that the beetles’ fungal symbiosis
evolved from competition between the beetles and
fungi for the same substrate.

The single stem presentation in this study was
a smaller landscape disturbance as compared
with man-made disturbances such as herbicide
spraying and prescribed burning. From personal
observations, recently dead and stressed material
following a prescribed burn or herbicide applica-
tion seemed to be preferred during the spring and
summer periods. It has been reported that Xy-
losandrus crassiusculus prefers disturbed areas
(Maeto et al. 1999).

No successful attacks occurred below 0.5 m,
which might suggest a lower limit on attack
height for vertically-oriented material. Tang
(2000) stated that the attacks occurred at 40 cm
or greater above the ground-line and on parts of
the branch having a diameter of 1.2 to 2.5 cm. Ma-
eto et al. (1999) reported that more than 70% of
X. crassiusculus were trapped below 5 m.

In our study, only 3 out of 20 attacks were suc-
cessful when stem diameter at point of attack was
3 cm or greater. This suggests an upper limit on
suitable stem size. Beeson (1930) divided ambro-
sia beetles into 3 groups in relation to the size of
the material the beetles attacked. Xylosandrus
mutilatus has been classified as a shoot borer,
since it may infest material up to 5.08 cm or more
in diameter (Browne 1958). Browne (1958) re-
corded Xylosandrus (=Xyleborus) mutilatus in
hosts with diameters of 1.27 to 5.08 cm; however,
most attacks occurred in the 2.54 to 3.81 cm di-
ameter classes.

Xylosandrus mutilatus showed a preference
towards sweetgum when compared to the other
host plants represented in this study. Even
though most ambrosia beetles have a wide host
range, exceptions to this general rule do occur
(Browne 1958). Xyleborus uniseriatus Eggers
shows a strong preference for the Fagaceae
(Browne 1958). Since the introduction of X. cras-
siusculus into North America, this species has
shown some preference towards sweetgum (So-
lomon 1995). Further studies to identify the fac-
tors involving recognition, suitability, and accep-
tance of host material by X. mutilatus in natural
and man-made disturbances are needed.
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TABLE 3. TOTAL NUMBER AND STATUS OF ATTACKS OF XY-
LOSANDRUS MUTILATUS ON SEVERED SAP-
LINGS.

Time of year Successful1 Unsuccessful2
Total

attacks

Fall 2004 76 65 141
Spring 2005 0 10 10
Summer 2005 1 21 22
Fall 2005 82 71 153

1Beetles were observed in galleries.
2No vertical gallery and/or no live beetles were observed at

attack site.

TABLE 4. HOST PREFERENCES OF ATTACKS OF XYLOSAN-
DRUS MUTILATUS ON SEVERED SAPLINGS DUR-
ING FALL 2004 AND 2005.

Species

Mean 
number

of attacks1

per tree

Probability 
of at least 
one attack2

Mean 
number
of adults
per tree

Hickory 1.986 bc 27.7 c 1.172 c
Red Maple 1.899 c 62.3 b 0.391 d
Sweetgum 8.033 a 92.6 a 21.726 a
Yellow Poplar 0.259 d 14.0 d 2.018 b

Note: Numbers with the same letter are not significantly dif-
ferent using differences of least square means at (α = 0.05).

1Beetles were observed in galleries.
2A female beetle had bored into the xylem.
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A

 

BSTRACT

 

The salivary glands of the Glassy-winged sharpshooter (GWSS), 

 

Homalodisca vitripennis

 

Germar 1821, (syn. 

 

H. coagulata

 

, Hemiptera: Cicadellidae) were collected and used to pro-
duce a cDNA library. Examination by BLASTX analyses identified 2 viral sequences, one a
610-base pair fragment and a second 839-base pair fragment, both of which had significant
homology to viruses within the genus 

 

Phytoreovirus

 

. Resequencing of the fragments con-
firmed sequence validities. These sequences were used for 

 

in silico

 

 protein translation and
BLASTP analysis confirming the established homology. While the GWSS is the primary vec-
tor of Pierce’s disease of grapes, this is the first report that GWSS may be a vector of a phy-
toreoviruses. Phylogenetic and homology comparisons with BLASTX, BLASTP, and PAUP
analyses indicated that the viral sequences isolated from GWSS were closely related to the
viruses in the Family 

 

Reoviridae

 

, Genus 

 

Phytoreovirus

 

, specifically Rice Dwarf 

 

Phytoreovi-
rus

 

 (RDV). RDV is the only plant reovirus that is not limited to the phloem. Phytoreoviruses
are transmitted in a propagative manner by cicadellid leafhoppers (Hemiptera: Cicadel-
lidae), which acquire and transmit them during feeding. Phytoreoviruses have been re-
ported from 

 

Agallian

 

, 

 

Agalliopsis

 

, 

 

Nephotettix

 

, and 

 

Recilia

 

, genera of leafhoppers, with
evidence for transovarial transmission. The GWSS, although considered to feed primarily
from the xylem, ingests from other plant tissues, such as the phloem and mesophyll during
probing similar to other leafhoppers. The feeding behavior and wide host range of the GWSS
provides an overlapping condition for these two organisms, leafhopper and virus. GWSS will
feed from grasses as a transitory host, and on herbaceous and woody plants as primary
hosts, which may favor the acquisition and transmission of 

 

Phytoreovirus

 

 by this leafhopper.
Monitoring for an increase of 

 

Phytoreovirus

 

 spread in graminaceous crops that are in prox-
imity to vineyards or tree crop orchards, where GWSS occurs, such as in southern California,
will provide a better understanding of the potential role of the GWSS as a disease vector in
the spread of phytoreoviruses and other plant pathogens. The sequences have been depos-
ited in NCBI database under the accession numbers (EF058280) for GWSS-V1,
WHSg013C11 and (EF058281) for GWSS-V2, WHSg024H02.

Key Words: 

 

Homalodisca coagulata

 

, 

 

H. vitripennis

 

, leafhopper, 

 

Phytoreovirus

 

, Reoviridae,
Rice Dwarf Virus (RDV), Wounded Tumor Virus (WTV)

R

 

ESUMEN

 

Dos fragmentos de 610 y 839 pares de bases fueron aislados apartir de una genoteca de expre-
sión derivada de las glandulas salivales del cucarrón de las alas cristalinas (GWSS), 

 

Homal-
odisca vitripennis

 

, Germar 1821 (syn. 

 

H. coagulata

 

) el cual es vector de la enfermedad de
Pierce de las uvas. Los resultados de alineamiento utilizando BLASTX, BLASTP y el analisis
filogenético utilizando PAUP indicaron que los fragmentos de DNA estaban relacionado de
manera mas cercana a viruses en la familia 

 

Reoviridae

 

, género 

 

Phytoreovirus

 

, y específica-
mente a los virus del enanismo del arroz (RDV) y al virus del tumor de las grietas (WTV). El
cucarrón de las alas cristalinas es un saltahoja que se alimenta no solo del xilema sino tam-
bien del floema y del mesófilo. Saltahojas del género 

 

Agallian

 

, son los principales vectores de
WTV, el cual infecta el floema de plantas dicotiledoneas tumoraciones en las hojas y en las rai-
ces. WTV es transmitido por saltahojas y es el único reovirus que es capaz de infectar tanto
tejidos del xilema como del floema. El comportamiento alimentario del GWSS y su amplio
rango de hospederos que incluye pastos y plantas herbaceas y leñosas podria proveer la inte-
racción entre estos dos organismos facilitando la adquisición y tranmisión de fitoreovirus por
el GWSS. Un adecuado monitoreo de el incremento en la expansión de reoviruses en cultivos
de gramineas asociados al los viñedos en donde GWSS ocurre en regiones tales como el sur de
California, y en general el sur de los Estados Unidos, podría proveer un mejor entendimiento
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del papel del GWSS como vector de fitoreovirus y otros patógenos de plantas. Las sequencias
se depositaron en la base de datos NCBI con los siguientes números de identificación:
(EF058280) para GWSS-V1, WHSg013C11 y (EF058281) para GWSS-V2, WHSg024H02.

 

Translation provided by the authors.

 

Annotation of a cDNA salivary gland library of
the Glassy-winged sharpshooter (GWSS), 

 

Homa-
lodisca vitripennis 

 

Germar 1821 (Hemiptera: Cica-
dellidae) (Takiya et al. 2006, syn. 

 

H. coagulata

 

),
resulted in the discovery and validation of 2 viral
sequences, one a 610-base pair fragment and a sec-
ond 839-base pair fragment, both of which had sig-
nificant homology to viruses within the genus, 

 

Phy-
toreovirus

 

. Leafhoppers are the second most seri-
ous pests in agriculture and are the only known
vectors of 

 

Phytoreovirus

 

, such as wound tumor vi-
rus, WTV, which occurs in North America and in-
fects the phloem of dicotyledonous plants (Black
1945). The GWSS is an important agricultural
pests of grapes and fruit crops as the primary vec-
tor of Pierce’s disease, caused by a bacterial patho-
gen of plants that occurs across the southern
United States. Phylogenetic and homology compar-
isons with BLASTX, BLASTP, and PAUP (Swof-
ford 2003) analyses indicated the viral sequences
were closely related to the family, 

 

Reoviridae

 

, ge-
nus 

 

Phytoreovirus

 

, specifically Rice Dwarf Virus
(RDV) (Hillman et al. 1991; Suzuki et al. 1999).
RDV is the only plant reovirus that is not limited to
the phloem (Omura & Mertens 2005) and is the
only virus member that must pass through an in-
sect vector prior to becoming infectious (Johnson
2003). 

 

Phytoreovirus

 

 are large, complex viruses
containing segmented double-stranded RNA ge-
nomes that infect plant hosts through their trans-
mission by leafhoppers (Van Regenmortel et al.
2000). Phytoreoviruses are not transmitted by me-
chanical inoculation, contact between plants, nor
through seed or pollen, but are acquired and trans-
mitted in a propagative manner by cicadellid leaf-
hoppers (Hemiptera: Cicadellidae) during feeding.
Phytoreoviruses have been reported from 

 

Agallian

 

,

 

Agalliopsis

 

, 

 

Nephotettix

 

, and 

 

Recilia

 

, genera of
leafhoppers, with evidence for transovarial trans-
mission (Omura and Mertens 2005). The transmis-
sion of phytoreovirus is normally by phloem-feed-
ing leafhoppers. While the GWSS is considered to
feed primarily from the xylem, during probing leaf-
hoppers also sample from other plant tissues such
as the phloem and mesophyll (Backus & Hunter
1989; Hunter & Backus 1989).

The 

 

Phytoreovirus

 

, WTV, has been shown to in-
fect more than 20 different families of dicotyle-
donous plants like crimson clover (

 

Trifolium in-
carnatum

 

), sweet clover (

 

Melilotus officalis

 

), and
cultivated sorrel (

 

Rumex acetosa

 

 (Black 1945).
While WTV has been reported to occur in North
America (Black 1972) and WTV-susceptible crops,
such as clovers, are recommended as cover crops

to reduce soil erosion in grape vineyards (Stimson
& O’Conner 2005), RDV has yet to be found in
South or Central America (Lee et al. 1997). The
combination of leafhopper feeding behaviors
(feeding on grasses as transitory hosts, and on
herbaceous and woody plants as primary hosts),
with the wide host-plant range of the GWSS
(Hoddle et al. 2003; Hoddle 2004), provides over-
lapping conditions that may favor the acquisition
and transmission of 

 

Phytoreovirus

 

 by the GWSS.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Library Construction

 

Insects for library construction were collected
off several citrus trees in Kern County, California.
Dissected salivary glands from 50 adult GWSS
were used in the construction of an expression li-
brary. Tissues were ground in liquid nitrogen and
total RNA was extracted using guanidinium salt-
phenol-chloroform procedure as previously de-
scribed by Strommer et al. (1993). Poly (A) +RNA
was purified using Micromole (A) Pure™ accord-
ing to the manufacturer’s instructions (Ambion,
Austin, TX, USA). A directional cDNA library was
constructed in Lambda Uni-ZAP® XR vector us-
ing Stratagene’s ZAP-cDNA Synthesis Kit (Strat-
agene, CA, USA). The resulting DNA was pack-
aged into Lambda particles using Gigapack® III
Gold Packaging Extract (Stratagene, CA, USA).
An amplified library was generated with a titer of
1.0 

 

×

 

 10

 

9

 

 plaque-forming units per mL. Mass exci-
sion of the amplified library was carried out using
Ex-Assist® helper phage (Stratagene, CA, USA).
An aliquot of the excised, amplified library was
used for infecting XL1-Blue MRF’ cells and subse-
quently plated on LB agar containing 100 µg/mL
ampicillin. Bacterial clones containing excised
pBluescript SK(+) phagemids were recovered by
random colony selection.

 

Sequencing of Clones

 

pBluescript SK (+) phagemids were grown
overnight at 37°C and 240 rpm in 96-well culture
plates containing 1.7 mL of LB broth, supple-
mented with 100 µg/mL ampicillin. Archived
stocks were prepared from the cell cultures using
75 µL of a LB-amp-glycerol mixture and 75 µL of
cells. These archived stocks are held at the United
States Horticultural Research Lab (USHRL) in
an ultra low temperature freezer set at -80°C.
Plasmid DNA was extracted with the Qiagen
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9600 liquid handling robot and the QIAprep 96
Turbo miniprep kit according to the recom-
mended protocol (QIAGEN Inc., CA, USA). Se-
quencing reactions were performed with the ABI
PRISM® BigDye™ Primer Cycle Sequencing Kit
(Applied Biosystems, CA, USA) along with a uni-
versal T3 primer. Reactions were prepared in 96-
well format using the Biomek2000™ liquid han-
dling robot (Beckman Coulter, Inc., CA, USA). Se-
quencing reaction products were precipitated
with 70% isopropanol, resuspended in 15 µL ster-
ile water and loaded onto an ABI 3700 DNA Ana-
lyzer (Applied Biosystems, CA, USA).

 

Sequence Verification and Cloning

 

Base confidence scores were designated using
TraceTuner® (Paracel, Pasadena, CA, USA).
Low-quality bases (confidence score <20) were
trimmed from both ends of sequences. Quality
trimming, vector trimming and sequence frag-
ment alignments were executed using Se-
quencher® software (Gene Codes, MI, USA). Se-
quences less than 100 nucleotides in length after
both vector and quality trimming was completed
were excluded from the analysis. Additional ESTs
that corresponded to vector sequences were re-
moved from the dataset. The potential status of
the gene was determined based on BLAST homol-
ogy searches using the National Center for Bio-
technology Information BLAST server (http://
www.ncbi.nlm.nih.gov) with the sequence com-
parisons made to protein databases (BLASTX,
BLASTP). To estimate the number of genes repre-
sented in the library and the redundancy of spe-
cific genes, ESTs were assembled into “contigs”
using Sequencher®. Contig assembly parameters
were set using a minimum overlap of 50 bases
and 95% identity match. Vector and low-quality
sequence were trimmed and the sequences fil-
tered for a minimum length (200 bp), producing
8884 high-quality ESTs. These ESTs were ana-
lyzed with the Sequencher® assembly program to
identify those representing redundant tran-
scripts. Two clones were identified for further
analysis. To ensure sequence accuracy clones
were bidirectionally sequenced 3 times. The re-
sulting sequences were assembled into a contig
using Sequencher® with the same parameters
used above. The resulting contigs were run
through the National Center for Biotechnology
Information BLAST server (http://www.ncbi.nlm.
nih.gov) using BLASTX, TBLASTX, TBLASTN.

 

Computer Analysis

 

The amino acid sequence of the clones were cal-
culated with the ‘Translate’ program on the Ex-
PASy server (http://au.expasy.org). The resulting
sequences were then analyzed by the National
Center for Biotechnology Information BLAST

server (http://www.ncbi.nlm.nih.gov) and BLASTP
(Schäffer et al. 2001). Multiple sequence align-
ments of predicted 

 

Phytoreovirus

 

 amino acid se-
quences were performed with T-Coffee (Notredame
et al. 2000) and ClustalX version 1.81

 

 

 

algorithm
(Thompson et al. 1997). Guide trees were gener-
ated using neighbor-joining (NJ) methodology.

 

 

 

NJ
analyses were performed using PAUP* (Phyloge-
netic Analysis Using Parsimony) version 4.010)
(Swofford 2003). NJ estimates of the Phytoreovi-
rus sequences were obtained by estimating dis-
tance parameters in PAUP* (Swofford 2003). NJ
bootstrap analyses of 1000 replicates were per-
formed on each data set using a heuristic search to
identify the most optimal tree. Analyses were un-
rooted. Tree branch probabilities added by a Baye-
sian approach to phylogenetic reconstruction im-
plemented using MRBAYES v3.1.1 (Huelsenbeck
& Ronquist 2001). Sequences used in the phyloge-
netic analysis encompassed Core protein P3 from
RDV (accession Q98630), Core capsid protein Rice
gall dwarf virus, RGDV (accession BAA02917),
RDV RNA-dependent RNA polymerase (accession
BAA14222), RDV RNA-directed RNA polymerase
(accession Q02119), Nonstructural WTV P7 (acces-
sion P13092), Structural WTV P9 (accession
P12326), RGDV Nonstructural VP10 (accession
P29078), RDVA minor core P5 (accession P14583),
RDV minor core P5 (accession Q85437), WTV
polypeptide P5 (accession AAA48499), WTV outer
coat P5 (accession P12366), WTV structural P6
(accession P12325), WTV P6 (accession
CAA32438), RDV structural P7 (accession
Q85448), RGDV outer capsid P8 (accession
P29077), WTV outer capsid P8 (accession P17380),
RDV outer capsid P8 (accession Q85451), RDV
nonstructural P4 (accession Q85436), RDV outer
capsid P2 (accession O55519), WTV nonstructural
P11 (accession P13094), WTV nonstructural P12
(accession P13278), RDV nonstructural P11 (ac-
cession Q85442), RGDV nonstructural VP9 (acces-
sion P23628), RDV nonstructural P6 (accession
P29249) (Fig. 1).

R

 

ESULTS

 

Phylogenetic and homology comparisons with
BLASTX, BLASTP and PAUP (Altschul et al.
1997; Schäffer et al. 2001; Swofford 2003) analy-
ses indicated the 2 sequences isolated from GWSS
salivary glands were closely related to the family

 

Reoviridae

 

, genus 

 

Phytoreovirus

 

, specifically Rice
Dwarf Virus (RDV). The GWSS-V1 sequence
shared a 47% amino acid identity to the Minor
core P5 protein of the Rice dwarf 

 

Phytoreovirus

 

,
with an E-value of 9e-20 (Table 1). GWSS-V2 se-
quence shared 40% amino acid identity to the
non-structural S9 Rice dwarf virus, with an E-
value of 3e-49 (Table 2). Sequences with signifi-
cant amino acid identity, along with other mem-
bers of the Reoviridae, were downloaded for phy-
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Fig. 1. Phylogenetic analysis of 

 

Phytoreovirus

 

 amino acid sequences. GWSS-V1 phytoreovirus-like sequence
forms a clade with the P5 proteins with significant identity to WTV and RDV. Multiple sequence alignments of pre-
dicted phytoreovirus amino acid sequences were performed with ClustalX version 1.81

 

 

 

algorithm (Thompson et al.
1997). Guide trees were generated with neighbor-joining (NJ) and Bayesian methods.

 

 

 

NJ analyses were performed
with PAUP* (Phylogenetic Analysis Using Parsimony) version 4.010) (Swofford 2003). NJ estimates of the Phytore-
oviruses were obtained by estimating distance parameters in PAUP* (Swofford 2003). NJ bootstrap analyses of
1000 replicates were performed on each data set by a heuristic search to identify the most optimal tree. Analyses
were unrooted.
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logenetic comparison to the GWSS phytoreovirus-
like sequences. In both analyses the highest de-
gree of identity to the GWSS-derived sequences
was to RDV (Tables 1 and 2, Fig. 1). Using maxi-
mum parsimony (branch-and-bound search
method), the phylogenetic tree of the translated
amino acid sequence for GWSS-V1 was equally
related to either RDV or WTV (Fig. 1). Amino acid
alignment of GWSS-V2 resulted in a significantly
greater identity to RDV proteins (Fig. 2, Table 2).

D

 

ISCUSSION

 

Results presented provide evidence for the
presence of a 

 

Phytoreovirus

 

 in the tissues of the
salivary glands of the GWSS, strongly suggesting
that the GWSS is feeding on plants containing

 

Phytoreovirus

 

, and that the virus is able to move
through the tissues of the GWSS to enter the sal-
ivary glands as in the manner of a virus-vector in-
teraction. While there is no direct evidence of dis-
ease transmission, leafhoppers are the normal
vectors of 

 

Phytoreovirus

 

. These results also sug-
gest that the GWSS may be causing more eco-
nomic damage than previously thought by also
being a vector of these plant pathogens. While the
GWSS 

 

Phytoreovirus

 

-like sequences (GWSS-V1
and V2) are most closely related to RDV, they
might very well be part of the genome of a new
member within the phytoreoviruses, or an unde-
scribed variant of WTV, taking into consideration
that RDV has not yet been reported to occur
within the USA. This is the first report that the
GWSS may be a vector of 

 

Phytoreovirus

 

, and war-
rants closer examination. Virus acquisition and
transmission may be occurring due to a combina-

tion of the GWSS feeding behavior (feeding on
grasses as transitory hosts, and on herbaceous
and woody plants as primary hosts) and wide host
range (Hoddle et al. 2003, Hoddle 2004) which
overlaps with 

 

Phytoreovirus

 

 host plants (Figs. 3
and 4). The insects from which the GWSS salivary
gland library was produced were collected in Kern
County, CA, in a region where grapes are grown.
WTV-susceptible crops, such as clovers, are some-
times recommended as cover crops to reduce soil
erosion in grape vineyards by the State Water Re-
sources Control Board of California (Stimson and
O’Conner 2005) creating overlapping ranges for
the GWSS and phytoreoviruses. Three common
WTV host plants, Madagascar periwinkle (

 

Catha-
ranthus roseus

 

), New Zealand Spinach (

 

Tetrago-
nia tretragoniodes

 

), and Cardinal flower (

 

Lobelia
cardinalis

 

), are found throughout California and
Florida within the normal GWSS range (Figs. 2
and 3) (USDA, NRCS 2005, http://
plants.usda.gov/checklist.html). The presence of
both 

 

Phytoreovirus

 

 and the GWSS in these re-
gions may indicate that 

 

Phytoreovirus

 

 are being
transmitted by the GWSS to other susceptible
crops through nonspecific feeding such as during
the production of sample probes during host plant
selection (Backus & Hunter 1989; Hunter &
Backus 1989). A real concern to growers would be
if WTV, or another related virus, can be acquired
by the GWSS which in turn would then transmit
it to a wider range of host plants, ultimately re-
sulting in increased economic losses, similar to
the events leading to the extensive spread of
Pierce’s disease in grapes. Monitoring for in-
creased incidence of WTV, RDV and/or other leaf-
hopper transmitted viruses within graminaceous
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SEARCH
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-

 

LIKE
SEQUENCE

 

, 

 

TOP

 

 4 

 

RETURNED

 

 

 

MATCHES

 

. BLASTX 

 

ANALYSES

 

 

 

FROM

 

 NCBI 

 

WEBSITE

 

 (

 

HTTP

 

://
WWW.NCBI.NLM.NIH.GOV/BLAST/) (GWSS-V1 ACCESSION NO. EF058280).

Virus accession % Amino acid identity BLASTP1

Rice dwarf virus (Q85437) Minor core P5 47 9e-20

Rice dwarf virus (P14583) Minor core (VP5_RDV) 47 1e-19

Rice Gall Dwarf Virus (Q12NZ7) RDGV 40 3e-19

P5Wound tumor virus (P12366) Outer coat VP5 44 3e-18

TABLE 2. TRANSLATED AMINO ACID IDENTITY SCORES FOR HOMOLOGY SEARCH TO GWSS-V2 PHYTOREOVIRUS
SEQUENCE, TOP 4 MATCHES. BLASTX ANALYSES FROM NCBI WEBSITE (HTTP://WWW.NCBI.NLM.NIH.GOV/
BLAST/) (GWSS-V2 ACCESSION NO. EF058281).

Virus accession % Amino acid identity BLASTP1

Non-structural protein S9 Rice dwarf virus (Q85450) 40 3e-49

Non-structural protein Pns9, Rice dwarf virus (P17381) 40 4e-49

Non-structural protein S9 Rice dwarf virus (AAP92807.1) 40 6e-49

Non-structural protein S9 Rice dwarf virus (NP_620535) 40 1e-48
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Fig. 2. Amino acid alignment showing regions with identical sequence (shading and asterisk), for GWSS-V2 Phy-
toreovirus-like sequence.  Legend table provides accession numbers and amino acid sequence lengths. Alignment
used T-Coffee© version 1.41 (Notredame et al. 2000).
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crops, where the GWSS occurs may prove impor-
tant in the management of these and other
emerging agricultural plant diseases.
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ESTABLISHMENT OF 

 

LIPOLEXIS OREGMAE

 

(HYMENOPTERA: APHIDIIDAE) IN A CLASSICAL BIOLOGICAL
CONTROL PROGRAM DIRECTED AGAINST THE BROWN CITRUS APHID 

(HOMOPTERA: APHIDIDAE) IN FLORIDA
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A

 

BSTRACT

 

The parasitoid

 

 Lipolexis oregmae

 

 Gahan (introduced as 

 

L. scutellaris

 

 Mackauer) was im-
ported from Guam, evaluated in quarantine, mass reared, and released into citrus groves in
Florida in a classical biological control program directed against the brown citrus aphid, 

 

Tox-
optera citricida

 

 Kirkaldy. Releases of 20,200, 12,100, and 1,260 adults of 

 

L. oregmae 

 

were
made throughout Florida during 2000, 2001, and 2002, respectively. To determine if 

 

L. oreg-
mae

 

 had successfully established, surveys were conducted throughout the state beginning in
the summer of 2001 and continuing through the summer of 2003. Parasitism during 2001
and 2002 was evaluated by holding brown citrus aphids in the laboratory until parasitoid
adults emerged. 

 

Lipolexis oregmae

 

 was found in 10 sites in 7 counties and 4 sites in 3 coun-
ties with parasitism rates ranging from 0.7 to 3.3% in 2001 and 2002, respectively. Labora-
tory tests indicated that high rates of mortality occurred if field-collected parasitized aphids
were held in plastic bags, so a molecular assay was used that allowed immature 

 

L. oregmae

 

to be detected within aphid hosts immediately after collection. The molecular assay was
used in 2003 with the brown citrus aphids and with other aphid species collected from citrus,
weeds, and vegetables near former release sites; immatures of 

 

L. oregmae

 

 were detected in
black citrus aphids, cowpea aphids, spirea aphids, and melon aphids, as well as in the brown
citrus aphid, in 4 of 8 counties sampled, with parasitism ranging from 2.0 to 12.9%, indicat-
ing that 

 

L. oregmae

 

 is established and widely distributed. Samples taken in Polk County
during Oct 2005 indicated that 

 

L. oregmae 

 

has persisted. The ability of 

 

L. oregmae

 

 to para-
sitize other aphid species on citrus, and aphids on other host plants, enhances the ability of

 

L. oregmae 

 

to persist when brown citrus aphid populations are low.

Key Words: 

 

Lipolexis oregmae

 

, classical biological control, 

 

Toxoptera citricida

 

, citrus, 

 

Ly-
siphlebus testaceipes

 

, establishment, alternative hosts, Florida

R

 

ESUMEN

 

El parasitoide 

 

Lipolexis oregmae 

 

Gahan (introducido como 

 

L. scutellaris

 

 Mackauer) fue im-
portado de Guam, evaluado en cuarentena, criado en masa y liberado en huertos de cítricos
en un programa de control biológico clásico dirigido contra el áfido pardo de cítricos, 

 

Tox-
optera citricida

 

 Kirkaldy. Se hicieron liberaciones de 20,200, 12,100, y 1,260 adultos de 

 

L.
oregmae 

 

a través de la Florida durante los años de 2000, 2001, y 2002, respectivamente. Para
determinar si 

 

L. oregmae

 

 ha logrado en establecer, se realizaron sondeos a través del estado
empezando en el verano del 2001 y continuando hasta el final del verano del 2003. El para-
sitismo durante 2001 y 2002 fue evaluado con el mantenimiento de individuos del áfido
pardo de los cítricos en el laboratorio hasta que los adultos emergieron. 

 

Lipolexis oregmae

 

fue encontrado en 10 sitios en 7 condados y con tasas de parasitismo en 4 sitios en 3 condados
entre 0.7 a 3.3% en el 2001 y 2002, respectivamente. Las pruebas del laboratorio indicaron
que las tasas altas de mortalidad fueron posibles si los áfidos con parasitos recolectados en
el campo fueron mantenidos en bolsas plásticas, entonces un ensayo molecular fue usado con
lo que permitió la detección de inmaduros de 

 

L. oregmae

 

 dentro de los hospederos de áfidos
inmediatamente después de la recolección. El ensayo molecular fue usado en el 2003 con in-
dividuos del áfido pardo de los cítricos y con otras especies de áfidos recolectados sobre cítri-
cos, malezas y hortalizas cerca de los sitios donde los parasitoides fueron liberados
anteriormente; inmaduros de 

 

L. oregmae

 

 fueron detectados en individuos del áfido negro de
los cítricos, el áfido del caupí, el áfido spirea y el áfido del melón, ademas del áfido pardo de
los cítricos en 4 de los 8 condados muestreados, con la tasa del parasitismo entre 2.0 a12.9%,
indicando que 

 

L. oregmae

 

 estaba estabecido y ampliamente distribuido. Las muestras toma-
das en el Condado de Polk durante octobre del 2005 indicaron que 

 

L. oregmae 

 

ha persistido.
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La capacidad de 

 

L. oregmae 

 

para parasitar otras especies de áfidos sobre cítricos y otros áfi-
dos sobre otras plantas hospederas, incrementa la capacidad de 

 

L. oregmae 

 

para persistir

 

cuando las poblaciones del áfido pardo de los cítricos están bajas.

 

The brown citrus aphid, 

 

Toxoptera citricida

 

Kirkaldy (Homoptera: Aphididae), was first de-
tected in Florida in Nov 1995 in Dade and Bro-
ward counties and rapidly became established on
the 860,000 acres (348,031 ha) of citrus then
grown throughout the state (Halbert & Brown
1996; Fasulo & Halbert 2001). The brown citrus
aphid originated in Asia but invaded citrus-grow-
ing areas in the Caribbean, as well as Central and
South America prior to invading Florida (Stoetzel
1994; Rocha-Pena et al. 1995; Yokomi & Tang
1996). The brown citrus aphid causes economic
losses in both groves and citrus nurseries (Ko-
mazaki 1994; Knapp et al. 1996; Tsai 1998).
Adults and nymphs deplete the sap of young cit-
rus foliage (flush), and high populations can de-
stroy the growing tips of citrus flush and produce
copious amounts of honeydew, which allows sooty
mold to grow. More importantly, this aphid is an
efficient vector of citrus tristeza virus (CTV) (Ko-
mazaki 1994; Yokomi et al. 1993, 1994; Rocha-
Pena et al. 1995). Citrus propagated on sour or-
ange rootstock is especially susceptible to CTV
and approximately 14% of orange trees (12 mil-
lion) and 42% of grapefruit trees (about 5.3 mil-
lion) trees on sour orange rootstock in Florida
were vulnerable to CTV after the invasion of the
brown citrus aphid (Brown & Stover 2002).

Native natural enemies of the brown citrus
aphid in Florida include predators, fungal patho-
gens, and a parasitoid (Evans & Stange 1997;
Michaud 1998; Fasulo & Halbert 2001). 

 

Lysiphle-
bus testaceipes 

 

Cresson attacks the brown citrus
aphid in Florida, but was considered ineffective
because it appeared to complete its development
only rarely due to a phenomenon called incom-
plete parasitism, which results in a failure of
adults to emerge from the mummy (Carver 1984;
Stary 1989; Yokomi & Tang 1996; Michaud &
Browning 1999). Four species of hyperparasitoids
parasitize 

 

L. testaceipes

 

 larvae within the brown
citrus aphid in Florida (Evans & Stange 1997),
which could limit its effectiveness. Thus, the par-
asitoid component of natural enemies attacking
the brown citrus aphid in Florida was limited and
the addition of another parasitoid species to the
natural enemy guild was expected to improve
suppression of brown citrus aphid populations
(Yokomi et al. 1993; Hoy & Nguyen 2000).

Unfortunately, relatively few parasitoids of the
brown citrus aphid have been identified (Carver
1978, 1984; Yokomi et al. 1993; Michaud 1998).

 

Lysiphlebia japonica

 

 (Ashmead) was found asso-
ciated with the brown citrus aphid in Japan, was
imported into Florida and Puerto Rico in 1996
and released, but there is no evidence it has es-

tablished in Florida (Evans & Stange 1997; Deng
& Tsai 1998). 

 

Lysiphlebia mirzai

 

 Shufa-Uddin
was imported into Florida from China in 1996,
but was not released (R. Nguyen, Personal Com-
munication). 

 

Aphidius colemani

 

 Viereck was im-
ported from Chile, but also was not released in
Florida (R. Nguyen, Personal Communication).

 

Aphelinus gossypii 

 

Timberlake was introduced
into Florida from Hong Kong in 1962 for the con-
trol of spirea aphid, 

 

Aphis spiraecola

 

 Patch, but
has been recovered only rarely from the brown
citrus aphid (Evans & Stange 1997).

 

Lipolexis scutellaris 

 

Mackauer (Hymenoptera:
Aphidiidae) was reported to be a koinobiont para-
sitoid of the brown citrus aphid, as well as of the
black citrus aphid, 

 

Toxoptera aurantii

 

 (Boyer de
Fonscolombe), the cowpea aphid, 

 

Aphis craccivora

 

Koch, and the cotton or melon aphid, 

 

Aphis gos-
sypii 

 

Glover, on citrus and vegetables in India, Pa-
kistan, southern China, Taiwan, and Japan
(Dharmadhikari & Ramaseshiah 1970; Stary &
Zeleny 1983; Singh & Pandey 1997; Singh et al.
2000). Information obtained on the biology of 

 

L.
scutellaris

 

 in India indicated this parasitoid pri-
marily attacks second- and third-instar aphids,
that females show a high degree of discrimina-
tion, and diapause is exhibited in the mummy
stage (Shuja-Uddin 1977; Radhakrishnan & Mu-
raleedharan 1992; Singh et al. 2000).

 

Lipolexis scutellaris

 

 was reported by P. Stary
and R. Miller (personal communications) to be an
accidental immigrant to Guam, possibly from the
Philippines. In a personal communication, R.
Miller indicated that 

 

L. scutellaris

 

 “. . . has estab-
lished itself as the major aphidiid parasitoid of
crop aphids on Guam. Its host range on Guam
consists of 

 

Toxoptera citricida

 

, 

 

Aphis gossypii

 

,

 

Aphis craccivora

 

 and 

 

Aphis spiraecola

 

. It is most
commonly found, and found in the greatest densi-
ties on 

 

T. citricida

 

 on tangerine, lemon, calamon-
din, and orange”. The fact that it was most com-
monly found on brown citrus aphid in Guam sug-
gested it could be an important natural enemy of
the pest in Florida, should it be established. Be-
cause Stary (1988) stated that genetic variability
within species of aphidiids is substantial, even
suggesting that some species may consist of spe-
cies complexes, it is not clear whether the Indian
and Guam populations of 

 

L. scutellaris

 

 are equiv-
alent in their developmental rate, host species
preferences, adaptation to climatic conditions, or
other important biological traits. As a result, the
population of 

 

L. scutellaris

 

 we worked with is
called the Guam biotype.

After the Guam biotype was introduced into
Florida, 

 

L. scutellaris

 

 was found to be a synonym
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of 

 

L. oregmae

 

 Gahan by Miller et al. (2002). How-
ever, research conducted on the Guam biotype
was published under 

 

L. scutellaris

 

 (Hoy &
Nguyen 2000; Hill & Hoy 2003; Persad & Hoy
2003). Walker & Hoy (2003) showed that 

 

L. oreg-
mae 

 

can oviposit and develop in all 4 instars of
the brown citrus aphid in Florida and that it has
a very high reproductive rate on this host. In lab-
oratory trials, females reared from second instars
produced a mean of 100 progeny, while the larger
females reared from fourth-instar hosts produced
an average of 205 progeny. Thus, 

 

L. oregmae

 

 has
the potential to be a successful natural enemy of
the brown citrus aphid in Florida, having a low
incidence of incomplete parasitization and a high
reproductive rate on the target pest.

We report on the releases of 

 

L. oregmae

 

 into
citrus groves in Florida between 2000 and 2002
and the field evaluations conducted during 2001
through 2003 to evaluate establishment, over-
wintering, and spread. During 2001 and 2002, es-
tablishment and overwintering was confirmed by
collecting citrus flushes infested with brown cit-
rus aphids and holding the aphids in the labora-
tory until adult parasitoids emerged. In the sur-
veys conducted during 2003, aphids found in cit-
rus groves and in nearby weeds, ornamentals, or
vegetables within 3 miles (4.8 km) of release sites
were evaluated for the presence of 

 

L. oregmae

 

with a High-fidelity PCR protocol.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Importation of 

 

L. oregmae

 

Adults of 

 

L. oregmae 

 

were shipped from Guam
into the high security quarantine facility at the
Division of Plant Industry Department of Agri-
culture and Consumer Services, in Gainesville,
Florida under USDA-APHIS Permit 954945 on
Aug 19, 1999.

 

 

 

On

 

 

 

Dec 6, 1999 a subculture was
transferred to the Department of Entomology and
Nematology quarantine facility at the University
of Florida, Gainesville with a permit.

 

Mass Rearing of

 

 L. oregmae

 

Lipolexis oregmae

 

 was cultured in a synchro-
nous tritrophic rearing system (Hill & Hoy 2003;
Walker & Hoy 2003). Potted citrus plants were in-
fested with mixed stages of brown citrus aphids
and then exposed to parasitoids within plastic
cylinders in the Division of Plant Industry quar-
antine facility or in mesh cages in the quarantine
laboratory of the Department of Entomology and
Nematology, University of Florida, Gainesville.
Parasitoids emerging from the rearing cages were
stored in plastic vials (6.5 

 

×

 

 2.5 cm) containing a
fluted paper (2 

 

×

 

 5 cm) for refuge and a moistened
honey-saturated absorbent paper strip as a nutri-
ent source. Parasitoids were stored in groups of

up to 50 individuals per vial and were either used
to initiate cultures or shipped overnight to collab-
orators in styrofoam boxes cooled with frozen cold
packs or taken directly to citrus groves within 1-
3 d of emergence for release.

 

Release Protocol for

 

 L. oregmae

 

All releases were made in citrus groves with
abundant flush and had at least 3 to 5 trees well
infested with brown citrus aphids (>3,000 aphids
each). The location of each release site was re-
corded with a handheld Geographic Positioning
Systems receiver (Magellan GPS 310, Orbital
Products, San Dimas, CA.) as well as on a Florida
state map (Florida Atlas and Gazetteer 1997, De-
lorme, Maine). During releases, the cap on the
vial containing parasitoids was unscrewed and
the vial held upright under the brown citrus
aphid colonies. Most release sites received single
releases of 100 to 200 newly emerged 

 

L. oregmae

 

adults, although some sites received multiple re-
leases. Females were often observed stinging
brown citrus aphids moments after their release.
No releases were carried out in heavy rain or at
locations where irrigation sprays would have
washed the aphids off the foliage, or in groves
where pesticides were recently applied.

 

Effect of Storing on Fecundity of Released 

 

L. oregmae

 

 
Females

 

To confirm that we could store females for 1-3
d at 15°C without a loss in vigor when it was dif-
ficult to release parasitoids on the day of emer-
gence, 10 females of 

 

L. oregmae

 

 were individually
placed on a potted citrus plants infested with 250-
300 aphids of mixed stages on the day of parasi-
toid emergence and left for 24 h. The plant was
covered with a ventilated plexiglass cylinder and
a moist cotton pad and honey-saturated paper
strip within for water and nutrients, respectively.
Female parasitoids were allowed to mate individ-
ually with 1-d-old males in gelatin capsules
(size 00) and then exposed to 5 aphids for 5 min
prior to introducing them to the aphid-infested
plants. Any female that did not mate or did not
oviposit into aphids was not used.

After female parasitoids were removed, the
plants were held in the laboratory at 22-24°C, 55-
65% RH and 16L:8D cycle until emergence of
adult parasitoids 13-14 d later. Any replicate in
which the female could not be located after 24 h
was rejected. The experiment was repeated with
10 females that were stored in a growth chamber
at 15°C under a 16L:8D cycle for 3 d and 10 fe-
males stored for 6 d. All emerging parasitoids
from the 10 replicates of the 3 treatments were
counted and One-way Analysis of Variance and
Least Significant Difference (Statview ver 5.0)
was used to compare the mean fecundity for each
treatment.
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Survey Sites and Sampling Protocol for 2001 and 2002

 

Survey sites during 2001 and 2002 were all
former release sites or within a 4.8-km (3-mile)
radius of former release sites. All flushes on all
trees that could be examined within 45 min
were inspected, and all flushes infested with
brown citrus aphids were collected. Citrus
flushes were placed between loosely folded pa-
per towels in a ‘Ziploc’ plastic bag (Fisher Scien-
tific) (22 

 

×

 

 14 cm) which was moderately in-
flated and stored in an insulated cooler (65 

 

×

 

 54

 

×

 

 24 cm). The temperature (10-17°C) within the
cooler was maintained by a single layer of ‘blue
ice’ packets and separated from direct contact
with the sample bags by 4 layers of heavy plas-
tic sheeting. Once in the laboratory, bags were
wiped inside to remove condensation and were
fully inflated with a laboratory air pump, re-
sealed, and stored on bench tops under a
16L:8D photoperiod.

The samples were checked daily at 900, 1200,
and 1600 h for adult parasitoid emergence; paper
towels within each bag were replaced if wet. Be-
cause most mummified brown citrus aphids con-
taining 

 

L. oregmae 

 

form in or on the soil (Hill &
Hoy 2003), freshly collected flush samples rarely
contained mummies. Adult wasps were identified
with the guidelines of Evans & Stange (1997).
Samples were held for 8 to 10 d, by which time
any brown citrus aphids containing eggs or larvae
of either parasitoid species would become mum-
mified.

 

Mortality Associated with Sampling Protocol

 

To determine whether the sampling protocol
caused significant mortality of aphids or imma-
ture parasitoids, a laboratory assessment was
conducted. Each of 10 third-instar brown citrus
aphids was exposed to either 

 

L. oregmae

 

 or 

 

L.
testaceipes

 

 in a petri dish arena according to
methods described by Persad & Hoy (2003), and
the parasitized aphids were returned to tender
new leaves on potted citrus. To confirm parasit-
ism, 3 d later a third of the exposed aphids were
removed and dissected in 0.7% saline under a
microscope to record the number of parasitoid
eggs or larvae. One-third of the aphids were re-
moved along with leaves and stored in bags as
described above, and the remaining third were
reared on the flushed citrus plants. If there was
less than the expected 97 to 100% parasitism
rate in any group (Persad & Hoy 2003), that trial
was rejected. Because

 

 

 

up to 75% mortality oc-
curred before adult parasitoids emerged in both
the plastic bags and the rearing treatments, a
molecular test was developed (Persad et al.
2004) and used during 2003 to monitor field-col-
lected foliage containing aphids for the presence
of 

 

L. oregmae

 

.

 

High-fidelity PCR Protocol for Monitoring 

 

L. oregmae

 

 
and 

 

L. testaceipes

 

 in 2003

 

In 2003, field samples were split into 2 treat-
ments; 1 consisted of pooled (potentially parasit-
ized) aphids (70% of the sample obtained from a
particular location), and the other consisted of in-
dividual parasitoid larvae dissected from the re-
maining 30% of the aphids. The assay conducted
on pooled aphids (36 aphids or fewer) used the
High-fidelity PCR protocol developed by Persad et
al. (2004). For the pooled aphids, DNA was ex-
tracted from groups of up to 36 aphids (and poten-
tial parasitoids) in 0.5-ml thick-walled eppendorf
tubes, each containing 50 µl of 5% Chelex (Bio-
Rad, Hercules, CA) resin. The extraction took 1 h
at 60°C and 5 min at 94°C (Edwards & Hoy 1993).
To grind the aphids and parasitoids in Chelex, a
pestle was made by slowly heating a standard pi-
pette tip which was then inserted into an empty
0.5-mL eppendorf tube so that the tip assumed
the shape of the base of the tube to form a close-fit-
ting pestle, which was used once only. The remain-
ing aphids (30%) were dissected in saline under a
microscope and any parasitoid larva found was in-
dividually identified by High-fidelity PCR proto-
col because larvae of 

 

L. oregmae

 

 and L. testaceipes
cannot be discriminated after the first instar.

One microliter of each Chelex preparation was
used for High-fidelity PCR, which was performed
in a 50-µL reaction volume containing 50 mM
Tris, pH 9.2, 16 mM ammonium sulfate, 1.75 mM
MgCl2, 350-µM each of dATP, dGTP, dCTP, dTTP,
800 pmol of primers, 1 unit Tgo DNA polymerase,
and 5 units of Taq DNA polymerase (Roche Molec-
ular Biochemicals). The PCR primers used code
for the nuclear rRNA ITS-2 region and include an
L. oregmae-specific forward primer (LO-ITSF 5’-
GGCCAGTTGTCGAGTCC-3’) based on the com-
plete ITS-2 sequence. DNA from any larva not
identified as L. oregmae was retested with a spe-
cies-specific primer to determine the presence of
L. testaceipes, the only other primary parasitoid
recovered during the surveys in 2001 and 2002.
The L. testaceipes-specific forward primer (LT-
ITSF 5’-CTAGCGATAAATGAATGTTC-3’) was
designed after obtaining a partial ITS-2 sequence
from L. testaceipes (Persad et al. 2004). PCR prod-
ucts were separated on a 2% agarose gel, stained
with ethidium bromide, and photographed under
UV light. The L. testaceipes-specific primers pro-
duced 520-bp bands, while those of L. oregmae
produced 270-bp bands.

RESULTS AND DISCUSSION

Importation and Quarantine Evaluation

The application to release L. oregmae was re-
viewed by the Institute of Food and Agricultural
Sciences of the University of Florida and the
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Division of Plant Industry of the Florida Depart-
ment of Agriculture and Consumer Services. The
identity of L. oregmae was confirmed by Peter
Stary, Institute of Entomology, Academy of Sci-
ences, Czech Republic. Specimens of L. oregmae
were deposited at the Florida State Collection of
Arthropods, Division of Plant Industry (DPI),
Gainesville, as voucher specimens FBCL-2002-2.
The parasitoid was released under DPI-Florida
Department of Agriculture and Consumer Ser-
vices permit number 208-00-026, dated 18 Febru-
ary 2000. A copy of the application to release is
available at http://ipm.ifas.ufl.edu/reports/
L._scutellaris_5.31.00.pdf, where a description is
given of the potential hosts of L. oregmae in Flor-
ida and its potential nontarget effects. The poten-
tial benefits of establishing L. oregmae in Flor-
ida’s citrus were considered to be greater than po-
tential risks to native aphid species because there
are no known threatened or endangered aphids in
Florida (S. Halbert, personal communication).

Releases of L. oregmae

After approval of the application to release L.
oregmae was obtained on 21 Jun 2000, releases
were made in 15 counties throughout the approx-
imately 348,031 ha of citrus in Florida (Table 1).
Releases of approximately 20,200, 12,100, and
1,260 adults of L. oregmae were made in citrus
groves in Florida during 2000, 2001, and 2002, re-
spectively.

The 24-h test of fecundity of L. oregmae fe-
males conducted to confirm that the holding and
shipping conditions were suitable was not differ-
ent for females held for 1 or 3 d at 15°C. A mean
(±SE) of 28.6 (±2.1) adult parasitoid progeny were
produced if their mothers were held for 1 d, and a
mean of 39.4 (2.9) progeny were produced if fe-
males were first held for 3 d at 15°C. However,
significantly fewer progeny (22.6, SE = 2.1) were
produced if the mothers were held for 6 d at 15°C
(One-way ANOVA, F = 2.81, df = 29, P = 0.02). Be-
cause most parasitoids were shipped on the day of
emergence and were released by collaborators the
next day or releases were made by the authors
within 3 d of adult parasitoid emergence, females
should have been sufficiently fit that they could
locate hosts and begin oviposition after release.
Observations made by the authors of females im-
mediately after release in the field indicated that
females could find and attack hosts readily.

Recovery of L. oregmae from Citrus Groves in Florida in 
2001 and 2002

Recoveries of L. oregmae at or near release
sites occurred in 10 citrus groves in 4 counties
during 2001 and in 4 groves in 3 counties in 2002
(Table 1). Between Mar and Oct, there are periods
(typically 3 or 4) when citrus trees are putting out

large amounts of new growth (flush) suitable for
the development of large brown citrus aphid pop-
ulations; during the rest of the growing season,
aphid populations are often very low due to a lack
of tender new flush. Although monitoring of citrus
groves took place between Mar and Oct each year,
the majority of brown citrus aphids were found
between Jun and Aug. The percentage parasitism
of brown citrus aphids by L. oregmae at these
sites ranged from 0.7 to 3.3%. Because brown cit-
rus aphids containing L. oregmae pupate in or on
the soil, predation by ground foragers such as red
imported fire ants, Solenopsis invicta Buren, may
contribute to the low incidence of L. oregmae in
these samples (Hill & Hoy 2003; Persad & Hoy
2004). For unknown reasons, the number of
groves found to contain brown citrus aphids de-
creased from 58 sites out of 122 (48%) monitored
in 2001 to 12 of 70 (17%) evaluated in 2002. This
made evaluation of the establishment and dis-
persal of L. oregmae difficult, so we decided to
evaluate other aphid species on additional host
plants in 2003 to resolve whether L. oregmae was
established.

Recovery of L. oregmae within 5 Aphid Species in or 
near Citrus Groves in Florida in 2003 Detected by High-
fidelity PCR

High-fidelity PCR assays detected the pres-
ence of L. oregmae in 5 species of aphids (Aphis
spiraecola, A. gossypii, A. craccivora, T. citricida,
and T. aurantii) collected from citrus foliage (c),
vegetables (v), or weeds (w) in 4 of the 8 counties
surveyed in Florida during 2003 (Table 2). The
percentage parasitism of these aphids by L. oreg-
mae ranged from 2.0 to 12.9% when parasitism
was estimated from larvae dissected out of their
aphid hosts (Table 2). Of the 7 aphid species col-
lected in the survey, only Myzus persicae (v) and
Uroleucon pseudambrosiae (w) did not contain
immature L. oregmae.

Lipolexis oregmae was found in both the indi-
vidual and group analyses of aphids collected
from Alachua, Indian River, or Lake counties (Ta-
ble 2). In Hendry county, assays on individually
dissected parasitoid larvae were negative for
L. oregmae, but pooled aphid samples from that
county yielded two groups positive for L. oregmae.
The absence of L. oregmae larvae in the dissected
aphids suggests that parasitism was very low in
this site, but the positive PCR results from the
pooled samples from the same location indicate
establishment at low levels by L. oregmae. Sensi-
tivity analysis has shown the High-fidelity PCR
assay can detect a single parasitized aphid when
combined with up to 499 unparasitized aphids
(Persad et al. 2004).

An advantage of the High-fidelity PCR assay is
that it is sensitive and allows monitoring of large
numbers of pooled aphids for the presence of
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TABLE 1. NUMBER OF LIPOLEXIS OREGMAE (LO) RELEASED IN EACH COUNTY BETWEEN 2000 AND 2002, NUMBER OF SITES SAMPLED FOR TOXOPTERA CITRICIDA (TC), NUMBER
OF SITES POSITIVE FOR LO, AND PERCENTAGE PARASITISM IN A SURVEY OF 15 COUNTIES IN FLORIDA DURING 2001 AND 2002.

County sampled

 No. Lo released No. sites sampled No. sites with Tc No sites with Lo and % parasitism

2000 2001 2002 2001 2002 2001 2002 2001 % par. 2002 % par.

Alachua 1500 1650 350  6 6 3 1 2 1.2 1 1.0
Collier 750 300 —  7 1NS 2 NS NS — NS —
Dade 300  50 — NS NS NS NS NS — NS —
Desoto 400  — —  9 NS 3 NS NS — NS —
Hardee 750 300 —  4 1 1 0 0 — 0 —
Hendry 3000 2600 — 10 6 4 2 0 — 0 —
Hernando 400 450 —  4 4 4 0 2 0.8 0 —
Highland 350  — —  4 NS 4 NS NS — NS —
Indian River 3500 1900 120  9 5  5 3 1 3.3 1 2.6
Lake 1750 1450 450 23 11 11 0 2 1.3 0 —
Orange 1050 600 —  7 7 2 0 0 — 0 —
Palm Beach 600 200 —  3 4 3 2 1 0.7 0 —
Pasco 700 350 —  7  5 4 0 1 1.1 0 —
Polk 1950 850 340 24 12 9 1 0 — 0 —
St. Lucie 3200 1300 —  5  9 3 3 1 1.5 2 —

Mean ± SE — — — — — — — — 1.4 ± 0.3 — 1.8 ± 0.8

Total 20,200  12,100 1260 122 70 58 12 10  — 4 —

1NS= site not sampled; all sites were either release sites or were <4.8 km from former release sites. All sites where L. oregmae was found in 2001 were sampled in 2002.
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TABLE 2. DETECTION OF LIPOLEXIS OREGMAE (LO) AND LYSIPHLEBUS TESTACEIPES (LT) OBTAINED FROM APHIDS COLLECTED FROM CITRUS (C), VEGETABLES (V) OR WEEDS
(W) WITH HIGH-FIDELITY PCR PROTOCOL AND SPECIES-SPECIFIC PRIMERS ON PARASITOID LARVAE OBTAINED BY DISSECTION (30% OF SAMPLE) OR ON POOLED
GROUPS OF ≤36 INTACT APHIDS (70% OF SAMPLE) FROM 8 COUNTIES IN FLORIDA DURING 2003.

County
Aphid species

(from citrus, vegetables or weeds)
No aphids collected

(from c, v, or w)

No larvae 
dissected from 
30% of sample

No. larvae 
positive by PCR for

% dissected 
aphids 

parasitized by 
Lo

No. groups 
tested by 

PCR

No. groups 
positive for 

LoLo Lt

Alachua Aphis spiraecola (w) 122 5 2 3 5.5 2 2
A. gossypii (c, v) 139 (9, 130) 13 (0,13) 1 12 2.0 3 3
A. craccivora (v, w) 55 (4, 51) 8 (1, 7) 0  8 — 1 1
Toxoptera citricida (c) 361 17 5 12 4.6 4 2

Broward A. spiraecola (c, v, w) 23 (5, 11, 7) 0 0  0 — 1 0
Myzus persicae (v) 178 22 0 22 — 3 0
T. citricida (c) 411 9 0  9 — 5 0

Hendry A. gossypii (v) 127 3 0 3 — 2 2
 T. citricida (c) 67 14 0 14 — 1 1

T. aurantii (c) 14 0 — — — 1 0

Indian River A. spiraecola (c, w) 343 (0, 343) 8 5 3 4.9 5 5
A. gossypii (c, w) 104 (0, 104) 13 (0, 13) 4 9 12.9 2 1
Uroleucon pseudambrosiae (w) 54 0 — — — 5 0
T. citricida (c) 22 2 0  2 — 1 0

Lake A. gossypii (c, v) 77 (12, 55) 6 (0, 6) 0  6 — 2 1
T. citricida (c) 118 24 2 22 5.7 2 2

Orange A. gossypii (c) 34 0 0 0  — 1 1
T. citricida (c) 106 12 1 11 2.9 3 2

Palm Beach A. spiraecola (v) 41 0 — — — 1 0
T. citricida (c) 164 4  0  4 — 3 0
T. aurantii (c) 14 0 — — — 1 0

Polk A. craccivora (v, w) 35 (17, 18) 0 — — — 1 0
T. citricida (c) 11 0 — — — 1 0

Mean % ± SE — — — — 5.5 ± 1.3 — —
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L. oregmae (as well as of L. testaceipes). Further-
more, the PCR assay eliminates losses from mor-
tality of immature parasitoids while they are held
in plastic bags until adult parasitoids emerge.
The High-fidelity PCR assay takes less time than
rearing the parasitoids in bags because L. oreg-
mae can be detected within 1 d after the sample is
collected. The disadvantage of conducting the
PCR assay on pooled aphids is that it provides
only qualitative data on the presence of L. oreg-
mae and it is expensive. However, the High-fidel-
ity PCR assay allows us to evaluate larger num-
bers of aphids and sites when monitoring for es-
tablishment and distribution.

Lysiphlebus testaceipes and Hyperparasitoids

Lysiphlebus testaceipes was collected in all
brown citrus aphid samples in which L. oregmae
was found during the 3 field seasons. This sug-
gests that L. testaceipes may be a better parasi-
toid of the brown citrus aphid than previously
thought. For example, of 158 parasitoid larvae
dissected from 5 aphid species during 2003 and
assayed by High-fidelity PCR, 140 (89%) were L.
testaceipes (Table 2). Several authors (Michaud
1998; Michaud & Browning 1999; Yokomi & Tang
1996) have rated L. testaceipes as ineffective be-
cause few adults emerge from brown citrus aphid
mummies located on foliage due to the phenome-
non called incomplete parasitization. However,
Persad & Hoy (2003) discovered that a large pro-
portion of brown citrus aphids parasitized by L.
testaceipes mummify off the citrus foliage and a
high proportion of these mummies can produce
adults. We conclude that L. testaceipes is an effec-
tive parasitoid of the brown citrus aphid in citrus
groves in Florida.

Two species of hyperparasitoids were recov-
ered from the field-collected foliage held in plastic
bags in 2001 and 2002. These comprised approxi-
mately 1.1 and 2.1% of all emerged parasitoids,
respectively. They were identified as Pachyneuron
aphidis Bouche and the ‘Alloxysta megourae com-
plex’. Because the bags contained adults of L.
testaceipes, as well as L. oregmae, we could not re-
solve which parasitoid produced these hyperpar-
asitoids. To resolve whether these hyperparasi-
toids could develop on L. oregmae, we placed pot-
ted citrus trees containing brown citrus aphids
parasitized by L. oregmae in the citrus grove lo-
cated next to the Department of Entomology and
Nematology building in Gainesville during Jun
2002; both hyperparasitoids were recovered at
low rates (1-2%), confirming that these two hyper-
parasitoids will attack L. oregmae.

The results of surveys conducted in 15 counties
containing approximately 348,031 ha of citrus be-
tween 2001 and 2003 show that L. oregmae was
recovered from multiple sites some distance from
the original release sites. Because L. oregmae was

not released after 2002, yet was found in multiple
sites during 2003, L. oregmae appears to have
successfully persisted, overwintered, and dis-
persed from the original release sites in Florida
citrus groves.

Because brown citrus aphids collected from
Polk County during Oct 2005 produced adults of
L. oregmae, this parasitoid has persisted in Flor-
ida since 2002. Interestingly, L. oregmae was dis-
covered during 2004 to be well established on
brown citrus aphids in Jamaica, where it was for-
tuitously introduced from an unknown source
(Hoy et al. unpublished data). It is likely that L.
oregmae was introduced into Jamaica from Flor-
ida because Florida is the only known location
where it has been released and established in the
Western Hemisphere. Because L. oregmae para-
sitizes several aphid hosts, it could have been in-
troduced on aphid species and host plants other
than citrus. 

During the 2001 through 2003 surveys in Flor-
ida, L. testaceipes was found consistently and was
the only other primary parasitoid of brown citrus
aphid. Its abundance raised the question as to
whether L. testaceipes would interfere with the
establishment of, or abundance of, L. oregmae.
However, interspecific competition studies indi-
cated that neither L. oregmae nor L. testaceipes
were intrinsically superior to the other when
reared on the brown citrus aphid in the labora-
tory (Persad & Hoy 2003).

Brown citrus aphids parasitized by L. oregmae
do not mummify on the foliage, as is common with
many other parasitized aphids. These mummies
can be preyed on by the red imported fire ant, So-
lenopsis invicta Buren, and the Asian cockroach,
Blattella asahinai Mizukubo (Hill & Hoy 2003;
Persad & Hoy 2004). Furthermore, red imported
fire ants forage in citrus trees and will selectively
remove brown citrus aphids parasitized by L.
oregmae (Persad & Hoy 2004). Because red im-
ported fire ants are very abundant in citrus
groves throughout Florida, their predation on
parasitized aphids or mummies may be reducing
the effectiveness of L. oregmae as a natural en-
emy of the brown citrus aphid in Florida.

Our data indicate that sampling methods de-
signed to evaluate parasitism of brown citrus
aphids by either L. oregmae and L. testaceipes
should take into account the fact that the major-
ity of parasitized brown citrus aphids move off the
foliage to mummify. As a result, mortality esti-
mates based on the few mummies retained on cit-
rus foliage will underestimate mortality. Our
data also indicate that L. oregmae and L. testa-
ceipes are coexisting in citrus groves in Florida.

The use of alternative aphid host species on
citrus, vegetables, and weeds was expected, and
the survey conducted during 2003 confirms that
L. oregmae is using these alternative hosts in
Florida. Lipolexis oregmae is oligophagous (Stary
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1988; Stary & Ghosh 1983; Stary & Zeleny 1983;
Ahmad & Singh 1996) and all aphid species that
we found parasitized are considered pests of eco-
nomic importance. The use of alternative aphid
species may prove advantageous for the efficacy
of L. oregmae in citrus in Florida because it could
allow L. oregmae populations to be sustained at
higher densities when brown citrus aphids are
scarce in groves. Because Singh & Hoy (unpub-
lished) recently found that L. oregmae could par-
asitize milkweed aphids, Aphis nerii Boyer de
Fonscolombe, on scarlet milkweed (Asclepias
curassivica L.) in Florida, the host range of L.
oregmae needs further analysis. Brown citrus
aphid populations are maintained at very low
densities in citrus groves unless abundant new
growth is present. As a result, brown citrus aphid
populations (and any parasitoids attacking them)
in groves probably are limited to intervals when
major flush cycles occur because the host range of
brown citrus aphids is restricted to Citrus species
and some Rutaceae such as lime berry (Triphasia
trifolia), box-orange (Severinia buxifolia (Poir.)),
and orange jasmine (Murraya paniculata (L.)),
which are used as landscape hedges in south Flor-
ida (Tsai 1998).

Quantification of the impact of L. oregmae and
L. testaceipes, in combination with the role of en-
demic predators and pathogens, on brown citrus
aphid populations in Florida remains to be deter-
mined because L. oregmae was still in the process
of colonizing suitable aphid species on citrus, vege-
tables, ornamentals, and weeds during this study.
Thus, the impact of L. oregmae on brown citrus
aphid populations, and on other aphid species on
other host plants in Florida remains to be resolved.
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BSTRACT

 

Lipolexis oregmae 

 

Gahan was introduced into Florida in a classical biological control pro-
gram directed against the brown citrus aphid, 

 

Toxoptera citricida 

 

(Kirkaldy), on citrus. Prior
to evaluating distribution, host range, and potential nontarget effects of 

 

L. oregmae

 

 in Flor-
ida, we evaluated the role of other potential host aphids and host plants on mummy produc-
tion and location. Under laboratory conditions, this parasitoid produced the most progeny on
the target pest, the brown citrus aphid on citrus. This parasitoid, unlike the majority of aphi-
diids, did not produce mummies on any of the host plants tested when reared in black citrus
aphid 

 

T. aurantii

 

 (Boyer de Fonscolombe) on grapefruit, spirea aphid 

 

Aphis spiraecola

 

 Patch
on grapefruit and pittosporum, cowpea aphid 

 

A. craccivora

 

 Koch on grapefruit and cowpeas,
or melon aphid 

 

A. gossypii

 

 Glover on grapefruit and cucumber. Thus, sampling for 

 

L. oreg-
mae

 

 mummies of these host aphids and host plants must involve holding foliage in the lab-
oratory until mummies are produced. This parasitoid requires high relative humidity to
produce adults because no adults emerged when mummies were held in gelatin capsules,
but high rates of emergence were observed when mummies were held on 1.5% agar plates.
In addition, we compared the color of 6 aphid hosts and the color of mummies produced by

 

L. oregmae

 

 when reared in them to determine if color of mummies could be used to identify

 

L. oregmae

 

. Mummy color varied between aphid hosts and tested host plants, and is not a
useful tool for identifying 

 

L. oregmae

 

 for nontarget effects.

Key Words: classical biological control, monitoring, mummy color, mummy location, parasi-
toid

R

 

ESUMEN

 

Lipolexis oregmae

 

 Gahan fue introducida en Florida por medio de un programa de control
biológico clásico dirigido contra el áfido pardo de los cítricos, 

 

Toxoptera citricida 

 

(Kirkaldy),
sobre 

 

Citrus

 

. Prioritario a la evaluación de la distribución, el rango de los hospederos y los
efectos potenciales de 

 

L. oregmae

 

 sobre los organismos que no son el enfoque de control

 

 

 

en
la Florida, nosotros evaluamos el papel de otras especies de áfidos y plantas hospederas po-
tenciales sobre la producción y ubicación de las momias. Bajo condiciones de laboratorio, este
parasitoide produjó el mayor número de progenies sobre la especie de plaga enfocada, el
áfido pardo de los cítricos sobre 

 

Citrus

 

. Este parasitoide, no como la mayoría de los afidíidos
(Hymenoptera), no produjó momias sobre cualquiera de las plantas hospederas probadas
cuando fue criado sobre el áfido negro de los cítricos, (

 

T. aurantii

 

 (Boyer de Fonscolombe)) en
toronja, el áfido spirea (

 

Aphis spiraecola

 

 Patch) en toronja y pittosporum, el áfido del caupí
(

 

A. craccivora

 

 Koch) en toronja y caupí o el áfido del melón (

 

A. gossypii

 

 Glover) en toronja y
pepino. Así, el muestreo para momias de 

 

L. oregmae

 

 de estas especies de áfidos hospederos
y plantas hospederas tiene que incluir el mantenimiento de follaje en el laboratorio hasta
que se produzcan las momias. Este parasitoide requiere una alta humedad relativa para pro-
ducir los adultos por que ningún adulto emergió cuando las momias fueron mantenidas en
cápsulas de gelatina, pero una tasa alta de emergencia de adultos fue observada cuando se
mantuvo las momias en platos con agar al 1.5%. Además de esto, nosotros comparamos el co-
lor de 6 especies de áfidos hospederos, así como el color de las momias producidos por 

 

L. oreg-
mae

 

 cuando fue criado sobre ellos para determinar si se puede usar el color de las momias
para la identificación de 

 

L. oregmae

 

. El color de las momias varia entre las especies de áfidos
hospederos y las plantas hospederas probadas, por lo que no es una herramienta útil para
la identificación de 

 

L. oregmae

 

 o para la evaluación de su efecto sobre los organismos que no

 

son el enfoque del control.

 

Lipolexis oregmae

 

 Gahan (Hymenoptera:
Aphidiidae) was introduced in a classical biologi-
cal control program into Florida as 

 

Lipolexis

scutellaris

 

 (Mackauer) (Hymenoptera: Aphidi-
idae) in 1999 to control the brown citrus aphid,

 

Toxoptera citricida

 

 (Kirkaldy) (Homoptera: Aphi-
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didae) on citrus (Hoy & Nguyen 2000a, 2000b;
Persad et al. 2007). 

 

Lipolexis oregmae

 

 was ob-
tained from Guam and is designated as the Guam
biotype because parasitoid populations from dif-
ferent geographic areas often have unique host
ranges and other biological attributes (Stary
1988). Furthermore, host aphids from different
populations may be considered biotypes with dif-
ferent effects on their parasitoids. For example,
Oliver et al. (2003) found that populations of
aphids may have different facultative endosym-
bionts that can confer resistance to parasitoid
wasps while other populations lack such second-
ary endosymbionts. Thus, it is difficult to predict
parasitoid-host aphid interactions when intro-
ducing a parasitoid from one geographic area into
a new environment with aphid hosts that could be
genetically distinct. In Guam, 

 

L. oregmae

 

 was re-
ported to attack brown citrus aphids, spirea
aphids (

 

Aphis spiraecola

 

 Patch) (Homoptera:
Aphididae), melon aphids (

 

Aphis gossypii

 

 Glover)
(Homoptera: Aphididae), and cowpea aphids
(

 

Aphis craccivora

 

 Koch) (Homoptera: Aphididae)
(Miller et al. 2002), and we expected these aphids
to also serve as hosts in Florida.

As with other members of the Aphidiidae,

 

L. oregmae

 

 pupates inside its aphid host in a
‘mummy’. Aphidiid mummies most often are
found on the leaves and stems of plants, but may
occur on or in the soil (Mackauer & Kambampati
1988; Chow & Mackauer 1999). Host aphid, host
plant, and parasitoid species play a significant
role in determining the location of mummies and
these factors could affect the color of mummified
aphids, which could be used to recognize parasi-
toid species (Stary 1970).

Mummy location can affect the accuracy of de-
tecting parasitoids in a given geographical area
(Mackauer & Kambampati 1988) and can affect
the assessment of the host range of parasitoids
(Stary 1988). Evaluation of the impact of hyper-
parasitoids (Stary 1988) and predation on parasi-
toids (Hill & Hoy 2003; Persad & Hoy 2004) can be
affected by mummy location. During laboratory
rearing of the Guam biotype of 

 

L. oregmae

 

 on
brown citrus aphids, mummies were found off the
citrus plants and on coffee filter papers, which cov-
ered the soil surface of the potted citrus trees (Hill
& Hoy 2003; Walker & Hoy 2003; Persad & Hoy
2004). The location of 

 

L. oregmae

 

 mummies pro-
duced when reared in other aphids has not been
reported, but this information is needed to design
appropriate sampling methods to evaluate the es-
tablishment of 

 

L. oregmae

 

, its host range, and
nontarget effects on other aphid species, if any.

Persad et al. (2007) reported that 

 

L. oregmae

 

 is
established and widely distributed throughout all
citrus-growing regions in Florida. Persad et al.
(2004) used a high fidelity polymerase chain reac-
tion (PCR) assay on aphids collected from citrus,
weeds, and vegetables in Florida and detected 

 

L.

oregmae

 

 in field-collected brown citrus aphids,
black citrus aphids, spirea aphids, and melon
aphids from citrus, and cowpea aphids from egg-
plants. The high-fidelity PCR assay provides a
sensitive qualitative assessment (presence or ab-
sence) of aphids parasitized by 

 

L. oregmae

 

, but a
quantitative assessment of the proportion of
aphids parasitized by 

 

L. oregmae

 

 would require
testing each aphid individually, which is time con-
suming and costly. Furthermore, this method does
not provide any adults with which to confirm spe-
cies identity by morphological traits. Collection of
mummified aphids from foliage is commonly done
in faunistic studies, but this method will be inap-
propriate if mummies are produced off the host
plant (Mackauer & Kambampati 1988).

Several methods have been developed to ob-
tain adults from mummies for species confirma-
tion. Mackauer & Kambampati (1988) suggested
that parasitoid adults could be obtained from
mummified aphids obtained from foliage by hold-
ing them in clear gelatin capsules or cotton-stop-
pered glass vials held under controlled tempera-
tures and relative humidity conditions. This
method has not been successful with 

 

L. oregmae

 

(Hill & Hoy unpublished), but Persad & Hoy
(2003) successfully obtained emergence of 

 

Ly-
siphlebus testaceipes

 

 Cresson (Hymenoptera:
Aphidiidae) adults from brown citrus aphids col-
lected from the field by placing citrus foliage in-
fested with aphids between crumpled sheets of
absorbent paper in plastic bags. This method orig-
inally was used by Smith & Hoy (1995) to obtain
adults of citrus leafminer (

 

Phyllocnistis citrella

 

Stainton) (Lepidoptera: Gracillariidae) from cit-
rus leaves with pupal chambers because these in-
sects require a high relative humidity to emerge
successfully. Zappalá & Hoy (2004) placed pupae
of the parasitoid 

 

Ageniaspis citricola

 

 Logvin-
vskaya (Hymenoptera: Encyrtidae) dissected
from pupal chambers on 1.5% agar plates to ob-
tain adults because pupae of this parasitoid also
require high relative humidity to emerge. The
agar plate method has not been evaluated as a
method to obtain adults of 

 

L. oregmae

 

 from mum-
mies but, if effective, would allow analysis of per-
centage emergence and provide adults for taxo-
nomic confirmation.

The color of the mummies has been used as a
method for identifying some aphid parasitoids
(Stary 1970), but the host aphid, host plant, and
parasitoid species could affect the color of mum-
mies produced. Kavallieratos & Lykouressis
(2004) reported the color of 

 

A. gossypii

 

 mummies
was useful in identifying the genus and species of
aphidiine parasitoids, and we investigated
whether mummy color could be used to identify

 

L. oregmae

 

.
The objectives of this study were to develop

methods that would enable us to conduct field
sampling of aphid hosts on different host plants
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in a manner that would allow us to hold the sam-
ples in order to obtain mummies and adult para-
sitoids. We compared the location of 

 

L. oregmae

 

mummies produced in 6 representative aphid
hosts and on 5 host plants to determine whether
mummy location was consistent. We evaluated a
method to hold parasitized aphids in order to ob-
tain mummies and adult parasitoids, and com-
pared the color of 

 

L. oregmae

 

 mummies produced
in the different aphid species tested when reared
on different host plants to determine if color var-
ied among host aphids and host plants. These
methods could be used in future field studies to
evaluate geographical distribution, host range,
and potential nontarget effects. 

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Source and Rearing of Aphid Species

 

Aphids were collected from citrus (

 

Citrus sin-
ensis

 

 Pers.), cucumbers (

 

Cucumis sativus

 

 L.),
scarlet milkweed (

 

Asclepias curassavica

 

 L.), and
cowpeas [

 

Vigna unguiculata

 

 (L.)] in Alachua
County, Florida between Apr and Jun 2005.
Healthy adult females were hand transferred to
clean host plants to obtain pure colonies. Aphid
species were confirmed with identification keys
by Blackman & Eastop (2000) and Halbert &
Brown (1996) and confirmed by Keith S. Pike.
Colonies of 

 

T. citricida

 

, 

 

T. aurantii,

 

 and 

 

A. spirae-
cola

 

 were reared on potted grapefruit (

 

Citrus 

 

×

 

paradisi

 

 Macfad.), whereas 

 

A. gossypii

 

 and 

 

A.
craccivora

 

 were reared on potted cucumber (

 

Cu-
cumis sativus

 

 L. var. Cucumber-Poinsett 76) and
cowpea [

 

Vigna unguiculata

 

 (L.) var. Cream 12
Peas] plants, respectively. 

 

Aphis nerii

 

 Boyer de
Fonscolombe was reared on scarlet milkweed.
Colonies were maintained in PVC cages (61 

 

×

 

 61 

 

×

 

61 cm) covered with mesh sleeves (BioQuip Prod-
ucts, Gardena, CA) at 22-25°C, 60-70% RH under
an 18:6 (L:D) photoperiod.

 

Rearing of 

 

L. oregmae

 

Lipolexis oregmae

 

 was reared on potted citrus
trees infested with mixed stages of 

 

T. citricida

 

(Walker & Hoy 2003). Seven citrus plants infested
with approximately 500-700 aphids of mixed
stages per plant were transferred to wood-framed
mesh parasitoid cages (87 

 

×

 

 48 

 

×

 

 50 cm) twice a
week (Walker & Hoy 2003). Parasitoid males and
females were aspirated into a 50-mL conical cen-
trifuge tube (USA Scientific, Ocala, FL) and fed
honey and water for 6-12 h prior to release. At
least 50 

 

L. oregmae

 

 females and ~20-30 males
were released per cage. Each colony cage was pro-
vided with a honey strip and 2 water-soaked cot-
ton pads at the time of parasitoid release and at
the time of adult emergence of the next genera-
tion because adults require free water to drink

and a high relative humidity. The colony was
maintained at 25 ± 1°C, 60-70% RH under an 18:6
(L:D) photoperiod.

 

Host Plant Rearing

 

Grapefruit trees (35-40 cm tall) grown in 11.4-
liter pots were pruned and soil in the pots was
soaked with 250 mL of bleach (sodium hypochlo-
rite 6.15% a.i., Ultra Clorox Germicidal Bleach,
Clorox Professional Products Company, Oakland,
CA) solution diluted (5 mL of bleach/100 mL wa-
ter) to reduce fungal growth that could kill aphid
mummies (Walker & Hoy 2003). After 20 min of
treatment with bleach, pots were drenched with
water. Plants were fertilized (Peter’s 20-20-20;
United Industries, St Louis, MO) and sprayed
with 0.26% (20 mL/7.57 L) of horticulture grade
oil (Dyne-Amic, Setre Chemical Company, Mem-
phis, TN) to reduce insect contamination. Plants
were transferred to a greenhouse and kept there
for approximately 2 weeks to allow them to pro-
duce tender new shoots (=flush) prior to being in-
fested with aphids. 

 

Pittosporum tobira

 

 (Thunb.)
W. T. Aiton plants purchased from Lowe’s (Gaines-
ville, FL) were pruned, fertilized and sprayed
with 0.26% of horticultural oil. Pruned plants
were maintained in a mesh cage at 22-25°C, 60-
70% RH under an 18:6 (L:D) photoperiod in the
greenhouse until new growth was produced.

Cowpeas were raised from seeds in 3.8-L pots
in a greenhouse. Once the plants produced 3 to 4
true leaves, 10 plants were transplanted to the
center of another pot prior to being infested with
aphids. Cucumber plants were raised from seeds
in 3.8-L pots. Six seeds per pot were sown and
thinned to 4 plants each when seeds emerged.
Milkweed plants potted in 3.8-L pots were pur-
chased (Lowe’s, Gainesville, FL). Cowpeas, cu-
cumbers, and milkweeds were not treated with
chlorox prior to being infested with aphids.

 

Assessment of 

 

L. oregmae

 

 Mummy Location
When Reared on Different Aphids and Host Plants

 

Once the grapefruit trees had produced flush
1-2 cm in length, the soil surface was soaked for a
second time with the bleach solution for 20 min
and then flushed with water. The pots were then
filled to the top rim with potting mix (Jungle
Growth, Professional Grower Mix, Piedmont Pa-
cific Inc., Statham, GA). The pot surface then was
lined with plastic wrap (Borden Packaging & In-
dustrial Products, North Andover, MA) and cov-
ered with 32 cm diameter filter paper (Whatman
Ltd., U.K.) and taped to the sides of the pot with
Duck tape (Henkel Consumer Adhesives, Avon,
OH). The holes on the bottom of pots were sealed
with tape. Trees were placed into the colonies of
aphids for infestation. After 2 d, the plants were
removed from the colonies and examined for a
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desired density of approximately 150-200 mixed
stages of immature aphids per plant. Infested
plants were placed into wood-framed mesh para-
sitoid cages in which the bottom was lined with a
plastic sheet so that mummies could be seen,
counted, and removed. The Pittosporum plants
were treated similarly.

Cowpea, melon, and milkweed plants were al-
lowed to establish for 3-4 d, the soil surface was
soaked with the bleach solution for 20 min and
then flooded with water. The pots were then
treated as described for the grapefruit trees until
being infested with aphids. After 2 d, plants were
removed from the aphid colonies and examined
for a desired density of approximately 150-200
mixed stages of immature aphids. Then infested
plants were placed in PVC cages covered with
mesh sleeves and the bottom of each cage was
lined with a plastic sheet.

One female and 2 males of 

 

L. oregmae

 

 less
than 24 h old were collected in a plastic vial and
kept for 2 h to ensure mating. A honey strip was
placed inside the vial and a water-soaked cotton
pad was placed on the top of the vial covered with
mesh to provide food and water for the parasi-
toids. The parasitoids were released after 2 h into
the wood-framed mesh parasitoid cages (citrus
and Pittosporum), or the PVC cages (milkweeds,
cowpeas, cucumbers), which were monitored
daily for the production of progeny (mummies).
For all experiments, but one, 5 replicates were
evaluated. In the case of cowpeas, 15 replicates
were observed. In the case of grapefruit, milk-
weed, and Pittosporum, 1 plant per pot was used,
whereas 10 plants per pot were used for cowpeas
and 4 plants per pot for cucumber to yield the de-
sired total of ca. 150-200 aphid hosts per cage.
The number and location of the progeny mum-
mies (on plant leaves, on stems, or on the bottom
of the cage) was recorded 8, 10, and 12 d after par-
asitoids were released into the cage. The number
of mummies produced on these different host
aphids and plants was analyzed by ANOVA (SAS)
and means were separated by Fisher’s protected
least significant difference (LSD) test, 5% level.

 

Aphid and Mummy Colors
When Reared on Different Host Plants

 

The color of aphid mummies produced by 

 

L.
oregmae

 

 on different host aphids and host plants
was determined by matching mummy color to
color chips in the Munsell book of color (Anony-
mous 1942). Five mummies were randomly se-
lected from each host aphid and host plant combi-
nation. Individual mummies were matched to the
color chips in daylight outdoors at noon under a
10

 

×

 

 dissecting microscope following the instruc-
tions provided. For the Munsell charts, data were
recorded as HV/C, where ‘H’ is hue name, ‘V’ is the
value in the vertical column on the left of the

chart, and ‘C’ is chroma in the horizontal line at
the base of the chart. Similar procedures were fol-
lowed to determine the color of wingless adult
aphids from the colonies in order to compare
aphid and mummy color. After obtaining the color
values from the Munsell charts, the color designa-
tions were compared to the ISCC-NBS color name
charts (Anonymous 1964) and the name of the col-
ors observed was recorded.

 

Handling of 

 

L. oregmae

 

 Mummies for Adult Emergence

 

A single citrus shoot infested with brown citrus
aphids was collected from cages of the laboratory
colony of 

 

L. oregmae

 

 4 d after release of adult par-
asitoids. The number of aphids per shoot was esti-
mated and shoot length recorded for each of the 6
replicates. Each shoot was then placed in a plastic
bag (60 

 

×

 

 30 cm) inflated with air along with 2
moist paper towels at 24 ± 1°C, 50-60% RH under
an 18:6 (L:D) photoperiod. Mummies were re-
moved from the bags after 6 and 10 d and counted;
on each date, half were plated on 1.5% agar (non
nutrient) plates (Difco Agar granulated, Becton,
Becton, Dickinson & Company, Sparks, MD) and
the rest were kept individually in gelatin capsules
(No. 3, Eli Lilly and Company, Indianapolis, IN)
within a 50-mL vial for 8 d to evaluate adult emer-
gence. The number of mummies counted after 6
and 10 d were summed and the proportion of
adults that emerged on both dates was calculated.
The percentage parasitism of the aphids on the
citrus shoots was calculated based on the number
of mummies divided by the greater value (300) of
the estimated number of aphids per shoot (range:
140-300) at the beginning of the experiment, and
then average percentage parasitism was obtained
for the 6 replicates.

R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

Assessment of L. oregmae Mummy Location
When Reared on Different Aphids and Host Plants

Host aphid and host plant did not affect the lo-
cation of mummies of L. oregmae (Table 1). All
mummies of L. oregmae produced in all host-
aphid and host-plant combinations were found on
the cage bottom or beneath the pots and sticking
to the tape used for covering the holes on the pot
bottoms. No mummies were found on the foliage
and/or stems. Hill & Hoy (2003) obtained similar
results with mummies of L. oregmae reared in
brown citrus aphids on citrus and reported 98.6-
99.2% of the mummies were on/in the soil surface.
Thus, based on this sample of diverse aphids and
host plants, it appears that L. oregmae only pro-
duces mummies off the host plant.

In these no-choice tests, when L. oregmae was
reared in 5 different host aphids reared only on
grapefruit, a significant difference (F = 98.29, df =
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4, P < 0.0001) was observed in the mean number
of mummies produced (Table 1). Lipolexis oreg-
mae produced more mummies (mean = 188.2) in
brown citrus aphid hosts followed by spirea aphid
(144.0), black citrus aphid (132.8), melon aphid
(58.2), and cowpea aphid (54.2) (Table 1). The
higher rate of reproduction on brown citrus
aphids on citrus is significant because this pest
was the target of the classical biological control
introduction.

When L. oregmae was reared in spirea aphid
on grapefruit, a mean of 144.0 progeny were pro-
duced, which was significantly (F = 217.86, df = 1,
P = 0.0001) higher than when L. oregmae was
reared in spirea aphid on Pittosporum (51.0), sug-
gesting that host plant may affect parasitism by
L. oregmae. No significant difference (F = 0.09, df
= 1, P = 0.7816) was observed in the mean number
of mummies produced by L. oregmae when reared
in melon aphids on grapefruit (58.2) or on cucum-
ber (58.6). The mean number of mummies pro-
duced in cowpea aphids on grapefruit (54.2) was
higher (F = 55.91, df = 1, P = 0.0017) than in cow-
pea aphids on cowpeas (0.7), which suggests that
cowpeas affected oviposition or developmental
success by the parasitoid. Despite the fact that we
increased the number of replicates over a period
of several months, L. oregmae mummy produc-
tion remained low on cowpeas, indicating that
this host plant and aphid combination would be
unlikely to yield significant numbers of L. oreg-
mae in a field survey.

Lipolexis oregmae produced an average of 48
mummies in the oleander aphid A. nerii (Boyer de
Fonscolombe) on milkweed, which appears to be a
new host record for this parasitoid (Table 1). This
suggests that the host range of L. oregmae may be
broader than previously recorded and that evalu-
ation of nontarget effects in Florida should involve
sampling diverse host plants and aphid species.

Because the number of aphid hosts provided
(150-200) to the females was similar among the
aphid-host plant combinations, these laboratory

data indicate that L. oregmae performs better on
brown citrus aphids on citrus, the target of the
classical biological control program, than on other
aphid hosts on citrus or on other host plants. In
general, L. oregmae appears well adapted to
aphids on citrus (Table 1).

Aphid and Mummy Colors
When Reared on Different Host Plants

The color of the individual wingless adult
aphids reared varied when reared on the same
host plant under our laboratory conditions, but
greater variability was observed when the aphids
were reared on different host plants (Table 2).
Brown citrus aphids, which probably develop only
on citrus, were “Reddish yellow red” to “Yellow
red” by the Munsell values and “Brownish black-
Black” by the ISCC-NBS color chart, and black
citrus aphids appeared similar to the brown cit-
rus aphids when using the Munsell and ISCC-
NBS color values (Table 2). Halbert & Brown
(1996) described brown citrus aphids as shiny
black and black citrus aphids as matte black in
color. According to Blackman & Eastop (2000), the
color of brown citrus aphids and black citrus
aphids vary from very dark brown to black and
reddish brown to brown black, respectively. Thus,
different people may use different terminology to
describe the same colors; for example, cowpea
aphids reared on grapefruit are described in the
Munsell Book of Color Values as “Greenish yellow
to Yellow green yellow” while the ISCC-NBS color
chart calls the same colors “Light olive gray to Ol-
ive black” (Table 2). However, by using either
color chart, it is possible to provide consistent
color designations, even though the color termi-
nology used may not be consistent. These color
evaluations were conducted between 1200 and
1400 h in sunlight and with a dissecting micro-
scope, as recommended by the Munsell Book of
Color Values, because color evaluations should be
conducted with standardized light conditions.

TABLE 1. MEAN NUMBER OF MUMMIES COLLECTED FROM LEAVES, STEMS, AND CAGE BOTTOM WHEN L. OREGMAE WAS
REARED ON DIFFERENT HOST APHIDS AND HOST PLANTS.

Host aphid Host plant

Mean (±SD) no. of L. oregmae mummies collected from

Leaves Stems Cage bottom

T. citricida Grapefruit 0 0 188.2 ± 16.4
T. aurantii Grapefruit 0 0 132.8 ± 14.4
A. spireacola Grapefruit 0 0 144.0 ± 11.4
A. gossypii Grapefruit 0 0 58.2 ± 9.8
A. craccivora Grapefruit 0 0 54.2 ± 16.2
A. spiraecola Pittosporum 0 0 51.0 ± 8.5
A. gossypii Cucumber 0 0 58.6 ± 10.5
A. craccivora Cowpea 0 0 0.7 ± 1.7
A. nerii Milkweed 0 0 48.6 ± 17.6
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TABLE 2. RANGE OF COLORS OF APHIDS WHEN REARED ON DIFFERENT HOST PLANTS AS DEFINED BY MUNSELL COLOR VALUES AND THE ISCC-NBS COLOR CHART.

Host plant Brown citrus aphid Black citrus aphid Cowpea aphid Melon aphid Spirea aphid Oleander aphid

Grapefruit
MBCV Reddish yellow red 

(2.5YR3/2) to Yellow
 red (5YR2/2)

Reddish yellow red 
(2.5YR2/2) to Yellow red 
(5YR2/2)

Greenish yellow (7.5Y6/2) 
to Yellow green yellow 
(10Y4/2)

Yellow (5Y7/6) to
Greenish yellow (7.5Y6/6)

Yellow green yellow 
(10Y7/8) to Yellow green 
yellow (10Y7/6)

n. a.

ISCC-NBS 65 Brownish black 
to 267 Black

267 Black only 112 Light olive gray
to 114 Olive black

87 Medium yellow to
107 Medium olive

100 Deep greenish 
yellow to 103 Dark 
greenish yellow

n. a.

Cowpea 
MBCV n. a. n. a. Greenish yellow (7.5Y4/2) 

to Yellow green yellow 
(10Y4/2)

n. a. n. a. n. a.

ISCC-NBS n. a. n. a. 111 Dark gray olive
 to 114 Olive black

n. a. n. a. n. a.

Cucumber
MBCV n. a. n. a. n. a. Yellow (5Y6/6) to Green-

ish yellow (7.5Y6/6)
n. a. n. a.

ISCC-NBS n. a. n. a. n. a. 106 Light olive to 107 
Medium olive

n. a. n. a.

Pittosporum
MBCV n. a. n. a. n. a. n. a. Greenish yellow

 (7.5Y8/10) to Yellow
green yellow (10Y7/6)

n. a.

ISCC-NBS n. a. n. a. n. a. n. a. 97 Very greenish yellow 
to 103 Dark greenish 
yellow

n. a.

Milkweed
MBCV n. a. n. a. n. a. n. a. n. a. Reddish yellow 

(2.5Y8/12) to
Reddish yellow 
(2.5Y8/10)

ISCC-NBS n. a. n. a. n. a. n. a. n. a. 82 Very yellow
to 83 Brilliant
yellow

MBCV: Munsell Book of Color Values.
ISCC-NBS: ISCC-NBS Color Name Charts.
n.a.: This aphid does not grow on this host plant or was not reared on it.
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The color of cowpea aphids also varied when
reared on grapefruit and cowpeas (Table 2). Hal-
bert & Brown (1996) and Blackman & Eastop
(2000) described adult wingless cowpea aphids as
shiny black in color. Melon aphids differed only
slightly in color when reared on grapefruit and
cucumber. Spirea aphids varied in color when
reared on grapefruit or on Pittosporum. The ole-
ander aphid could not be reared on citrus, but was
a strong yellow when reared on milkweed
(Table 2).

The color of mummies produced by L. oregmae
when reared in different host aphids reared on
the same or different host plants also varied (Ta-
ble 3). Lipolexis oregmae, when reared in different
host aphids but on the same host plant, produced
mummies ranging from light gray yellowish
brown to dark gray yellowish brown, medium
brown to dark yellow brown, and grayish brown
to dark grayish brown.

The color of mummies on same host aphid, but
a different host plant, also varied (Table 3). In the
case of oleander aphids reared on milkweed, the
mummies produced were strikingly different
from all other host aphid and plant combinations.
The color of the mummies produced when L. oreg-
mae was reared in spirea aphids on Pittosporum
was reddish brown compared to grayish brown
when mummies were produced in cowpea aphids,
black citrus aphids, and brown citrus aphids. 

These differences in the color of mummies pro-
duced by L. oregmae in different host aphids
reared on the same or different host plants make
it difficult to use color as a method for identifying
L. oregmae mummies, especially if sampling
among an array of host plant and aphid species.
However, all mummies appeared similar in tex-
ture and size, even though they differed in color.
Lipolexis oregmae mummies, at least when
reared in these aphid hosts, are not shiny and ap-
pear somewhat ‘fluffy’ because silk strands pro-
trude from the broken surface of the aphid exosk-
eleton. Typically, there are multiple breaks in the
aphid exoskeleton surrounding the parasitoid
with the parasitoid cocoon silk extruding. We
have seen no evidence that L. oregmae glues the
aphid exoskeleton to the substrate, unlike the be-
havior of many aphidiid species (Stary 1970).

Handling of L. oregmae Mummies for Adult Emergence 

When L. oregmae was reared under laboratory
conditions, the individual shoots had 140-300
brown citrus aphids per shoot, averaging 193.3
(SD = 54.3). The number of mummies produced
per shoot ranged from 116 to 223, averaging 153
(38.6). Percentage parasitism ranged from 68.2 to
88.7, averaging 79.7% (7.5). A large proportion of
the mummies recovered from the bags were found
between the folds of the paper towels and were at-
tached only very loosely to the rough paper by the

silky strands protruding from the mummy. This
behavior suggests that the parasitized aphids
move to darker, more humid and secure areas be-
fore becoming mummified in the field.

Mummies (n = 202) of L. oregmae kept in gela-
tin capsules did not produce any adults. This was
unexpected because many aphidiid mummies
readily produce adults in gelatin capsules. We
suspect that the failure to obtain adults was due
to lower-than-optimal relative humidity condi-
tions but other factors may influence emergence
of adults from mummies. Walker & Hoy (2003)
only achieved a mean percentage emergence (SE)
of 44.5% (1.6) of L. oregmae adults from 100 sec-
ond-instar brown citrus aphids reared on potted
citrus plants enclosed in plastic cylinders under
laboratory conditions, which suggests that mor-
tality of L. oregmae mummies could have oc-
curred due to fungal pathogens as well as to in-
sufficiently high relative humidity on the surface
of the soil.

For the 353 mummies that were placed on the
1.5% agar plates, the mean percentage emergence
(SD) of adults was 95.7% (5.3). These mummies
were 1-6 d old when placed on the agar and were
held for 8 d. Most of the adults emerged within 4-
6 d after being placed on the agar. Due to the high
relative humidity in the petri dish, some fungal
growth was observed growing on the mummies
and on the nonnutrient agar after several days,
but this apparently did not prevent emergence of
the parasitoid adults.

The high rate of emergence of adults from
mummies on the agar plates allowed us to ship L.
oregmae mummies to Jamaica via express deliv-
ery service (in boxes that did not contain ice) dur-
ing Oct and Dec 2005, where they were to be
reared for a classical biological control program.
D. Clarke-Harris (personal communication)
kindly recorded the number of adults that
emerged from these 2 shipments, which experi-
enced unknown temperature conditions. In the
first, 80.9% of the 110 mummies produced adults,
while in the second shipment 109 adults were
produced from 450 mummies (24.2%). Because
adults of L. oregmae are short lived and difficult
to ship, this agar plate method appears to be an
effective method for shipping this species, as well
as a useful method for obtaining adults for taxo-
nomic confirmation.

CONCLUSIONS

These results indicate that sampling of aphids
on host plants other than citrus should be con-
ducted to determine the host range of L. oregmae
in Florida. It is likely that L. oregmae utilizes
aphids on other plants, including vegetables, or-
namentals, and weeds during periods when
aphids are rare in citrus. Monitoring will require
potentially parasitized aphids to be held until
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TABLE 3. RANGE OF COLOR OF L. OREGMAE MUMMIES WHEN REARED IN DIFFERENT APHID AND HOST-PLANT COMBINATIONS AS DEFINED BY MUNSELL COLOR VALUES AND
THE ISCC-NBS COLOR CHART.

Host plant Brown citrus aphid Black citrus aphid Cowpea aphid Melon aphid Spirea aphid Oleander aphid

Grapefruit
MBCV Yellowish yellow red 

(7.5YR4/4) to Yellow
red yellow (10YR3/4)

Yellow red yellow 
(10YR6/2) to Reddish 
yellow (2.5Y5/2)

Yellow red (5YR4/4) 
to Yellowish yellow
red (7.5YR3/2)

Yellow red (5YR5/4) 
to Yellowish yellow
red (7.5YR4/4)

Yellowish yellow red 
(7.5YR6/4) to Yellow 
red yellow (10YR4/4)

n. a.

ISCC-NBS 78 Dark yellow brown to 
81 Dark grayish yellow 
brown

80 Grayish yellow 
brown to 64 Brownish 
gray

61 Grayish brown to
62 Dark grayish brown

58 Medium brown to
78 Dark yellow brown

79 Light gray yellowish 
brown to 58 Medium 
brown

n. a.

Cowpea
MBCV n. a. n. a. Yellowish yellow red 

(7.5YR4/4) to Yellow 
red yellow (10YR4/2)

n. a. n. a. n. a.

ISCC-NBS n. a. n. a. 78 Dark yellow brown 
to 61 Grayish brown

n. a. n. a. n. a.

Cucumber
MBCV n. a. n. a. n. a. Yellowish yellow red 

(7.5YR5/4) to Yellowish 
yellow red (7.5YR4/4)

n. a. n. a.

ISCC-NBS n. a. n. a. n. a. 75 Deep yellow brown 
to 78 Dark yellow 
brown

n. a. n. a.

Pittosporum
MBCV n. a. n. a. n. a. n. a. Red yellow red (10R4/

6) to Reddish yellow 
red (2.5YR3/6)

n. a.

ISCC-NBS n. a. n. a. n. a. n. a.
43 Medium reddish 
brown to 42 Reddish 
brown

n. a.

Milkweed
MBCV n. a. n. a. n. a. n. a. n. a. Yellow red (5YR4/8) to 

Yellowish yellow red 
(7.5YR4/4)

ISCC-NBS n. a. n. a. n. a. n. a. n. a.
55 Slightly brown to 
78 Dark yellow brown

MBCV: Munsell Book of Color Values.
ISCC-NBS: ISCC-NBS Color Name Charts.
n.a.: This aphid does not grow on this host plant or was not reared on it.
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mummies are produced because L. oregmae mum-
mifies off all host plants tested. The improved
mummy holding method will allow L. oregmae
adults to be obtained in a consistent and inexpen-
sive manner for field studies designed to evaluate
host range, seasonality, and nontarget effects of
this introduced natural enemy.
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A

 

BSTRACT

 

An open-field experiment was conducted to assess the suitability of the South American leaf
feeding beetle 

 

Gratiana boliviana

 

 Spaeth for biological control of 

 

Solanum viarum

 

 Dunal in
the USA. An open-field test with eggplant, 

 

Solanum melongena

 

 L., was conducted on the
campus of the University of Buenos Aires, Argentina, and a 

 

S. viarum

 

 control plot was estab-
lished 40 km from the campus. One hundred adult beetles were released in each plot at the
beginning of the experiment during the vegetative stage of the plants, and forty additional
beetles were released in the 

 

S. melongena

 

 plot at the flowering stage. All the plants in each
plot were checked twice a week and the number of adults, immatures, and eggs recorded. Re-
sults showed almost a complete rejection of eggplant by 

 

G. boliviana

 

. No noticeable feeding
damage was ever recorded on eggplant. The experiment was ended when the eggplants
started to senesce or were severely damaged by whiteflies and spider mites. The results of
this open-field experiment corroborate previous quarantine/laboratory host-specificity tests
indicating that a host range expansion of 

 

G. boliviana

 

 to include eggplant is highly unlikely.

 

Gratiana boliviana

 

 was approved for field release in May 2003 in the USA. To date, no non-
target effects have been observed either on eggplant or native species of 

 

Solanum

 

. 

Key Words: eggplant, open-field experiment, risk assessment, Solanaceae, 

 

Solanum

 

, weed
biological control

R

 

ESUMEN

 

Una prueba de campo fué conducida para evaluar la especificidad del escarabajo surameri-
cano defoliador 

 

Gratiana boliviana

 

 Spaeth para control biológico de 

 

Solanum viarum

 

 Dunal
en los Estados Unidos. La prueba con berenjena se realizó en el campo experimental de la Uni-
versidad de Buenos Aires, Argentina, y una parcela control con 

 

S. viarum

 

 fué establecida a 40
km. Cien escarabajos adultos fueron liberados en cada parcela al inicio del experimento du-
rante la fase vegetativa, y cuarenta escarabajos adicionales fueron liberados en la parcela de
berenjena durante la floración. Todas las plantas en cada parcela fueron inspeccionadas dos
veces a la semana y el número de adultos, larvas, y posturas fueron registrados. Resultados
indicaron un casi completo rechazo de la berenjena por 

 

G. boliviana

 

. Ningún daño visible de
defoliación en la berenjena fué detectado. Las pruebas concluyeron cuando las plantas de be-
renjena alcazaron su madurez o fueron severamente dañadas por mosca blanca y ácaros. Re-
sultados corroboran previas pruebas de especificidad en laboratorio/cuarentena que indican
que la berenjena no es un hospedero de 

 

G. boliviana

 

 y que la posibilidad de llegar a ser una
plaga de este cultivo es muy remota. 

 

Gratiana boliviana

 

 fue aprobado para ser liberado en el
campo en mayo del 2003. Ningún daño ha sido observado hasta la fecha a plantas no blanco.

 

Translation provided by the authors.

 

Solanum viarum

 

 Dunal (Solanaceae), known
in the USA by the common name tropical soda ap-
ple, is an invasive shrub native to northeast Ar-
gentina, south Brazil, Paraguay, and Uruguay. It
was first detected in the USA in 1988 and proba-
bly was accidentally introduced into Florida at
the beginning of the 1980s with cattle importa-
tion from Brazil. Its dramatic spread has led to a
current infestation of approximately 0.5 million

hectares in Florida, Georgia, Alabama, Missis-
sippi, Louisiana, Texas, South Carolina, North
Carolina, Tennessee, and Puerto Rico (Mullahey
& Colvin 1993; Mullahey et al. 1993; Bryson &
Byrd 1996; Medal & Cuda 1999). This plant in-
vades improved pastures, hammocks, ditch
banks, and road sides, reducing livestock carrying
capacity. Dense stands of this prickly shrub do not
allow cattle to access shaded sites which results
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in heat stress. Current control methods for this
invasive plant in southeastern USA pastures are
mostly based on herbicides and mechanical (mow-
ing) practices (Mislevy et al. 1996; Mullahey et al.
1996; Sturgis & Colvin 1996; Akanda et al. 1997).
These methods provide only temporary control of
dense infestations of 

 

S. viarum

 

 at an estimated
cost of US $185 per hectare (Mullahey et al.1996).
Pasture production and stocking rates decline if
this weed is left uncontrolled. 

 

Solanum viarum

 

also causes ecological damage as it reduces bio-
logical diversity in natural areas, and interferes
with restoration efforts following phosphate-min-
ing operations (Albin 1994).

In addition 

 

S. viarum

 

 is known to harbor at
least six viruses that affect cultivated solana-
ceous crops such as tomato, tobacco, and pepper
(McGovern et al. 1994a,1994b; McGovern et al.
1996).This weed is used as an alternative host
by some major insect pests such as the silver-
leaf whitefly 

 

Bemisia argentifolii

 

 Bellows and
Perring, the tobacco budworm 

 

Heliothis vire-
scens

 

 (Fabr.), the Colorado potato beetle 

 

Stilo-
des decemlineata

 

 (Say), the tobacco hornworm

 

Manduca sexta

 

 (L.), the tomato hornworm

 

Manduca quinquemaculata

 

 (Haworth), the
green peach aphid 

 

Myzus persicae

 

 (Sulzer), the
southern green stinkbug 

 

Nezara viridula

 

 (L.),
and the suckfly 

 

Tupiocoris notatus

 

 (Distant)
(Habeck et al. 1996; Medal et al. 1999a; Sud-
brink et al. 1999).

Although 

 

S. viarum

 

 is able to spread vegeta-
tively from the root system, the primary method
of dispersal is by seed dissemination (Bryson et
al. 1995; Medal et al. 1999b), which occurs mainly
by livestock and wildlife that feed on the fruits
and scarify the seeds (Akanda et al. 1996; Brown
et al. 1996). A single plant of 

 

S. viarum

 

 can pro-
duces up to 150 fruits per year, with each fruit
containing on average 400 seeds. The estimated
seed production is 60,000 seeds/plant/season with
a viability of more than 75% (Mullahey and
Colvin 1993; Pereira et al. 1997).

The first exploratory survey for biological con-
trol agents of 

 

S. viarum

 

 in South America was
conducted by University of Florida and Brazilian
researchers in Jun 1994 (Medal et al.1996). In
this initial 2-week survey, 16 species of insects
were found feeding on 

 

S. viarum

 

 in southern Bra-
zil and southeastern Paraguay. Two of these in-
sects, 

 

Metriona elatior

 

 Klug and 

 

Gratiana bolivi-
ana

 

 Spaeth (Chrysomelidae), were selected as po-
tential biological control agents for 

 

S. viarum

 

based on field observations of the extensive defo-
liation caused by the immature and adult stages
of these beetles (Medal et al. 1996; Medal et al.
2002; Medal et al. 2003). Host-specificity studies
with 

 

G. boliviana

 

 were initiated at the Florida Bi-
ological Control Laboratory-quarantine and at
the USDA-ARS South American Biological Con-
trol Laboratory in Hurlingham, Argentina in

1998. The biology of this insect was studied in Ar-
gentina (late D. G., unpublished data). The beetle
laid eggs individually on leaves and petioles of 

 

S.
viarum

 

 and 

 

Solanum palinacanthum

 

 Dunal, and
not in masses as those of other 

 

Gratiana

 

 species
(Sieber 1975; Hill & Hulley 1995). The adult stage
of 

 

G. boliviana

 

 was redescribed by Buzzi (1995).
In this article we report the results of open-

field tests in Argentina that were conducted to as-
sess the risk of 

 

G. boliviana

 

 to eggplant if this
beetle were released as a biological control agent
of 

 

S. viarum

 

 in the USA.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

An open-field risk assessment was conducted
in Argentina during Jan and Feb 2000. A no-
choice open-field experiment with organically
grown eggplant, 

 

S. melongena

 

 L. cv ‘Black
Beauty’, was set up in the experimental farm lo-
cated on the campus of the University of Buenos
Aires, and a 

 

S. viarum

 

 control plot at the USDA
South American Biological Control Laboratory lo-
cated in Hurlingham, Buenos Aires province. The
plot sites were located 40 km from each other.
This distance between the field plots was consid-
ered sufficient to ensure that the control plot with
only 

 

S. viarum

 

 did not interfere with the results
in the eggplant field, particularly as the suburbs
of Buenos Aires located between the fields, acted
as a physical barrier. Each plot measured 7 by 4
m, with 54 plants evenly distributed in 9 rows (6
plants/row). The location of both plots was outside
the area of distribution of the beetle, the target
weed, and other known hosts. Initially, 25 teneral
and 75 mature adults (50% males, 50% females)
were released in each plot when plants were in
the vegetative growth stage. A few weeks later, a
second release of 40 adults was made when plants
were flowering and producing fruits. To avoid an
induced preference due to previous experience
with 

 

S. viarum

 

, the mature adults were reared on

 

S. palinacanthum

 

, a natural host that does not
occur in the USA. All plants in each plot were
thoroughly examined visually by 2 technicians
twice a week and the number of adults, imma-
tures, and eggs recorded. Because 

 

G. boliviana

 

deposits each egg individually inside an egg case,
and discriminating between hatched and un-
hatched eggs is difficult, the number of eggs was
recorded as total cumulative number of egg cases
including some that had already hatched. How-
ever, hatched egg cases become delicate and some
disappear 1 to 3 weeks after eclosion. The per-
centage of defoliation was visually estimated dur-
ing the first 3 weeks. After that period, other phy-
tophages colonizing the plots made it difficult to
discriminate defoliation caused by them from the
defoliation caused by 

 

G. boliviana

 

. The plants of
both plots were allowed to develop for a complete
growing season without pesticide applications.
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R

 

ESULTS

 

The results in the open field test showed al-
most complete rejection of eggplant by 

 

G. bolivi-
ana

 

 (Figs. 1-3). Twenty four h after 100 adults

were released, 41 insects were recorded on egg-
plant. These adults were hidden in partially un-
folded tender leaves, and most of them left the
plot during the first week. Only 2 adults were
found after 7 d. During the second week, 50

Fig. 1. Number of Gratiana boliviana adults found in 2 independent experimental plots of S. viarum and S. mel-
ongena.

Fig. 2. Number of Gratiana boliviana larvae found in 2 independent experimental plots of S. viarum and S. mel-
ongena.
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adults (Fig. 1), 463 larvae (Fig. 2), and 1130 eggs
(Fig. 3) were recorded on 

 

S. viarum

 

 compared to 1
adult, 1 larva, and 10 eggs on eggplant. The larva
on eggplant died shortly after emergence and no
other larvae were recorded in the following weeks
(egg predation by mirid 

 

Tupiocoris

 

 sp. was ob-
served in both plots). From the fourth to the sev-
enth weeks, no adults or larvae of 

 

G. boliviana

 

were found on eggplant. Therefore, 40 new adults
were added to the eggplant plot (so that all the
phenological stages of the plant were exposed),
but they left in the following 7 d without oviposit-
ing. No noticeable feeding damage was recorded
on eggplant. Despite the egg and larval predation
that was observed on the 

 

S. viarum

 

 plot during
the experiment, a second generation of adults be-
gan to emerge during the sixth week, and during
the last week (9th) 132 adults and 51 pupae were
found. The experiment was concluded when the
eggplants started to senesce or were severely
damaged by whiteflies and spider mites.

D

 

ISCUSSION

 

The primary advantage of open field tests is
that they allow the candidate biocontrol agents to
exercise free choice without constraints imposed
by cages. Therefore, all behavioral decisions that
lead to the acceptance of a host are tested. How-
ever, in our no-choice field experiment where the
insects were randomly released between plants
inside the plots, the ability of 

 

G. boliviana

 

 to lo-

cate eggplant at a considerable distance remain
un-tested. Despite the favorable conditions of the
plot set-up and relative short distance of the re-
lease for 

 

G. boliviana

 

 to locate and feed on egg-
plant, results showed clearly that eggplant is not
an acceptable host and beetles fly away from the
plants a few days after being released without
feeding and development on the eggplants.

Eggplant is originally from Southeast Asia,
and it was introduced by the Portuguese in Brazil
where it has been cultivated in the native range of

 

G. boliviana

 

 for more than a century, but the in-
sect has never been recorded on it. In addition, it
was not found during the 34 field surveys con-
ducted in Argentina, Uruguay, Paraguay, and
southern Brazil, where the surveys focused on un-
sprayed or neglected eggplant fields. On the con-
trary, we did find the insects on 

 

S. viarum

 

 plants
growing intermixed or near eggplant (Medal et al.
2004). The open-field test results are supported by
the fact that every test that has been conducted
either in laboratory/or screen cages has shown a
complete rejection of eggplant (choice feeding and
oviposition test, late D. G. and J. M. unpublished
data), or a strong decline of the fitness of 

 

G. boliv-
iana

 

 when reared on eggplant (no choice larval
development, and fecundity and longevity tests)
(late D. G. and J. M., unpublished data).

Indiscriminate feeding on non-target hosts by
biological control candidates for 

 

Solanum

 

 weeds
under confined quarantine-laboratory conditions
has been reported by South African researchers

Fig. 3. Number of Gratiana boliviana eggs found in 2 independent experimental plots of S. viarumi and S. mel-
ongena.
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(Neser et al. 1988; Hill & Hulley 1995, 1996; Ol-
ckers et al. 1995; Olckers 1996). For example,

 

Leptinotarsa texana

 

 Schaeffer, 

 

Leptinotarsa de-
fecta

 

 (Stal), and 

 

Gratiana spadicea

 

 (Klug) were
introduced into South Africa for biological control
of 

 

Solanum elaeagnifolium

 

 Cav., and 

 

Solanum si-
symbriifolium

 

 Lam. It is noteworthy that the 3
species, under similar laboratory testing proce-
dures, displayed a higher degree of acceptance of
eggplant than 

 

G. boliviana

 

 (Olckers et al. 1995;
Hill & Hulley 1995). The 

 

Leptinotarsa

 

 species
were imported from the United States in 1992.
Both species are established and are exerting
some control of 

 

S. elaeagnifolium

 

 (Hoffmann et
al.1998). 

 

Gratiana spadicea

 

 was imported from
South America in 1994, and it is established (Ol-
ckers et al. 1999). None of the above mentioned
beetles have been found on eggplant in South Af-
rica; however, the time elapsed since they were
released is relatively short. More importantly, the
three beetle species have coexisted for more than
a century with eggplant in their native range and
have never been recorded on this crop.

These data suggest that a host range expan-
sion of 

 

G. boliviana

 

 to include eggplant is highly
unlikely. Furthermore, eggplant does not belong
to the section Acanthophora, to which both the
real and physiological host range of the insect
seem to be restricted (Medal et al. 2002; Gandolfo
et al. 1999). Gratiana boliviana was approved for
field release in May 2003 in the United States
(Medal et al. 2003), and more than 75,000 beetles
have been released in Florida, Georgia, Alabama,
and South Carolina. This beetle established in
most of the locations where it was released, and is
causing extensive defoliation on S. viarum plants.
No non-target effects have been observed either
on eggplant or native species of the genus
Solanum (J. M., unpublished).
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A

 

BSTRACT

 

Non-indigenous invasive mole crickets, 

 

Scapteriscus vicinus 

 

Scudder (Orthoptera: Gryllotal-
pidae) in Florida and 

 

S. didactylus

 

 (Latreille) (the “changa”) in Puerto Rico, are being man-
aged with an entomopathogenic nematode, 

 

Steinernema scapterisci

 

 (Nguyen and Smart)
(Rhabditida: Steinernematidae), and a parasitic wasp, 

 

Larra bicolor 

 

L. (Hymenoptera:
Sphecidae). Pest mole cricket populations have declined by 95% in north central Florida
since these specialist natural enemies were released and established in the 1980s. Commer-
cial production of the nematode was initiated, nearly 70 billion were applied in 34 Florida
counties, and their establishment, spread, and impact on mole crickets were monitored. The
infected mole crickets dispersed the nematode rapidly, so that within 6 months these para-
sites were present in most of the insects trapped in experimental pastures. Three years later,
mole cricket populations were reduced to acceptable levels and the bahiagrass had recov-
ered. The nematode was released for the first time in Puerto Rico during 2001 and has per-
sisted; the wasp was introduced in the late 1930s. The geographical distribution of the wasp
is being expanded in Florida and Puerto Rico by planting plots of

 

 Spermacoce verticillata

 

(L.), a wildflower indigenous to Puerto Rico and widely distributed in southern Florida. Pas-
tures, sod farms, golf courses, landscapes, and vegetable farms in Florida and Puerto Rico
are benefiting from biological control of invasive mole crickets.

Key Words: mole crickets, changa, biological control, 

 

Steinernema scapterisci

 

, 

 

Larra bicolor

 

,

 

Spermacoce verticillata, 

 

bahiagrass

R

 

ESUMEN

 

Los grillotopos invasores no indígenas, 

 

Scapteriscus vicinus

 

 (Orthoptera: Gryllotalpidae) en
el estado de Florida y 

 

S. didactylus

 

 (“changa”) en Puerto Rico, están siendo manejados por
el nematodo entomopathógeno, 

 

Steinernema scapterisci

 

 (Rhabditida: Steinernematidae) y la
avispa parasítica, 

 

Larra bicolor 

 

(Hymenoptera: Sphecidae). Las poblaciones de los grillotopo
plagas han declinado un 95% en el norte central de la Florida desde que estos enemigos na-
turales especialistas fueron liberados y establecidos en los 80s. Consecuentemente, la pro-
ducción comercial del nematodo fue iniciada, casi 70 billones fueron aplicados en 34
condados de la Florida, y se realizo un monitoreo para evaluar su establecimiento, dispersión
e impacto sobre los grillotopos. Los gillotopos infectados dispersaron los nemátodos rápida-
mente, tanto que después de 6 meses estos parásitos estaban presentes en la mayoría de los
insectos atrapados en los pastos experimentales. Tres años después, las poblaciones de los
grillotopos fueron reducidas a niveles aceptables y los campos de pasto ‘bahía’ se recupera-
ron. El nematodo fue liberado para la primera vez en Puerto Rico durante del 2001 y ha per-
sistido; la avispa fue introducida al final de los 30s. La distribución geográfica de la avispa
se esta extendiendo en la Florida y Puerto Rico por medio de la siembra de parcelas de 

 

Sper-
macoce verticillata, 

 

una flor silvestre indígena a Puerto Rico y distribuida ampliamente en
el sur de la Florida. Los campos de pasto, las operaciones comerciales de césped, los campos
de golf, los paisajes y las fincas de hortalizas en la Florida y Puerto Rico se están benefi-

 

ciando del control biológico de los grillotopos invasores.

 

Non-indigenous invasive species are causing
ever increasing economic and environmental
damage to the Caribbean Region, including Flor-
ida. Two species of non-native pest mole crickets,

 

Scapteriscus vicinus 

 

Scudder in Florida and

 

 S. di-
dactylus 

 

(Latreille) in Puerto Rico, are among the
most damaging. Their tunneling and feeding
cause significant economic losses to pastures, golf
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courses, sod farms, sports fields, residential
lawns, and vegetable farms. In Puerto Rico, 

 

S. di-
dactylus

 

 was recognized long ago as a general
pest of agriculture, and the loss of forage for live-
stock grazing on pastures severely infested with

 

S. vicinus

 

 has become a serious problem for beef
and dairy cattle in Florida. For decades, the worst
pest insects on the 20 plus golf courses in Puerto
Rico and 1400 or more in Florida have been mole
crickets. Puerto Rico and the southern states suf-
fer in excess of $200 million annually in damage
and control costs due to invasive mole crickets
(Frank & Parkman 1999). However, this situation
is changing as populations of biological control
agents increase, spread, and become effective in
suppressing these pests (Frank & Walker 2006).

Chemical controls are available for mole crick-
ets in lawns, golf courses, and sod farms (Buss et
al. 2002) but can be expensive and are not always
effective, in addition to incurring environmental
risks and providing only short-term relief. Public
concern has been increasing because of the possi-
ble overuse and misuse of chemicals on turf and
the potential for ground water contamination
(FDEP 2002). Some golf course and sports com-
plex managers have attempted to minimize the
use of insecticides due to local restrictions and
concern about the health of their members. This
has led to unacceptable levels of damage to turf as
a result of mole cricket tunneling and feeding.
Chemical control in pastures is prohibitively ex-
pensive (Frank & Parkman 1999). Consequently,
cattlemen, turf producers, golf course managers,
and others have been seeking a cost-effective, en-
vironmentally safe, and permanent means of
minimizing mole cricket damage.

This project was conducted to advance biologi-
cal control of invasive mole crickets, 

 

Scapteriscus

 

spp., in Florida and Puerto Rico by fully deploying
and evaluating an entomopathogenic nematode,

 

Steinernema scapterisci

 

 (Nguyen and Smart), and
a parasitic wasp, 

 

Larra bicolor 

 

F. (Fig. 1). The
nematode was introduced into Florida from Uru-
guay in the 1980s, commercialized in 2001, and
applied on bahiagrass in at least half of the 67
Florida counties (Adjei et al. 2006). Nematode ap-
plications were also made at several sites in Pu-
erto Rico from 2001 to 2004. The nematode is ef-
fective, multiplies within infected mole crickets,
and spreads rapidly as the insects disperse (Park-
man et al. 1993).

The wasp was imported from Bolivia and re-
leased at Gainesville, Florida in 1988 (Frank &
Sourakov 2002). It became established and is
spreading (Frank et al. 1995) but has not yet col-
onized all of Florida (Frank & Walker 2005). The
adult wasps can fly and distribute themselves but
they require a nectar source, especially the wild-
flower, 

 

Spermacoce verticillata 

 

(L.). This wild-
flower is widespread in southern Florida
(Wunderlin & Hansen 2003) and considered an

unimportant weed (Murphy et al. 1998). Plants
growing in road margins and turf are typically
small and produce few flowers because of mowing
and the use of herbicides. Nevertheless, they
probably are capable of sustaining sparse 

 

L. bi-
color

 

 populations because they can flower all year.
In northern Florida, the plant is reported only
from Alachua and St. Johns counties (Wunderlin
& Hansen 2003); and it freezes to the ground in
winter (Arévalo & Frank 2005).

Since 

 

L. bicolor 

 

was introduced into Puerto
Rico from Brazil in the late 1930s (Wolcott 1938),
it could have colonized the entire country (Cast-
ner & Fowler 1984) but it is not conspicuous. Its
primary nectar source, 

 

S. verticillata

 

, is native to
Puerto Rico (Liogier 1982) and most abundant in
sandy places near the coasts. Urbanization, espe-
cially along the coasts, has diminished 

 

S. verticil-
lata

 

 habitats and the plant is typically viewed as
a weed and destroyed. Wolcott (1941a, b) specu-
lated that, if 

 

S. verticillata

 

 were permitted to
grow as a beneficial plant, 

 

L. bicolor

 

 would be
more abundant and widespread. Regardless, even
unmanaged populations of the wasp have
achieved partial biological control of pest mole
crickets (Cruz & Segarra 1992), a vast improve-
ment over the situation in the early 1900s when
mole crickets were considered to be the most seri-

Fig. 1. The parasitic wasp, Larra bicolor (length 22
mm) (A) Ovipositing on an invasive mole cricket, Scap-
teriscus vicinus, and (B) feeding on nectar of Sperma-
coce verticillata.
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ous general pests of agriculture in Puerto Rico
(Zwaluwenburg 1918).

While significant research has been conducted
on 

 

S. scapterisci

 

 and 

 

L. bicolor

 

, and their effec-
tiveness in controlling mole crickets has been es-
tablished (Frank et al. 2005), additional work
was needed to more efficiently produce, distrib-
ute, and evaluate the impact of these natural en-
emies in new locations (Leppla et al. 2004). The
objectives of the current project conducted in
Florida and Puerto Rico are to (1) continue trap-
ping mole crickets and determining the infection
levels and spread of 

 

S. scapterisci

 

, (2) plant plots
of 

 

S. verticillata

 

 in as many locations as possible
to provide nectar for adult 

 

L. bicolor

 

, (3) acceler-
ate the natural spread of the wasps by capturing
them from established populations and moving
them to new sites, and (4) educate collaborators,
extension agents, master gardeners, cattlemen,
golf course superintendents, and the general pub-
lic about the use and benefits of 

 

S. scapterisci

 

 and

 

L. bicolor

 

 for biological control of invasive mole
crickets.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

The 

 

S. scapterisci

 

 nematode product, Nem-
atac®S, was produced by MicroBio, UK, under an
exclusive license for its use from the University of
Florida, the patent holder, and provided by
Becker Underwood, Ames, Iowa (http://www.beck-
erunderwood.com). The nematodes were shipped
directly to the University of Florida or the Uni-
versity of Puerto Rico (UPR) at Mayagüez and
stored for no more than 1 month at about 10°C. As
recommended by Becker Underwood, nematodes
were mixed in water and applied as an amount
equivalent to about 2.5 billion per ha. Applica-
tions were made without irrigation, early in the
morning or late in the afternoon to avoid direct
sunlight.

Nematode applications were made throughout
much of Florida in 2000 and 2001 by injecting
them 1.5 cm below the soil surface with a modified
slit-seeder (Adjei et al. 2005). To determine the de-
gree of spread, nematodes were applied in 6.08 m
wide by 41.3 m long strips covering 1/2, 1/4, or 1/8
of 0.4-ha plots distributed across a 10-ha bahia-
grass pasture during Sep 2000 in Polk County. Pit-
fall traps used to capture mole crickets for estimat-
ing levels of infection and impact of the nematode
(Hudson 1989) were installed in each plot: 3 in
nematode-treated strips, 3 in untreated strips, and
6 in the untreated control plots. More than 600
mole crickets were trapped in the plots for 3
months prior to applying the nematodes and none
were found to be infected. The percentage of bahi-
agrass in the pasture was recorded as green, yel-
low, or dead (brown, bare ground, or weeds). This
was accomplished by randomly tossing a m

 

2

 

 quad-
rat with 100 subdivisions 5 times in each plot.

 In Puerto Rico, nematodes were applied for
the first time ever in Nov 2001 and again in Aug
2003 on an irrigated golf course with clay loam
soil near Aguadilla and at an organic vegetable
farm in Aguada. Commercial spray equipment
was used at the golf course to apply nematodes on
0.5-acre plots. A pitfall trap was installed near
the center of each of 5 treated and 5 untreated
plots. At the vegetable farm, a hand-held water-
ing container was used to sprinkle nematodes on
five 2 

 

×

 

 7-m plots. Applications were made early in
the morning at both locations followed by enough
irrigation to soak the surface of the soil.

Mole crickets from all sites in Florida and Pu-
erto Rico were pitfall-trapped at 7-d intervals. Ad-
ditional 24-h collections were made biweekly in
Florida to assure that the mole crickets were alive
when taken to the laboratory. Regardless of
source, captured mole crickets were provided
with food and water, held until dead, and assayed
for presence of nematodes (Woodring & Kaya
1988). Effectiveness and spread of the nematodes
was evaluated by determining the percentage of
trapped mole crickets that were infected and by
monitoring an associated decline in the number of
mole crickets.

To detect and redistribute the wasp, 

 

S. verticil-
lat

 

a plants were grown at sites in Florida an

 

d 

 

Pu-
erto Rico. Wasps destined for release in Florida
were captured at 

 

S. verticillata

 

 plots in the
Gainesville area, chilled, and transported to the
new sites. Releases were made no earlier than
dusk on the day of capture, and each site received
24-30 presumably mated females. Wasp popula-
tions were highest in Sep through Nov, so these
were the most appropriate months for the adults
to be captured.

 

 

 

In Puerto Rico, small

 

 S. verticil-
lata

 

 plants collected from an overgrown pasture
at Playa Anasco were transplanted into several
plots at the golf course and vegetable farm where
the nematodes had been applied. These plots pro-
vided nectar sources to attract and retain the
wasps. Plants were also planted within 1-2
meters of each of 5 pitfall traps at 5 other loca-
tions in Nov-Dec 2004. The plants had been dug
from sandy soil as small plants in Jul and grown
for 3-4 months in pots containing wet peat to re-
cover from transplantation. They were placed in
the field to determine the presence of wasps.

R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

 

During spring 2001, after the nematodes had
been applied in the Florida pasture during the
previous fall, 80% of the 328 trapped mole crick-
ets were infected, including those from both the
treated and untreated plots. Infected mole crick-
ets thus spread the nematodes across the entire
10-ha pasture in less than 1 year. This indicated
that nematodes can be introduced in strips receiv-
ing about 0.3 billion infective juveniles per ha to
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avoid much more expensive broadcast applica-
tions of 2.5 billion per ha. Three years later, the
proportion of infected mole crickets stabilized at
20-35%, the number of mole crickets trapped de-
clined by 85% (Fig. 2), and the bahiagrass cover
increased by 40-95% (Adjei et al. 2006).

In Puerto Rico, 

 

S. didactylus

 

, was trapped at
both sites where nematodes were applied and rel-
atively small numbers of 

 

S. abbreviatus

 

 were dis-
covered at the organic vegetable farm. Mole crick-
ets captured at the golf course in Aguadilla con-
tained steinernematid nematodes but those from
the vegetable farm were not infected. Persistence
of infected mole crickets at the golf course for more
than 7 months indicated that the nematode be-
came established. According to research conducted
in Florida, the nematode is not likely to persist for
more than 10 weeks in soil without passing
through host mole crickets (Nguyen & Smart
1989). At Aguadilla, more than 225 mole crickets
were trapped between Nov 2001 and Oct 2002, and
some of these insects were infected every month
until the end of Jun 2002 when assays ceased. A to-
tal of 28 mole crickets were infected. Thus, we de-
termined that 

 

S. scapterisci

 

 infected and killed

 

S. didactylus

 

 mole crickets in Puerto Rico
Parasitism of 

 

S. vicinus

 

 by 

 

L. bicolor

 

 averaged
about 24% at 2 locations near Gainesville, Florida
throughout the fall seasons of 1999 and 2000.

 

Larra bicolor

 

 has several annual generations,
whereas 

 

S. vicinus

 

 has but one, so the average
generational mortality of the mole cricket may
approach 70% (Frank & Walker 2005). Due to this
initial success, wasps were released in fall 2002 in
northern Florida at Quincy in Gadsden County
and Palmetto in Manatee County. They were re-
covered in both counties during May and Nov
2004. Wasps have not yet been captured following
releases in fall 2004 in Bay and St. Lucie coun-
ties. The wasps spread naturally to Bradford,
Pinellas, and Sumter counties during the sum-
mer of 2004 and to Hernando County by Oct 2004.
In all, the wasps were reported from 22 counties
by Jun 2005. Wasps observed at 

 

S. verticillata

 

plots in Puerto Rico have not yet been confirmed
as 

 

L. bicolor

 

.

 

Larra bicolor

 

 feeds at nectaries of plants in ad-
dition to 

 

S. verticillata 

 

and could have used them
to disperse widely in northern Florida. However,
the duration of visits to 

 

S. verticillata

 

 compared
with 4 other plants, 

 

Conoclinium coelestinum

 

 (L.)
DC, 

 

Elephantopus elatus 

 

Bertol., 

 

Passiflora coc-
cinea

 

 Aubl., and 

 

Solidago fistulosa 

 

Mill., indicated
that 

 

S. verticillata

 

 is significantly more attractive
(Arévalo & Frank 2005). Consequently, plots of 

 

S.
verticillata

 

 are being maintained in Duval, Hills-
borough, and Pasco counties where the wasp is as-
sumed to be present but has not been detected.
Extension agents and master gardeners in 30
counties have each been provided with at least one
potted 

 

S. verticillata

 

 plant to attract the wasps.
Cattle, landscape, turf and allied industries,

and the general public in Florida and Puerto
Rico will benefit greatly by having long term,
cost-effective biological control that minimizes
the damage caused by invasive mole crickets.
Establishing natural enemies that recycle, leav-
ing only periodic pest resurgence in isolated ar-
eas, can eliminate most of the damage caused by
these pests. Nematac®S nematodes persist in ir-
rigated clay loam soils, spread rapidly, induce
high levels of infection, and kill pest mole crick-
ets. The nematodes can be applied in strips from
which they will move to fill the gaps, thus reduc-
ing the cost to 1/8 as much as broadcast applica-
tions. Hopefully, the wasp will function addi-
tively with the nematode to reduce mole cricket
populations. The wasps will forage for mole
crickets more effectively if 

 

S. verticillata

 

 plants
are available as a source of nectar. The long-term
financial and environmental costs of this biolog-
ical approach to mole cricket management will
be much less than continued reliance on chemi-
cal insecticides.
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A

 

BSTRACT

 

Taylor’s power law and Iwao’s patchiness regression were used to analyze spatial distribution
of eggs of the Diaprepes root weevil, 

 

Diaprepes abbreviatus

 

 (L.), on silver buttonwood trees,

 

Conocarpus erectus

 

, during 1997 and 1998. Taylor’s power law and Iwao’s patchiness regres-
sion provided similar descriptions of variance-mean relationship for egg distribution within
trees. Sample size requirements were determined. Information presented in this paper
should help to improve accuracy and efficiency in sampling of the weevil eggs in the future.

Key Words: Diaprepes root weevil, eggs, within-plant distribution

R

 

ESUMEN

 

Se utilizaron la ley de Taylor y la regresion de Iwao para analizar la distribución de los huevos
del picudo Diaprepes, 

 

Diaprepes abbreviatus

 

 (L.) en arboles de botón plateado, 

 

Conocarpus erec-
tus

 

. Los estudios fueron realizados durante 1997 y 1998. Tanto la ley de Taylor como la regres-
sion de Iwao dieron resultados similares en cuanto a la relacion de la varianza y el promedio
para la distribución de huevos del picudo en los arboles. Se determinaron los requerimentos del
tamaño del número de muestras. En un futuro, la informacion que se presenta en este artículo
puede ayudar a mejorar la eficiencia del muestreo de huevos de este picudo.

 

Translation provided by the authors.

 

The Diaprepes root weevil, 

 

Diaprepes abbre-
viatus 

 

(L.) (Coleoptera: Curculionidae) is an im-
portant pest of citrus, ornamentals, and root
crops in Florida (Woodruff 1964; Simpson et al.
1996). Injury caused by the Diaprepes root weevil
is a result of larval feeding of the roots as well as
leaf feeding by adults. The biology of the insect
has been studied since the early 1930s (Wolcott
1933, 1936), followed by other biological studies
(e.g., Beavers & Selhime 1975; Lapointe & Sha-
piro 1999; Quintela et al. 1998; Rogers et al. 2000;
Lapointe 2001). Female weevils oviposit on foli-
age by gluing their eggs between leaves. Neonates
fall to soil surface and eventually become estab-
lished in the soil until adulthood (Wolcott 1933).
Previous research on the dynamics of the Di-
aprepes root weevil has been conducted primarily
on citrus (i.e., Quintela et al. 1998; Nigg et al.
1999) but few studies address its damage and dis-
tribution on other host plants (Mannion et al.
2003). For example, damage on ornamental
plants caused by adult feeding reduces consider-
ably the marketability of the crop. Additionally,
ornamentals may act as reservoirs of eggs and
larvae (Mannion et al. 2003).

Some information is available on the distribu-
tion of adults of the Diaprepes root weevil among
citrus trees (Nigg et al. 1999, 2001, 2002; McCoy
& Simpson 1994) but no information is available
on the distribution of eggs. The objectives of this
study were to determine within-plant spatial dis-
persion of the 

 

Diaprepes 

 

eggs in silver button-
wood, 

 

Conocarpus erectus 

 

L. var. 

 

sericeus 

 

Fors.,
an ornamental plant, and to report numerical
sampling plans for the egg stage of the Diaprepes
root weevil.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Within-Plant Sampling

 

The study was conducted during 1997 and
1998 in a 1 ha field-grown ornamental nursery in
Homestead, Miami-Dade County, Florida. The
field contained a mixture of ornamental plant
species. Many of them are considered hosts of

 

D. abbreviatus 

 

(silver buttonwood, 

 

Conocarpus
erectus 

 

L. var. 

 

sericeus 

 

Fors.; green buttonwood,

 

C. erectus 

 

(L.); live oak, 

 

Quercus virginiana

 

 Mill;
dahoon holly, 

 

Ilex cassine

 

 L.) (Mannion et al.
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2003). Five silver buttonwood trees and five da-
hoon holly trees were selected randomly, and each
tree was divided into three strata: upper, middle,
and lower, approx. 2.7-3.9, 1.4-2.6, and 0.2-1.3 m
from the ground, respectively. Five 40-50-cm-long
branches per stratum per tree were randomly se-
lected monthly and all leaves counted per branch.
The number of egg masses present per branch
was recorded. Means and variances of counts of
eggs were calculated for each tree stratum. Peri-
odically egg samples were held in 5-mL vials for
hatching, and larvae were reared and identified
(Quintela et al. 1998).

 

Statistical Analysis

 

The statistical distribution of counts of eggs in
relation to sampling unit was examined with Tay-
lor’s (Taylor 1961) power law and Iwao’s (Iwao
1968) patchiness regression. Taylor’s power law
expresses the functional relationship between the
variance (s

 

2

 

) and the mean (µ) as (s

 

2

 

) = 

 

aµ

 

b

 

 

 

. The co-
efficient 

 

a 

 

and the exponent 

 

b 

 

are estimated by a
linear regression of log 

 

s

 

2 

 

on log

 

 x 

 

where 

 

s

 

2 

 

and 

 

x

 

are the sample variance and the sample mean, re-
spectively. The parameter 

 

b 

 

is a measure of aggre-
gation, and the parameter 

 

a 

 

is a scaling factor re-
lated to the sampling procedure, and sample unit
employed. The Iwao patchiness regression relates
mean crowding [

 

m

 

*

 

 = 

 

x 

 

+ (

 

s

 

2

 

/

 

x

 

) – 1] and 

 

x 

 

by simple
linear regression as 

 

m

 

*

 

 = 

 

α

 

 + 

 

β

 

x 

 

. The intercept 

 

α

 

is an index of contagion and the slope 

 

β

 

 is a mea-
sure of aggregation as the exponent 

 

b 

 

in the Tay-
lor power law (Iwao 1968).

The coefficients from Taylor power law regres-
sion were used to determine sample size require-
ments necessary for estimating population means
for each plant species with fixed levels of preci-
sion. Precision was defined as 

 

D 

 

= 

 

s

 

x

 

/x, 

 

where 

 

s

 

x

 

 is
the standard error of the mean. Estimators with
standard errors of 10 and 25% were chosen for
this study. The number of samples necessary to
estimate the mean with fixed precision was deter-
mined by solving for 

 

n

 

 = 

 

ax

 

(b-2)

 

/D

 

2

 

 where 

 

a

 

 and 

 

b

 

are coefficients obtained from Taylor power law
regression.

R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

 

Buttonwood is a low-branching evergreen tree
with terminal clusters of leaves and sylleptic
branches that are formed on vigorous shoots, pro-
viding a renewal of leaves through the year (Tom-
linson 1980). The average number of leaves per
branch was 191.0 ± 7.79 and 82.0 ± 24.65 during
the spring and winter, respectively. Therefore, we
inspected an average of 1,245-3,000 leaves for the
5 sampled trees during each sampling date. Only
Diaprepes root weevil adults, not other weevils,
were observed in either silver buttonwood and
dahoon holly. All emerging larvae from collected

eggs were identified as 

 

D. abbreviatus. 

 

There was
no relationship between leaf abundance per
branch and number of egg masses (

 

F

 

 = 2.09, 

 

df

 

 =
19, 

 

P

 

 < 0.16, 

 

r

 

2

 

=0.10). The highest numbers of egg
masses in silver buttonwood occurred from Jan to
Apr 1997 and Jan to Mar 1998 . Less than 2 egg
masses per branch were recorded from May
through Oct 1997 and from Apr to Oct 1998
(Fig. 1). No eggs were recorded during Nov and
Dec. Higher numbers of egg masses (mean ± SE =
2.4 ± 0.14) were recorded in silver buttonwood
than in dahoon holly (0.010 ± 0.0095) (

 

F

 

 = 69.46;

 

df

 

 = 1, 378; 

 

Pr

 

 >

 

 F

 

 = 0.0001). Therefore, it appears
that silver buttonwood is more favorable for ovi-
position than dahoon holly.

 

Within-Tree Sampling

 

The mean egg mass count per branch for each
tree stratum provided information on the reliabil-
ity of each stratum as a potential sampling unit.
More egg masses (mean ± SE = 2.9 ± 0.39) per
branch were found on the upper stratum than on
the lower one (1.8 ± 0.23) (

 

F

 

 = 3.5, 

 

df

 

 = 261, 

 

P

 

 <
0.05), however, the number of egg masses in the
upper stratum was not different from the middle
(2.1 ± 0.23). Estimates of indices of dispersion
were calculated for silver buttonwood as shown in
Table 1. Both the Taylor’s power law regression
and Iwao patchiness regression provided similar
coefficients of determination (

 

r

 

2

 

) for egg masses in
silver button wood; 

 

r

 

2 

 

= 0.94 and 

 

r

 

2 

 

= 0.92, respec-
tively. According to Taylor’s power law, egg
masses were aggregated within canopy strata
when they are deposited in silver button wood (

 

a

 

= 0.34, 

 

b

 

 = 1.21, 

 

r

 

2 

 

= 0.98). A significant difference
was detected for the 

 

b

 

 value by Student 

 

t

 

-test.
Both Taylor’s power law regression and Iwao
patchiness regression indices indicated aggre-
gated spatial pattern in the upper (

 

b 

 

= 1.33; _ =
1.55) and middle canopies (

 

b

 

 = 1.09; 

 

β

 

 = 1.15),

Fig. 1. Seasonality of oviposition of D. abbreviatus in
silver buttonwood, 1997-1998 in Homestead, FL.
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whereas a random spatial pattern (

 

b 

 

< 1) was re-
corded from the lower canopy (

 

b

 

 = 0.82; 

 

β

 

 = 0.86)
(

 

t = 3.44, df = 20, P = 0.003).
Sample size curves for fixed levels of precision

for sampling Diaprepes root weevil eggs in silver
buttonwood are shown in Fig. 2. Mean sample
sizes needed for a precision level of 0.25 were 19
branches for silver buttonwood when the average
egg mass is near 0.20 egg masses per branch.
When egg mass densities were low, numerous
samples are required to estimate egg mass den-
sity with a degree of precision of 0.10.

It appears that in silver buttonwood more eggs
are deposited during winter and early spring
than at other times of the year. According to
Schroeder and Sutton (1977) and Lapointe
(2001), Diaprepes root weevils prefer to deposit
eggs on more mature and expanded citrus leaves.
Silver buttonwood is a bushy type tree. Silver but-
tonwood hardened mature leaves are present
throughout the canopy. Mature leaves of silver
buttonwood in the upper and middle canopy
strata are flatter than mature leaves in the lower
canopy stratum, which tend to curve inward and
are regularly covered with sooty mold.

Sampling procedures for egg masses will de-
pend on the host plant species. According to Tay-
lor’s power law, eggs are aggregated in their spa-
tial patterns for silver buttonwood. The cause of
aggregation of the Diaprepes root weevil egg
masses in silver buttonwood could be attributed

to the active aggregation of adults in the upper
and middle stratum of the canopy (D.A., unpub-
lished data). Dispersion of pest populations is an
important aspect of population biology because it
is a result of the interaction between individuals
and their habitat (Sevacherian & Stern 1972).
Knowledge of this dispersion allows a better un-
derstanding of the relationship between an insect
and its environment, and provides basic informa-
tion for interpreting spatial dynamics, designing
efficient sampling programs for population esti-
mation and pest management (Sevacherian &
Stern 1972). The numerical sampling approach
and the options for estimating densities of r2 eggs
should provide guidance for monitoring Di-
aprepes root weevil infestation in silver button-
wood in Florida. More studies are needed to de-
termine Diaprepes root weevil egg mass distribu-
tion in other host plants.
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A

 

BSTRACT

 

Torpedograss, 

 

Panicum repens

 

 L., is an adventive, rhizomatous grass species that has be-
come an invasive weed of terrestrial, wetland, and aquatic environments in tropical and sub-
tropical regions worldwide. Until recently, strategies for controlling torpedograss in the USA
have focused almost exclusively on mechanical and chemical methods, either alone or in
combination, with varied results. A survey of the arthropods and nematodes currently asso-
ciated with the plant in Lake Okeechobee, Florida, was conducted as part of a feasibility
study to determine whether torpedograss is an appropriate target for a classical biological
control program. Overall, approximately 4,000 arthropods and 400 nematode specimens
were collected. Sweep, clipped vegetation, and soil core samples were dominated by repre-
sentatives of the arthropod orders Hemiptera, Hymenoptera, Diptera, and Acari. Lesion
nematodes of the genus 

 

Pratylenchus

 

 were commonly associated with the roots of torpe-
dograss. None of the organisms collected were torpedograss specialists. Although classical
biological control of torpedograss is feasible based on the extent of the infestation, economic
losses, resistance to conventional controls, and the report of a potentially host specific natu-
ral enemy in India, the botanical position of this grass weed will require a formal risk as-
sessment before proceeding with a classical biological control program.

Key Words: invasive weed, herbivory, domestic survey, weed biocontrol

R

 

ESUMEN

 

La conota, 

 

Panicum repens

 

 L., es una especie foránea de pasto que produce rizomas que ha
convertido en ser una maleza invasora de ambientes terrestres, pantanosos y acuáticos en
regiones tropicales y subtropicales en todo el mundo. Hasta hace un tiempo reciente, las es-
trategias para controlar conota en los EEUU eran enfocadas casi exclusivamente en los mé-
todos mecánicos y químicos, solos o en combinación, con resultados variables. Un muestreo
de los artrópodos y nematodos asociados corrientemente con esta planta en el Lago de Okee-
chobee, Florida, fue realizado como parte de un estudio de factibilidad para determinar si co-
nota es una candidata apropiada para un programa de control biológico clásico. En general,
especimenes de aproximadamente unos 4,000 artrópodos y unos 400 nematodos fueron re-
colectados. Muestras recolectadas pasando una red sobre vegetación mezclada, cortando la
vegetación y tomando centros del suelo fueron dominados por representantes de artrópodos
de los ordenes de Hemiptera, Hymenoptera, Diptera, y Acari. Nematodos en el género 

 

Praty-
lenchus,

 

 que causan lesiones sobre tejido, fueron asociados regularmente con las raíces de co-
nota. Ninguno de los organismos recolectados eran especialistas sobre conota. Aunque el
control biológico clásico de la conota es factible basado sobre la magnitud de la infestación,
las perdidas económicas, la resistencia hacia los métodos de control convencionales y el in-
forme en la India de un posible enemigo natural especifico a esta planta, la posición botánica
de este pasto maleza requiere una evaluación de riesgo económico formal antes de continuar

 

con un programa de control biológico clásico.

 

Panicum repens

 

 L., or torpedograss, is a rhi-
zomatous graminaceous weed of 17 crops in 27
countries (Holm et al. 1977; Murphy et al. 1992).
Torpedograss is one of the most invasive non-na-
tive, perennial grass species of terrestrial, wet-
land and aquatic natural areas in tropical and
subtropical regions worldwide (Sutton 1996). It
occurs throughout the tropics and subtropics from
approximately 43° North latitude to 35° South
latitude (Holm et al. 1991). The native range of
torpedograss includes Europe (Tarver 1979),
tropical and north Africa, the Mediterranean

(Waterhouse 1994), the Arabian Peninsula, Ar-
gentina, Israel (Holm et al. 1977), and Australia
(Hoyer et al. 1996).

Torpedograss was introduced into the south-
eastern United States as a cattle forage grass in
the late 19th century (Tarver 1979). It eventually
escaped cultivation and thrives in a variety of ag-
ricultural and natural settings in Alabama, Cali-
fornia, Florida, Hawaii, Louisiana, Mississippi,
and North and South Carolina (USDA, NRCS
2004), where it interferes with flood control, nav-
igation, recreation, turf production, and irriga-
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tion (Shilling & Haller 1989; Willard et al. 1998).
First reported from Mobile, Alabama, in 1876
(Beal 1896; Yarlett 1996), torpedograss appar-
ently was not common in Florida until the 1920s
(Kretchman 1962). By 1950, it was widely planted
in south Florida (Hodges & Jones 1950), where it
eventually formed monocultures that replaced
native vegetation (Shilling & Haller 1989; Bodle
& Hanlon 2001). Currently, torpedograss is listed
by the Florida Exotic Pest Plant Council as a Cat-
egory I invasive species because of its ability to in-
vade and alter native plant communities
(FLEPPC 2005).

With the exception of some golf courses and cit-
rus groves that have become infested in Florida
(Kretchman 1962; Fleming et al. 1978; Baird et al.
1983), torpedograss typically is a perennial weed of
uncultivated riparian habitats such as ditch banks
and littoral zones of Florida’s canals, rivers, and
lakes. Schardt & Schmitz (1991) reported that
Florida spends up to $2 million annually to man-
age torpedograss infestations in its flood control
structures. Found in over 70% of the state’s public
water bodies, the largest infestation of torpe-
dograss (nearly 6,000 ha) occurs in Lake
Okeechobee (Schardt 1994; Bodle & Hanlon 2001).

The absence of host specific herbivores and dis-
eases in the introduced range of torpedograss may
be one of the factors contributing to the plant’s in-
vasiveness in Florida and is consistent with the
‘enemy release hypothesis’ (Williams 1954; Keane
& Crawley 2002). The objectives of this study were
to conduct a domestic survey of the arthropods and
nematodes associated with torpedograss in Flor-
ida’s Lake Okeechobee watershed, and assess the
suitability of this invasive grass species as a target
for classical biological control. By surveying the or-
ganisms currently using torpedograss as a host
plant, potentially vacant niches of the plant may
be identified and perhaps eventually exploited by
host specific natural enemies.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

In Aug 2002, three semi-permanent transects
were established along the northwest shoreline of
Lake Okeechobee, Glades County, Florida, in the
vicinity of the Indian River Canal, bridge C-40,
1.6 km from Highway 78, near the Indian River
Campground. The survey area was dominated by
torpedograss mixed with a little sand cordgrass,

 

Spartina bakeri

 

 Merr., and several unidentified
forbs. The specific location was geo-referenced
with a handheld GPS unit; coordinates for locat-
ing the survey area were N27.064° W80.976°. The
environmental conditions at the survey area (e.g.,
water depth and air temperature) as well as tor-
pedograss height were recorded each time the site
was visited from Sep 2002 through Jan 2003.

The 3 parallel transects were placed approxi-
mately 100 m apart. Each transect was 75 m in

length and was orientated in a southwest direc-
tion from the shoreline. Sampling points were es-
tablished at 5-m intervals, so that each transect
produced 15 samples for each of 3 sampling meth-
ods (sweep, clip, and core). Sampling points were
demarcated with engineer’s flags; each flag was
labeled either A, B, or C to identify the transect
and numbered 1-15. Because of time and financial
constraints, only 1 transect was sampled on each
sample date. During the course of this short-term
study, transect A was sampled twice (14-IX-2002
and 10-XI-2002), transect B was sampled twice
(28-IX-2002 and 23-XI-2002), and transect C was
sampled once (27-X-2002). Only one series of sam-
ples was collected along transect C because the
survey site was completely flooded during the
month of Dec. The sweep, clip, and core samples
were collected from Sep through Dec. The ratio-
nale for using different sampling methods was to
ensure that each available niche was adequately
surveyed for the presence of arthropods and nem-
atodes associated with torpedograss.

 

Sweep Samples

 

For each transect, sweep samples (

 

n

 

 = 15) were
collected first to capture highly mobile arthropods
associated with the plant that would otherwise
escape from subsequent human activity. The pro-
cedure for collecting the sweep samples was as
follows: With a standard entomological sweep net
the investigator walked at a normal pace, and
took 20 sweeps of the net for each 5-m interval,
approximately 2 to 4-m on the left side of each
transect. Sweep samples were taken as close to
the water surface as possible. After each sample
was collected, the content of the sweep net was
transferred to a labeled Minigrip® plastic bag
(35.6 

 

×

 

 70.0 cm; 14” 

 

×

 

 24”) and placed in a ice
chest; this process was repeated along the entire
transect.

Sweep samples were stored in a laboratory
freezer until they could be processed; usually 2-
5 d after the samples were collected. The sweep
samples were processed in the following manner:
Plastic bags containing the sweep samples were
removed from the freezer, rinsed with hot tap wa-
ter, and poured into a 19.0-L (5-gal) bucket.
Larger pieces of vegetation and detritus (those
that would not readily fit into collection jars) were
manually removed and rinsed into the bucket.
The contents of the bucket were poured through
420-micron/.0165-in sieve, and the strained mate-
rial was preserved in 80% denatured ethanol for
microscopic examination.

 

Clip Samples

 

From 2 to 4 m on the right side of each transect,
a 0.5 m

 

2

 

-PVC quadrate was randomly placed
within each 5-m interval and 1 large handful of
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torpedograss was clipped to the base of grass (the
base being submerged) with a hand held clippers.
A clip sample was collected for each 5-m interval,
transferred to a Minigrip® plastic bag, labeled,
and placed in the ice chest. To conserve space,
each plastic bag was partially submerged to re-
duce the air and create a vacuum seal.

Clip samples were placed in a walk-in cooler in
the laboratory until processed. The clipped stems,
leaves, and panicles of each torpedograss sample
were removed from the plastic bag, clipped in half
or trimmed to fit inside a 19.0-L (5-gal) bucket, if
necessary. The plastic bag was rinsed with hot tap
water and the contents also poured into the
bucket. This process was repeated until no visible
vegetation/detritus remained in the bag. Each
bucket was then filled to about one-third of its ca-
pacity with hot tap water and a small amount of
liquid detergent (approximately 5-10 drops) was
added as a surfactant to separate the arthropods
from the vegetation. The vegetation was sub-
merged and stirred by hand and allowed to soak
while performing the same procedure on 4 addi-
tional samples. The bucket containing the first
sample was then placed in a laboratory sink where
the larger pieces of vegetation were removed and
rinsed into the bucket. The contents of each bucket
were poured through the same 420-micron sieve
used for processing sweep samples and the
strained material was preserved in 80% denatured
ethanol for subsequent microscopic analysis.

 

Core Samples

 

To survey arthropod and nematode fauna asso-
ciated with the roots of torpedograss, 2 soil core
samples were collected at each 5-m interval (

 

n

 

 =
30) along the transects on each sampling date
with a Par Aide® mechanical corer; the dimen-
sions of the cutting surface were 15 cm diam. 

 

×

 

 10
cm height. Both soil core samples were extracted
from the quadrate where the clip samples were
taken. Because the soil was completely hydrated,
the cores consisted primarily of torpedograss
roots and rhizomes.

In the laboratory, 1 set of core samples (

 

n

 

 = 15)
was placed directly into Berlese funnels set up
under 60-75-watt bulbs for approximately 2
weeks or until the soil containing torpedograss
roots was completely dry. Berlese samples were
processed by pouring the contents of the collect-
ing containers through the 420-micron sieve,
rinsing the sample with deionized water, and pre-
serving the contents in 80% denatured ethanol for
subsequent microscopic analysis. The second set
of core samples was taken directly to the Univer-
sity of Florida Nematode Assay Lab, Gainesville,
FL, for extraction and identification of plant par-
asitic nematodes attacking the roots and rhi-
zomes of torpedograss. Only 3 sets of core samples
were collected during the course of this study (14-

IX, 28-X, and 10-XI-2002) because the site was
completely flooded in Dec.

When possible, the invertebrates associated
with torpedograss were identified to species and
identifications were confirmed by specialists at
the Florida State Collection of Arthropods
(FSCA), Division of Plant Industry (DPI), Gaines-
ville, Florida. Identification to genus or species for
some groups not known to exhibit herbivory and
considered to be transient was not attempted, al-
though a few individuals were determined to ge-
nus or species based on the ease of identification
and available keys. All alcohol and pinned speci-
mens were deposited in the FSCA as a voucher
collection labeled: 2002 Torpedograss Survey,
James P. Cuda. Nematodes were discarded after
extraction and identification.

The geographical origin of torpedograss and
the existence of potential arthropod natural ene-
mies were determined from the published litera-
ture. Documents containing information on what
is known about the weed, including its biosystem-
atics, distribution, economic importance (undesir-
able and beneficial attributes), ecological value,
and potential natural enemies were examined.
The scoring system of Peschken & McClay (1995)
was used to determine the suitability of torpe-
dograss as a possible target for classical biological
control. The Peschken-McClay scoring system con-
sists of 2 sections. The first section examines vari-
ous economic aspects of the target weed in the fol-
lowing 6 categories: economic losses, infested
area, expected spread, toxicity, available means of
control, and beneficial aspects. The second section
focuses on biological aspects of the target weed in
12 categories: infraspecific variation, geographical
area where weed is native, relative abundance,
success of biological control elsewhere, number of
known agents, habitat stability, and number of
economic, ornamental and native species in the
same genus/tribe. A numerical score was selected
and then assigned to each category based on the
information available in the published literature.
A total score was obtained by adding together the
individual scores in both sections.

R

 

ESULTS

 

Overall, the environmental conditions ob-
served during the course of this study were con-
ducive to normal growth of torpedograss. The
height of the torpedograss measured from the
surface of the water ranged from a maximum of
63.5 cm during the Sep and Nov surveys but even-
tually declined to only 6.4 cm in Jan, when the
water level reached a maximum depth of 58.4 cm.
The ambient temperature remained relatively
constant during the first 4 site visits (26.7°C in
Aug to 29.4°C in early Nov 2002) but dropped to
18.3°C in late Nov before increasing again to
21.1°C in Jan 2003.
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The results of the above-and below-ground
vegetation surveys are presented in Tables 1 and
2. In total, 3,826 arthropod specimens represent-
ing 12 orders, 37 families and 54 genera were col-
lected during the course of this limited study. Of
this total, 3,096 arthropods (81%) were collected
in the sweep samples, 318 (8%) in the clipped veg-
etation samples, and 412 (11%) in the core sam-
ples. Two arthropod Classes (Insecta and Arach-
nida) were well-represented in this survey. Three
insect Orders (Hemiptera 

 

sensu lato

 

 including
Homoptera = Auchenorrhyncha and Sternorrhyn-
cha, Diptera, and Hymenoptera) and 2 arachnid
Orders (Araneae and Acari) dominated the sam-
ple collections.

Sweep net samples contained a higher propor-
tion of Hemiptera and Diptera (47.5 and 29.4%,
respectively) relative to the clipped vegetation
(32.4 and 18.2%) and core samples (0.7 and
21.1%). Virtually all of the Auchenorrhyncha in
the sweep samples were identified as leafhoppers
(Family Cicadellidae) and were categorized as
abundant (Table 1). Although these leafhoppers
were occasionally quite numerous in the samples
and capable of vectoring plant diseases, they ap-
parently are incapable of controlling torpedograss.

Torpedograss also serves as an alternate host
for several common economic pests in the Order
Hemiptera. Although not as abundant as the leaf-
hoppers, two species in the hemipteran superfam-
ily Lygaeoidea (

 

Blissus insularis

 

 Barber and

 

Neopamera bilobata

 

 (Say)) were commonly col-
lected in the sweep net samples (Table 1), and also
accounted for the relatively high percentage of the
hemipterans in the clipped vegetation samples.
The southern chinch bug, 

 

B. insularis

 

, not only at-
tacks torpedograss and other grass species (Slater
& Baranowski 1990), but is one of most economi-
cally important pests of St. Augustinegrass,
(

 

Stenotaphrum secundatum

 

 (Walt.) Kuntze), in
Florida (Kerr 1966; Reinert 1972; Cherry & Na-
gata 1997). 

 

Neopamera bilobata

 

 (Rhyparochromi-
dae) also is not specific to torpedograss. It attacks
other non-grass plants and occasionally is consid-
ered a pest of strawberries (Brooks & Watson
1932; Slater & Baranowski 1990).

Clipped vegetation samples contained a sub-
stantial number of red imported fire ants, 

 

Sole-
nopsis invicta

 

 Buren (Hymenoptera: Formicidae)
(Table 1), which accounted for a greater propor-
tion of Hymenoptera (21.1%) in these samples
compared to the sweep net (4.8%) or core samples
(10.0%). Red imported fire ants often bivouacked
in large masses on the aerial stems of torpe-
dograss when the site was flooded. Therefore, the
success of an arthropod introduced for biological
control of torpedograss may depend upon its abil-
ity to avoid predation by this invasive ant species.
For example, recent studies have shown that fire
ants prevented natural enemies from establish-
ing persistent populations on the aquatic weeds

waterlettuce, 

 

Pistia stratiotes

 

 L. and mosquito
fern, 

 

Azolla caroliniana

 

 Willd. (Dray et al. 2001;
Cuda et al. 2004).

An unidentified soil mite of the genus 

 

Eremo-
belba

 

 Berlese (Acari: Oribatida: Eremobelbidae)
was the dominant arachnid collected in the core
samples, accounting for 40.3% of the total speci-
mens. Despite the large number of mites collected
in the survey, they had no visible effect on torpe-
dograss growth or survival because 

 

Eremobelba

 

mites are fungivores that feed on dead or growing
microflora of decaying plant tissue (Hartenstein
1962). It is noteworthy that the rhizomes of torpe-
dograss apparently were devoid of any mining or
burrowing damage from soil inhabiting arthro-
pods. This finding is attributed to the hydrated
soil conditions at the site, and suggests that per-
haps an endophagous rhizome feeder could ex-
ploit this vacant niche.

Nine nematode genera were extracted from
the core samples (Table 2). The most abundant
nematode type associated with the roots of torpe-
dograss belonged to the genus 

 

Pratylenchus

 

. This
nematode accounted for 86.5% of the total num-
ber extracted, with an average of 118.3 ± 54.2 per
core sample. Nematodes of this genus are com-
monly referred to as lesion, root-lesion, or
meadow nematodes, and are the causative agents
of brown root rot in a variety of host plants
(Christie 1959). All soil stages of 

 

Pratylenchus

 

nematodes (juveniles and adults) infect plant
roots by burrowing inside the root tissue.
Whether this particular species of lesion nema-
tode is specific to torpedograss or is capable of
severely damaging the roots is unknown.

D

 

ISCUSSION

 

Although a diverse arthropod and nematode
fauna is associated with torpedograss in Lake
Okeechobee, FL, this invertebrate complex does
not appear to visibly damage the plant. Most of
these organisms are generalist herbivores and
are probably using torpedograss as an incidental
rather than a primary host. Because this survey
was conducted over a short time period (<1 year)
due to limited resources, it is unknown whether
there are seasonal differences in the invertebrate
fauna associated with torpedograss at this site.

Torpedograss is difficult to control with physi-
cal, chemical, and mechanical control methods
(Shilling & Haller 1989; Smith et al. 1993; Bodle
& Hanlon 2001). In addition to being non-selec-
tive and expensive, conventional weed manage-
ment practices rarely provide long-term control of
torpedograss in most situations (Willard et al.
1998). In order to achieve effective long-term sup-
pression of torpedograss in Florida and other
southeastern states, all available management
options should be considered including classical
biological control.
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Taxonomy
 Approx.

abundance
Trophic

level

 

1

 

Comments/host

 

PARAINSECTA

Collembola

 

Poduridae

 

Podura aquatica

 

 Linnaeus R Scavenger? —

 

INSECTA

Odonata

 

 (adults only)
Coenagrionidae

 

Enallagma civile

 

 (Hagen) C Predator —

 

Nehalennia pallidula

 

 Calvert C Predator —

 

Orthoptera

 

Acrididae

 

Achurum carinatum

 

 (F. Walker) C Plant-feeder —

 

Paroxya atlantica

 

 Scudder C Plant-feeder —
Gryllidae

 

Oecanthus quadripunctatus

 

 Beutenmüller U Plant-feeder —
Tettigoniidae

 

Conocephalus fasciatus

 

 (De Geer) C Plant-feeder —

 

Orchelimum erythrocephalum

 

 Davis C Plant-feeder —

 

Zoraptera

 

Zorotypidae

 

Usazoros hubbardi

 

 Caudell C Fungal-
feeder?

—

 

Mantodea

 

Mantidae

 

Brunneria borealis

 

 Scudder R Predator —

 

Blattodea

 

Blattellidae

 

Blattella asahinai

 

 Mizukubo U Scavenger —

 

Hemiptera

 

 (includes Homoptera)
(Heteroptera)
Alydidae

 

Alydus pilosus

 

 Herrich-Schaeffer U Sap-feeder Hosts include legumes
Blissidae (Lygaeoidea)

 

Blissus insularis

 

 Barber A Sap-feeder Grass pest
Rhyparochromidae (Lygaeoidea)

 

Neopamera bilobata

 

 (Say) C

 

 

 

Strawberry pest
Pentatomidae

 

Oebalus pugnax

 

 (Fabricius) C Sap-feeder? Rice pest
Reduviidae

 

Zelus tetracanthus

 

 Stål R Predator —

 

Zelus

 

 sp. R Predator —
Scutelleridae

 

Sphyrocoris obliquus

 

 (Germar) R Sap-feeder —
Thyreocoridae

 

Corimelaena

 

 sp. R Sap-feeder —

 

Codes:
Approximate Abundance: R = Rare-collected 3 times or less; U = Uncommon-collected 4-10 times; C = Common-collected regu-

larly; and A = Abundant-numerous specimens collected on some occasions

 

1

 

Trophic level information for herbivorous species does not imply that species included on this list were actually observed using
torpedograss as a food source.

References: Chan et al. 1991; Goulet & Huber 1993; Schuh & Slater 1995; Peck & Thomas 1998; Childers & Bullock 1999; Menke
et al. 1999; Peck et al. 2001; Arnett et al. 2002; RiceDoctor 2003; Cranshaw 2004; Triplehorn & Johnson 2005. 
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(Auchenorrhyncha)
Cercopidae

Prosapia bicincta (Say) R Sap-feeder Ornamental, turf pest
Cicadellidae

Chlorotettix sp. A Sap-feeder Hosts include clover
Draeculacephala producta (Walker) A Sap-feeder Plant disease vector?
Draeculacephala septemguttata (Walker) A Sap-feeder —
Graminella sp. A Sap-feeder Hosts include turfgrass, corn
Gypona sp. A Sap-feeder Plant disease vector?

Delphacidae
Delphacodes sp. C Sap-feeder —

Dictyopharidae
Rhynchomitra sp. R Sap-feeder —

Derbidae
Cedusa sp. C Sap-feeder —

(Fulgoroidea) 
Flatidae

Cyarda sp. U Sap-feeder —
Issidae

Bruchamorpha sp. R Sap-feeder —
Membracidae

Stictocephala lutea (Walker) C Sap-feeder —
(Sternorrhyncha)
Aphididae

Hysteroneura setariae (Thomas) U Sap-feeder Plant disease vector/hosts include 
corn

Rhopalosiphum maidis (Fitch) U Sap-feeder Plant disease vector/hosts include 
many Gramineae

Sipha flava (Forbes) U Sap-feeder Plant disease vector/hosts include 
sugarcane

Tetraneura nigriabdominalis (Sasaki) U Sap-feeder Plant disease vector/feeds on roots of 
rice,soybean, onion and various 
grasses including Panicum spp.

Thysanoptera
Phlaeothripidae

Haplothrips sp. C Predator? —
Thripidae

Frankliniella occidentalis (Pergande) C Sap-feeder Plant disease vector/greenhouse pest
Frankliniella bispinosa (Morgan) C Sap-feeder Vegetable crop pest (includes citrus)

Coleoptera (adults only)
Buprestidae

Agrilus sp. C Plant-feeder Larvae are wood-borers
Cleridae

Isohydnocera aegra (Newman) R Predator? —
Chrysomelidae

Anisostena lecontei (Baly) R Plant-feeder —
Chalepus bacchus (Newman) R Plant-feeder —
Charidotella sexpunctata bicolor (Fabricius) R Plant-feeder —

TABLE 1. (CONTINUED) CONFIRMED GENUS OR SPECIES OF ARTHROPODS COLLECTED ON TORPEDOGRASS FROM 14 SEP
THROUGH 23 NOV 2002, AND THEIR ABUNDANCE IN THE SWEEP NET, CLIPPED VEGETATION, AND SOIL CORE
SAMPLES. SEE END OF TABLE FOR CODES AND REFERENCES.

Taxonomy
 Approx.

abundance
Trophic

level1 Comments/host

Codes:
Approximate Abundance: R = Rare-collected 3 times or less; U = Uncommon-collected 4-10 times; C = Common-collected regu-

larly; and A = Abundant-numerous specimens collected on some occasions
1Trophic level information for herbivorous species does not imply that species included on this list were actually observed using

torpedograss as a food source.
References: Chan et al. 1991; Goulet & Huber 1993; Schuh & Slater 1995; Peck & Thomas 1998; Childers & Bullock 1999; Menke

et al. 1999; Peck et al. 2001; Arnett et al. 2002; RiceDoctor 2003; Cranshaw 2004; Triplehorn & Johnson 2005. 
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The suitability of torpedograss as a target for
classical biological control based on the numerical
scoring system of Peschken & McClay (1995) is
shown in Table 3. The maximum score attainable
with no known biological control agents is 179.
Torpedograss received a composite score of 154.
By way of comparison, the aquatic weed Hygro-
phila polysperma (Roxb.) T. Anderson, a potential
target for biological control in Florida, received a
total score of 153 (Cuda & Sutton 2000). There-
fore, the results of this objective scoring proce-
dure suggest that torpedograss may be a viable
candidate for classical biological control based on
the economic losses attributed to the weed, avail-

able means of control, the weed’s native range,
and habitat stability.

Because torpedograss reproduces exclusively
by rhizomes (Wilcut et al. 1988) that are resistant
to mechanical or herbicidal controls (Peng & Twu
1979), it may not be able to tolerate the effects of
an endophagous rhizome-attacking natural en-
emy. For example, larvae of the moth Metacram-
bus carectellus (Zeller) (Pyralidae) were discov-
ered feeding only on the rhizomes of johnson-
grass, Sorghum halepense L., in Israel (Gerling &
Kugler 1973). The closely related grain sorghum,
S. bicolor (L.) Moench, was not attacked in the
field by the larvae, presumably because culti-

= Metriona bicolor (Fabricius)
Deloyala guttata (Olivier) R Plant-feeder —
Strabala rufa floridana Blake R Plant-feeder —

Curculionidae
Conotrachelus sp. U Plant-feeder Genus includes deciduous tree pests
Lixus sp. U Plant-feeder Genus includes crop pests and biolog-

ical control species
Sibariops confusa (Boheman) U Plant-feeder Hosts may include sedges

Latridiidae
Melanophthlama picta LeConte C Fungal-

feeder
—

Mordellidae
Mordellistena sp. R Plant-feeder Larvae are plant borers

Tenebrionidae
Blapstinus fortis LeConte R Scavenger —

Hymenoptera (adults only)
Formicidae

Crematogaster sp. C Scavenger/
predator

Pseudomyrmex brunneus (Smith) C Predator —
Solenopsis invicta Buren A Mainly pred-

ator
—

Diptera (adults only)
Empididae

Syneches simplex Walker R Predator —
Stratiomyidae

Hedriodiscus t. trivittatus (Say) R Nectar-
feeder?

—

ARACHNIDA

Acari
Eremobelbidae

Eremobelba sp. A Scavenger —

TABLE 1. (CONTINUED) CONFIRMED GENUS OR SPECIES OF ARTHROPODS COLLECTED ON TORPEDOGRASS FROM 14 SEP
THROUGH 23 NOV 2002, AND THEIR ABUNDANCE IN THE SWEEP NET, CLIPPED VEGETATION, AND SOIL CORE
SAMPLES. SEE END OF TABLE FOR CODES AND REFERENCES.

Taxonomy
 Approx.

abundance
Trophic

level1 Comments/host

Codes:
Approximate Abundance: R = Rare-collected 3 times or less; U = Uncommon-collected 4-10 times; C = Common-collected regu-

larly; and A = Abundant-numerous specimens collected on some occasions
1Trophic level information for herbivorous species does not imply that species included on this list were actually observed using

torpedograss as a food source.
References: Chan et al. 1991; Goulet & Huber 1993; Schuh & Slater 1995; Peck & Thomas 1998; Childers & Bullock 1999; Menke

et al. 1999; Peck et al. 2001; Arnett et al. 2002; RiceDoctor 2003; Cranshaw 2004; Triplehorn & Johnson 2005. 
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vated sorghum lacks rhizomes. Moreover, an in-
ternal rhizome feeder would be able to survive the
flood conditions that are conducive to the growth
of torpedograss.

Nevertheless, the botanical position of torpe-
dograss makes this grass weed a high-risk target
for classical biological control (Cuda et al. 2003,
2004). Torpedograss is a member of the grass ge-
nus Panicum, which contains about 400 species
and is the largest genus in the grass family
Poaceae (Cronquist 1981). Grasses are considered
the most important group of plants in terms of
their impact on human society (Cronquist 1981).
They not only provide food for humans and forage
for domestic animals, but form extensive grass-
land ecosystems that support countless grazing
animals and complex food webs.

Clearly, the presence of a large number of na-
tive congeners of torpedograss as well as other
closely related native grasses, including threat-
ened and endangered species and economically
important graminaceous crops plants, will com-
plicate and extend the screening process. Candi-
date arthropods, if they indeed exist, would re-
quire extensive host range testing to ensure that
only torpedograss will be attacked. Finding natu-
ral enemies capable of demonstrating such a high
level of host specificity will be a challenge. How-
ever, torpedograss is a semiaquatic species that is
more likely to harbor specialized feeders com-
pared to upland grasses (Bodle & Hanlon 2001).
Moreover, the recent initiation of classical biolog-
ical control programs against other invasive grass
weeds in the United States, e.g., common reed,
Phragmites australis (Cav.) Trin. ex Steudel
(Blossey et al. 2002); cogongrass, Imperata cylin-
drica (L.) Beauv. (Van Loan et al. 2002); and
cordgrass, Spartina alterniflora Loisel (Wu et al.
1999), suggests that torpedograss could be tar-
geted for biological control.

The phytophagous mite Steneotarsonemus
(=Parasteneotarsonemus) panici (Mohana-
sundaram) (Acari: Tarsonemidae) may be a prom-
ising biological control candidate (Waterhouse
1994). This mite has been recorded attacking only
torpedograss in India where it causes rusting
symptoms beneath the leaf sheaths (Mohana-
sundaram 1984), and has not been reported as a
crop pest (Waterhouse 1994). According to
Lindquist (1986), species of the genus Steneotar-
sonemus generally are restricted to feeding on
monocotyledonous plants (grasses). Also, there is
a report on a related species to suggest that torpe-
dograss may be the only host plant for S. panici.
Field observations by Ho & Lo (1979) indicate
that Steneotarsonemus spinki Smiley, a congener
of S. panici, attacks only rice, Oryza sativa L.
They surveyed over 70 species of plants that grow
in or near rice paddies in Taiwan for the presence
of S. spinki. Of the 44 species comprising the mono-
cot Order Graminales that were examined, includ-
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ing 1 species in the same Tribe as rice (Oryzeae), S.
spinki was found exclusively on rice. Based on the
available evidence, the Indian tarsonemid mite S.
panici is likely to be host specific to torpedograss
and warrants further study as a potential biologi-
cal control agent. By living inside the leaf sheaths
of torpedo grass, S. panici also may be afforded
some protection from fire ant predation.

 Steneotarsonemus panici and other candidate
arthropods would require extensive host range
testing to ensure that only torpedograss will be
attacked. As torpedograss is not reported as a
weed of crops in tropical Africa or the Mediterra-
nean (Holm et al. 1977, 1991; Waterhouse 1994),
these regions also should be extensively surveyed
for other promising natural enemies.

Although biological control is not risk free, the
introduction of host specific arthropod natural en-
emies that are capable of damaging or killing tor-
pedograss can provide a cost effective, long-term
solution to the torpedograss problem in Florida
and other states where this grass weed has be-
come invasive. However, a formal economic and
ecological risk-benefit analysis would have to be
completed if a decision is made to proceed with a
biological control project. Land managers charged
with controlling torpedograss infestations in Flor-
ida, as well as other states where this grass has
become invasive, can use the information pre-

sented here to decide whether public funds should
be allocated to implement a classical biological
control program against this highly invasive weed.
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BSTRACT

 

The residual effects of several reduced-risk and conventional miticides were evaluated in
strawberries (

 

Fragaria x ananassa

 

 Duchesne) on the twospotted spider mite (TSSM), 

 

Tet-
ranychus urticae

 

 Koch (Acari: Tetranychidae) and on 2 predatory mites, 

 

Neoseiulus califor-
nicus 

 

McGregor and 

 

Phytoseiulus persimilis

 

 Athias-Henriot (Acari: Phytoseiidae).
Experiments were conducted in the laboratory and greenhouse. The greenhouse experiments
also tested the direct effects of the miticides on TSSM. The efficacy of conventional and re-
duced-risk miticides was evaluated on strawberry leaf discs and on whole plants for control
of TSSM. Furthermore, the residual effects of these miticides were evaluated on whole straw-
berry plants against selective predatory mites. For TSSM, 5 treatments were evaluated: a
conventional miticide; fenbutatin-oxide (Vendex®) and 3 reduced-risk miticides; binfenazate
(Acramite 50WP®), activated garlic extract (Repel®), sesame seed and castor oil (Wipeout®),
and a water-treated control. For predatory mites, the residual effects of only Acramite® and
Vendex® were evaluated. Acramite® was the most effective acaricide in reducing TSSM pop-
ulations in both the laboratory and greenhouse experiments. Vendex® and Wipeout® were
also effective in the laboratory, but did not cause significant reduction of TSSM in the green-
house. Repel® was the least effective of the 4 pesticides evaluated. Neither Acramite® nor
Vendex® had a significant effect on either predatory mite species. However, there appeared
to be more predatory mites on the Vendex®-treated plants than on the Acramite®-treated
plants. There were significantly more predatory mites of both species on the cue plants,
which were inoculated with TSSM versus the non-cue plants, which were not inoculated.

Key Words: predatory mites, twospotted spider mite, miticides

R

 

ESUMEN

 

Los efectos residuales en poblaciones de la ‘araña roja’, 

 

Tetranychus urticae 

 

Koch (Acari: Te-
tranichidae) y de los ácaros predadores 

 

Neoseiulus californicus

 

 McGregor y 

 

Phytoseilus per-
similis

 

 Athias-Henriot (Acari: Phytoseiidae) causados por varios acaricidas convencionales
y de riesgo-reducido fueron evaluados en fresas (

 

Fragaria x ananassa

 

 Dúchense). Los expe-
rimentos fueron realizados en laboratorio e invernadero. Los experimentos en el inverna-
dero evaluaron también el efecto directo de los acaricidas en la ‘araña roja’. La eficacia para
controlar la ‘araña roja’ de los acaricidas convencionales y de riesgo-reducido fue evaluada
en discos de las hojas y en plantas de fresa, y los efectos residuales de los acaricidas en los
ácaros predadores fueron evaluados en plantas completas. Para la ‘araña roja’ se evaluaron
cinco tratamientos: el acaricida convencional fenbutatin-oxido (Vendex®), 3 acaricidas de
riesgo-reducido binfenazate (Acaramite 50WP®), extracto de ajo activado (Repel®), aceite de
semillas de ajonjolí y ricino (Wipeout ®) y un control tratado con agua. Para los acaros pre-
dadores solamente los efectos de Acaramite® y Vendex® fueron evaluados. Acaramite® fue
el tratamiento mas efectivo para la ‘araña roja’ en el laboratorio y el invernadero. Vendex®
y Wipeout® fueron también efectivos en el laboratorio, pero no causaron una reducción sig-
nificativa de ‘arañas rojas’ en el invernadero. Repel® fue el tratamiento evaluado menos efi-
caz. Ni Acaramite® ni Vendex® redujeron significativamente las poblaciones de ácaros
predadores. Sin embargo, aparentemente hay más ácaros predadores en Vendex® que en
Acaramite®. También se encontraron significativamente más ácaros predadores en plantas
inoculadas que en plantas no inoculadas.

 

Translation provided by the authors.

 

The application of pesticides remains a popu-
lar method for controlling arthropod populations
in many agroecosystems. If used properly, they
can assist in controlling high populations of the

twospotted spider mite (TSSM), 

 

Tetranychus urti-
cae

 

 Koch. However, managing TSSM with pesti-
cidal tactics has led to several problems including
high cost of production and resistance to key aca-
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ricides (Dittrich 1975; Edge & James 1986).
TSSM have no documented resistance to mineral
oils but inadequate coverage can lead to insuffi-
cient control (Amer et al. 2001).

Control of TSSM is warranted in strawberries
since they feed voraciously on the leaves causing
chlorosis, which may significantly affect yields
(Rhodes & Liburd 2006; Sances et al. 1982). Manag-
ing soil moisture has been shown to reduce TSSM
numbers (White & Liburd 2005). However, evidence
is accumulating that more integrated approaches in-
volving the use of reduced-risk acaricides and pred-
atory mites may be a more sustainable approach to
managing TSSM (Rhodes et al. 2006). Identifying ef-
fective reduced-risk pesticides for control of TSSM
and other arthropods is necessary so that more op-
tions are available for inclusion in an integrated
management program (Myers et al. 2006).

Predatory mites have been used to successfully
control TSSM for decades. Two predatory mite
species, 

 

Phytoseiulus persimilis

 

 Athias-Henriot
and 

 

Neoseiulus californicus

 

 McGregor, recently
have been shown to effectively control TSSM in
strawberries in Florida (Rhodes & Liburd 2006;
Rhodes et al. 2006; Liburd et al. 2003). 

 

Phytoseiu-
lus persimilis, 

 

a specialist predator that feeds ex-
clusively on tetranychid mites (Schausberger &
Croft 1999), was imported from Chile and Italy
and released in the US (McMurtry et al. 1978). It
can effectively reduce TSSM populations. How-
ever, once control has been achieved, the low
numbers of TSSM could cause this predatory mite
to disperse or die (Rhodes & Liburd 2006; Jung &
Croft 2001). This may necessitate additional re-
leases if the population of TSSM persists.

 

Neoseiulus californicus

 

 is a generalist preda-
tor that prefers tetranychid mites as prey
(Rhodes & Liburd 2005; Croft et al. 1998). 

 

Neo-
seiulus californicus

 

 persists in agricultural fields
even if mites are not present because it is capable
of surviving on alternative food sources such as
other mites, small insects, and even pollen (Mc-
Murtry & Croft 1997).

Effective control of TSSM may not be achieved
by using a single control tactic (Rhodes & Liburd
2006; Kim & Seo 2001). Combining tactics involv-
ing reduced-risk pesticides and selective releases
of predatory mites may yield more acceptable con-
trol of TSSM while maintaining predatory mite
populations in the field (Rhodes et al. 2006; Spol-
len & Isman 1996; Hoy & Ouyang 1986; Hoy &
Cave 1985). Our goal was to determine the direct
and residual effects of several miticides on 2 pred-
atory mite species and the twospotted spider mite.

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Twospotted Spider Mite

 

Colony. A TSSM colony reared on strawberries
(c.v. Sweet Charlie in laboratory experiments and

c.v. Festival in greenhouse experiments) was
maintained in the laboratory to ensure that only
TSSM predisposed to strawberries were used in
the experiments. The colony consisted of mite-in-
fested strawberry plants that were kept under
14:10 light:dark regime at a temperature of ~27°C
with 65% RH. Plants were watered twice weekly.

Laboratory.

 

 

 

Strawberry plants, c.v. Sweet
Charlie, were grown in pots with a diameter of
15 cm in the Fruit and Vegetable IPM green-
house at the University of Florida in Gainesville,
Florida. Plants were grown according to stan-
dard greenhouse production practices. No pesti-
cides were applied, but plants received fertilizer
NPK 10:10:10 once every 6 weeks. Plants were
approximately 25 cm in height when leaves were
detached. All leaves used were screened for
twospotted spider mite and other mites and in-
sects by examining each leaf under a dissecting
microscope and removing any mites or insects
with a small paintbrush. Leaf squares (2.5 

 

×

 

 2.5
cm) were cut with an utility knife from the cen-
ter of each strawberry leaf. Each leaf square was
placed inside a petri dish on moist cotton. The
cotton served to keep leaves turgid for up to 1
week. Water was sprayed onto the cotton with a
hand-atomizer (500 mL Dynalon Quick Mist
HDPE Sprayer Bottle, Fisher Scientific) to pre-
vent the cotton from drying out. Five treatments
including a conventional miticide, 3 reduced-risk
miticides, and a water-treated control were eval-
uated. Miticides were applied to leaf squares be-
fore they were placed on the cotton with hand at-
omizers of the same make and model used to ap-
ply the water to the cotton. The conventional
miticide was fenbutatin-oxide (Vendex®) (Griffin
L.L.C., Valdosta, GA) sprayed at a rate of 2.2 kg/
ha (2 lb/acre). The three reduced-risk miticides
were bifenazate (Acramite 50WP®) (Crompton
Manufacturing Company Inc. Bethany, CT)
sprayed at a rate of 1.125 kg/ha (1 lb/acre), acti-
vated garlic extract Repel® (UAS of America
Inc., Hudson, FL) sprayed at a rate of 2.6 L/ha (1
qt/acre), and sesame seed and castor oil (Wipe-
out®) (UAS of America Inc., Hudson, FL)
sprayed as a 2% solution at a rate of 935.4 L/ ha
(100 gal/acre). We assumed a spray volume of
935.4L/ha for each treatment when mixing the
solutions. This translated to 0.03 g Acramite® in
84 mL water (3 squirts per leaf square), 0.53 mL
Repel® in 84 mL water (3 squirts per leaf
square), 0.05g Vendex® in 84 mL water (3
squirts per leaf square) and 2.3 mL Wipeout® in
113 mL water (3 squirts per leaf square). There
were twelve replicates per treatment.

Ten TSSM (adults) from a laboratory colony
were placed upon each leaf square. Leaf squares
were allowed to air dry for 30 min after the appli-
cation of treatments. TSSM were transferred
from infested colony leaves to experimental leaf
squares one at a time using an insect pin. The
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number of living and dead TSSM adults was mon-
itored 6, 12, 24, 48, and 72 h after application of
the miticides. The number of eggs laid after a 1
week period was counted to investigate the poten-
tial for early reinfestation of TSSM.

Data were analyzed by Analysis of Variance
with mean separation by least significant differ-
ences (LSD) (SAS 2002). Data were considered
significant when the P value 

 

≤

 

 0.05.
Greenhouse. Strawberry plants, c.v. Festival,

were grown with the same methods as the labora-
tory study. Twenty-five plants approximately 25
cm in height each having 4 mature trifoliates
were used for the greenhouse study. All plants
used were screened for twospotted spider mites
and other mites and insects prior to use by gently
but firmly running the thumb and forefinger over
the entire surface of each leaflet to kill any mites
or insects that might be present.

Experimental design was a randomized com-
plete block design with 5 replicates per treat-
ment. The same 5 treatments as in the laboratory
experiment were evaluated.

Two TSSM (adults) from the colony were placed
upon each leaflet (24 per plant) by the same meth-
ods as in the laboratory experiment. They were al-
lowed to multiply for 1 week. Miticides were ap-
plied at the same rates as in the laboratory exper-
iments with a hand-atomizer (500 mL Dynalon
Quick Mist HDPE Sprayer Bottle, Fisher Scien-
tific). This translated to 0.03 g Acramite® in 77 mL
water (20 squirts per plant), 0.55 mL Repel® in 77
mL water (20 squirts per plant), 0.05 g Vendex® in
77 mL water (20 squirts per plant) and 2 mL Wipe-
out® in 100 mL water (29 squirts per plant). Each
plant was placed approximately 20 cm away from
its neighbors. An initial sample of 1 leaflet per
plant was taken just before treatment application
to obtain an estimate of how large the TSSM pop-
ulation on each plant had grown after 1 week.
Leaflets were removed from plants and mites were
counted under a dissecting microscope. Plants
were then monitored 6, 12, 24, 48 and 72 h as well
as 1 week (168 h) after application of the miticides.
The number of living TSSM motiles (all life stages
excluding eggs) and eggs were recorded. Egg data
were collected to investigate the potential for early
reinfestation of TSSM.

Data were log + 1 transformed and analyzed
by an Analysis of Variance with mean separation
by least significant differences (LSD) (SAS 2002).
Data were considered significant when the 

 

P

 

value 

 

≤

 

 0.05.
Predatory Mites. In order to determine how

conventional and reduced-risk miticides affect
predatory mites, the conventional miticide Ven-
dex® and the reduced-risk miticide Acramite®
were evaluated against 

 

P. persimilis

 

 and 

 

N. cali-
fornicus

 

.
Twelve strawberry plants 30 cm in height were

selected from the greenhouse and trimmed down

to 6 trifoliates per plant. Plants were screened for
insects and mites as in the previous experiments.
Plants were separated into 2 categories, cue and
non-cue, with each category representing 6
plants. Two days before the experiment started,
all 6 plants from the cue category were inoculated
with 10 adult TSSM with the same methods as
discussed in the previous experiments. The 6
plants in the non-cue category were not inocu-
lated prior to the experiment. Inoculated plants
are termed “cue” because these plants received
TSSM 4 days before the predators were released.
Therefore, these plants were more likely to have
spider mite webbing and may have released vola-
tiles to attract and maintain a predator colony.
The other 6 plants that did not receive these
TSSM in advance were referred to as “non-cue”.

Predatory mites used in all experiments were
obtained from Koppert Biological Systems (Ro-
mulus, MI). A representative sample (1 bottle
from each species of predatory mite) was observed
for at least 15 min to assure that the shipped
predatory mites were active and in good condition
prior to use. Adult female predatory mites were
transferred to the strawberry plants from a petri
dish one by one with an insect pin after being
chilled briefly.

At the start of the experiment, time zero, 1 of
the plants from each of the categories was sprayed
with water and these plants were designated as
controls 1 and 2, respectively. Predatory mites
were released at a rate of 1 predatory mite per 10
TSSM. A total of 100 TSSM and 10 predatory
mites were released on the control cue plants. The
10 adult TSSM that were initially released on
these plants had increased to an average popula-
tion of 50 TSSM when the second application of 50
TSSM and predatory mites occurred. A total of 50
TSSM and 5 predatory mites were released on the
control non-cue plants. The remaining plants
from the cue and non-cue were labeled 6, 12, 24,
48 and 72 h after miticide application. All of the
plants were sprayed with 1 of the designated miti-
cide treatments (Vendex®

 

 

 

or Acramite®)

 

 

 

except
for the controls, which were sprayed with water. A
standard hand-atomizer (500 mL Dynalon Quick
Mist HDPE Sprayer Bottle, Fisher Scientific) was
used to apply all of the treatments. Six hours after
miticide application, the 6-h plants received the
same number of mites as the control plants; that
is, for the cue treatment 100 TSSM and 10 preda-
tory mites and for non-cue 50 TSSM and 5 preda-
tory mites. These 6-h plants were monitored for
predatory mite motiles and eggs every 24 h for a
total of 72 h after the mites were released. The 12-
h plants received the same number of mites the 6-
h plants received 12 h after miticide application.
Each plant followed the same protocol until the
72-h plants were completed. These methods were
repeated for both predators with both miticides.
The experiment was replicated 3 times.
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Predatory mites were sampled non-destruc-
tively. The number of predatory mites per plant
was counted by gently examining each plant leaf-
let by leaflet under a dissecting microscope.

Data for this experiment were analyzed by re-
peated measures ANOVA (SAS 2002). For both spe-
cies, cue and non-cue plants were compared by a
Satterthwaite 

 

t

 

-test for unequal variance. Data
were considered significant when the 

 

P

 

 value 

 

≤

 

 0.05.

R

 

ESULTS

 

Twospotted Spider Mite

 

Laboratory. At 6 and 12 h after treatment ap-
plication, Acramite® and Wipeout® were the only
treatments that had significantly fewer TSSM
adults compared with the control (Table 1). At 24
h, the Acramite®, Vendex®, and Wipeout® treat-
ments had significantly fewer adult TSSM com-
pared with the control. Also, the Acramite® treat-
ment had significantly fewer adult TSSM com-

pared with the Vendex® treatment. At 48 h, the
Acramite®, Vendex®, and Wipeout® treatments
again had significantly fewer adult TSSM com-
pared with the control and both the Acramite®
and Wipeout® treatments had significantly fewer
adult TSSM compared with the Vendex® treat-
ment. At 72 h, all 4 miticide treatments had sig-
nificantly fewer TSSM adults compared with the
control. The Acramite®, Vendex®, and Wipeout®
treatments had significantly fewer TSSM adults
compared with the Repel® treatment. Also, the
Acramite® treatment had significantly fewer
TSSM adults compared with the Vendex® and
Wipeout® treatments.

After 1 week, there were no eggs present on
the Acramite® treated leaves compared with an
average of more than 17 eggs on the control leaves
(Table 2). Vendex® and Wipeout® were not signif-
icantly different from the control. Repel® was to-
tally ineffective in reducing egg production.

Greenhouse. In the greenhouse, there were no
significant differences among treatments until 1

 

T

 

ABLE

 

 1. E

 

FFECT

 

 

 

OF

 

 

 

CONVENTIONAL

 

 

 

AND

 

 

 

REDUCED-RISK

 

 

 

MITICIDES

 

 

 

ON

 

 

 

TWOSPOTTED

 

 

 

SPIDER

 

 

 

MITE

 

 (TSSM) 

 

MORTALITY
IN

 

 

 

THE

 

 

 

LABORATORY

 

.

Treatment Classification

Mean number of live TSSM adults (±SEM)

Hours

6a 12b 24 48 d 72 e

Acramite Reduced-risk 6.75 ± 0.99 b 5.42 ± 1.0 5c 4.50 ± 0.93 d 2.25 ± 0.43 c 1.33 ± 0.41 d
Vendex Conventional 8.33 ± 0.51 a 7.17 + 0.42 ab 6.00 ± 0.56 bc 4.75 ± 0.63 b 2.92 ± 0.54 c
Wipeout Organic oil 6.83 ± 0.63 b 6.00 + 0.76 bc 4.58 ± 0.66 cd 3.25 ± 0.57 c 3.08 ± 0.56 c
Repel Repellent 8.92 ± 0.38 a 7.58 ± 0.72 a 6.75 + 0.46 ab 6.17 ± 0.49 ab 5.00±0.51 b
Control 8.75 ± 0.60 a 8.25 + 0.59 a 7.50 + 0.50 a 7.08 ± 0.50 a 6.58 ± 0.40 a

 

Initially 10 TSSM transferred to each leaf square.
Means within columns followed by the same letter are not significantly different (

 

P

 

 = 0.05, LSD Test).

 

a

 

F 

 

= 2.88; 

 

df

 

 = 4,44; 

 

P

 

 = 0.03 (6 h)

 

b

 

F 

 

= 2.71; 

 

df

 

 = 4,44; 

 

P

 

 = 0.04 (12 h)

 

c

 

F 

 

= 5.30; 

 

df

 

 = 4,44; 

 

P

 

 

 

≤

 

 0.01 (24 h)

 

d

 

F 

 

= 16.60; 

 

df

 

 = 4,44; 

 

P

 

 

 

≤

 

 0.01 (48 h)

 

e

 

F 

 

= 19.73; 

 

df

 

 = 4,44; 

 

P

 

 

 

≤

 

 0.01 (72 h)

 

T

 

ABLE

 

 2. E

 

FFECT

 

 

 

OF

 

 

 

CONVENTIONAL

 

 

 

AND

 

 

 

REDUCED

 

-

 

RISK

 

 

 

MITICIDES

 

 

 

ON

 

 

 

EGG

 

 

 

PRODUCTION

 

 

 

OF

 

 

 

TWOSPOTTED

 

 

 

SPIDER
MITE

 

 (TSSM) 

 

AFTER

 

 1 

 

WEEK

 

 

 

ON

 

 

 

THE

 

 

 

PLANTS

 

.

Treatment Classification

Total mean number TSSM eggs (±SEM)

One Week

Acramite Reduced-risk 0.00 ± 0.00 c
Vendex Conventional 11.75 ± 4.47 bc
Wipeout Organic oil 7.25 ± 4.25 bc
Repel Repellent 29.00 ± 8.97 a
Control 17.83 ± 5.07 ab

 

Initially 10 TSSM transferred to each leaf square.
Means followed by the same letter are not significantly different (

 

P

 

 = 0.05, LSD Test).

 

F 

 

= 5.39; 

 

df

 

 = 4,44; 

 

P

 

 = < 0.01 (one week)
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week after miticide application for both motiles
and eggs (Tables 3 and 4). At 1 week, there were
significantly fewer TSSM motiles and eggs on the
Acramite® treated plants compared with the con-
trol and the other 3 miticide treatments (Tables 3
and 4).

Predatory mites. On the non-cue and cue
plants treated with both Vendex® and Acramite®
there were no significant differences among treat-
ments (Tables 5-8). However, the 2.9 ± 0.2 

 

P. per-
similis

 

 on the cue plants was significantly more
than the 1.3 ± 0.1 on the non-cue plants (

 

t 

 

= 5.72;

 

df

 

 = 156; 

 

P 

 

< 0.0001). The same was true on the 

 

N.
californicus 

 

cue (3.0 ± 0.3) vs. non-cue (1.5 ± 0.2)
plants (

 

t

 

 = 5.02; 

 

df = 142; P < 0.0001).

DISCUSSION

Results showed that treatments of Acramite®
had a higher rate of TSSM mortality when com-
pared with the conventional miticide Vendex®. In
the laboratory, leaf squares treated with Acra-
mite® had half as many live TSSM adults com-
pared with Vendex® after 72 h and had no egg
production after 1 week. In the greenhouse, both
TSSM motile and egg numbers on Acramite®
treated plants were significantly lower than the
control while TSSM motile and egg numbers on
the Vendex® plants were not. It is possible that
Acramite® has more residual activity on TSSM
compared with Vendex®, which appears to have

TABLE 3. EFFECT OF SELECTED MITICIDES ON TWOSPOTTED SPIDER MITE (TSSM) MOTILE MORTALITY IN THE GREEN-
HOUSE.

Mean number of live TSSM motiles per leaflet (±SEM)

Hours

Treatment Classification Pre-counta 6b 12c 24d 48e 72f 168g

Acramite Reduced-risk 14.2 ± 4.0 4.2 ± 1.7 7.6 ± 2.7 3.8 ± 1.0 10.0 ± 3.1 9.4 ± 3.5 4.2 ± 15. b
Vendex Conventional 8.8 ± 5.1 3.6 ± 1.9 6.4 ± 2.7 3.0 ± 1.1 7.0 ± 2.4 7.2 ± 2.6 17.8 ± 4.6 a
Wipeout Organic oil 8.0 ± 2.0 4.2 ± 2.4 0.8 ± 0.8 4.8 ± 2.9 23.2 ± 8.2 12.8 ± 3.0 25.2 ± 10.8 a
Repel Repellent 18.8 ± 6.0 7.8 ± 3.9 2.4 ± 1.0 6.4 ± 2.8 20.4 ± 6.5 7.6 ± 2.9 33.4 ± 9.2 a
Control 23.2 ± 5.9 7.4 ± 7.4 10.8 ± 3.0 6.8 ± 2.4 8.0 ± 2.9 18.2 ± 5.3 31.6 ± 8.7 a

Means within columns followed by the same letter are not significantly different (P = 0.05, LSD Test).
aF = 1.20; df = 4,20; P = 0.34
bF = 0.33; df = 4,20; P = 0.85
cF = 2.43; df = 4,20; P = 0.08
dF = 0.36; df = 4,20; P = 0.84
eF = 0.98; df = 4,20; P = 0.44
fF = 0.91; df = 4,20; P = 0.48
gF = 3.82; df = 4,20; P = 0.02

TABLE 4. EFFECT OF SELECTED MITICIDES ON TWOSPOTTED SPIDER MITE (TSSM) EGG NUMBERS IN THE GREENHOUSE.

Mean number of live TSSM motiles per leaflet (±SEM)

Hours

Treatment Classification Pre-counta 6b 12c 24d 48e 72f

Acramite Reduced-risk 54.4 ± 20.5 23.2 ± 11.1 20.2 ± 9.4 17.2 ± 12.1 11.0 ± 5.3 12.6 ± 6.5
Vendex Conventional 26.6 ± 26.6 18.6 ± 7.6 29.0 ± 14.2 18.4 ± 6.7 20.4 ± 16.3 11.8 ± 4.5
Wipeout Organic oil 22.6 ± 9.1 19.4 ± 8.2 11.8 ± 7.4 28.2 ± 16.3 39.0 ± 13.7 23.4 ± 9.6
Repel Repellent 58.0 ± 16.9 11.2 ± 4.9 5.2 ± 3.2 38.0 ± 13.2 32.0 ± 11.6 14.0 ± 10.0
Control 65.4 ± 19.9 7.8 ± 1.9 37.0 ± 12.9 27.2 ± 4.4 11.6 ± 6.3 29.2 ± 11.5

Means within columns followed by the same letter are not significantly different (P = 0.05, LSD Test).
aF = 1.01; df = 4,20; P = 0.43
bF = 0.09; df = 4,20; P = 0.99
cF = 1.13; df = 4,20; P = 0.37
dF = 0.67; df = 4,20; P = 0.62
eF = 1.46; df = 4,20; P = 0.25
fF = 0.69; df = 4,20; P = 0.61
gF = 3.99; df = 4,20; P = 0.02
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less activity on motile TSSM allowing them to re-
produce.

It is unclear why the density of TSSM took a
full week to increase in the control plants. It is
possible that spraying the control plants with wa-
ter slowed their development since TSSM prefer
dry conditions (White & Liburd 2005). Alterna-
tively, the greenhouse environment may not have
been ideal for quick development.

In both the laboratory and the greenhouse, Wi-
peout® produced similar mortality results when
compared with Vendex®. Both were effective in
the laboratory, but not as effective as Acramite.
However, neither miticide significantly reduced
numbers in the greenhouse experiment. Wipe-
out® is fine organic horticultural oil, which can be
used in mite IPM programs as a tool for resistance
management. Until recently, Vendex® has been

TABLE 5. EFFECTS OF VENDEX ON ADULT FEMALE PREDATORY MITES RELEASED ON NONCUE PLANTS.

Sampling interval

Release time 1 2 3

Phytoseiulus persimilis

0 4.00 ± 0.57 4.00 ± 0.00 2.33 ± 0.88
6 2.00 ± 1.53 2.00 ± 1.53 2.00 ± 1.53

12 3.00 ± 0.58 2.00 ± 1.00 1.33 ± 0.88
24 1.00 ± 0.57 0.67 ± 0.33 0.67 ± 0.33
48 1.00 ± 0.57 1.33 ± 0.88 0.33 ± 0.33
72 1.67 ± 0.33 1.33 ± 0.88 0.67 ± 0.67

Neoseiulus californicus

0 3.00 ± 1.53 2.67 ± 0.88 2.00 ± 0.57
6 2.00 ± 1.00 2.33 ± 0.88 0.67 ± 0.67

12 1.33 ± 0.88 1.00 ± 1.00 1.67 ± 0.88
24 2.33 ± 1.45 2.33 ± 0.67 2.33 ± 0.67
48 1.00 ± 0.57 1.00 ± 1.00 0.33 ± 0.33
72 2.00 ± 0.57 1.00 ± 0.57 1.33 ± 0.88

P. persimilis: F = 1.62; df = 5,12; P = 0.2288
N. californicus: F = 1.12; df = 5,12; P = 0.3993

TABLE 6. EFFECTS OF ACRAMITE ON ADULT FEMALE PREDATORY MITES RELEASED ON NONCUE PLANTS.

Sampling interval

Release time 1 2 3

Phytoseiulus persimilis

0 2.00 ± 1.52 1.67 ± 1.20 1.00 ± 0.57
6 1.33 ± 1.33 0.33 ± 0.33 0.33 ± 0.33

12 1.00 ± 0.00 0.67 ± 0.33 0.67 ± 0.67
24 3.00 ± 1.15 1.67 ± 0.88 1.00 ± 0.58
48 1.00 ± 0.58 0.33 ± 0.33 0.00 ± 0.00
72 0.33 ± 0.33 0.67 ± 0.33 0.33 ± 0.33

Neoseiulus californicus

0 2.00 ± 1.15 2.67 ± 1.20 2.00 ± 1.53
6 1.33 ± 1.33 1.67 ± 1.67 1.67 ± 1.67

12 1.33 ± 0.67 1.33 ± 0.88 1.00 ± 1.00
24 0.33 ± 0.33 0.67 ± 0.67 0.33 ± 0.33
48 1.33 ± 0.67 0.33 ± 0.33 0.67 ± 0.67
72 1.33 ± 1.33 1.00 ± 1.00 1.00 ± 1.00

P. persimilis: F = 1.00; df = 5,12; P = 0.4582
N. californicus: F = 0.36 df = 5,12; P = 0.8629
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the key conventional miticide used in strawber-
ries to control TSSM in Florida. However, there
have been reports of TSSM resistance to Vendex®
(Leeuwen et al. 2005). Also, this miticide affects a
broad spectrum of organisms (DuPont™ 2005)
and may eliminate beneficial mite species from
fields. Vendex® is a restricted use pesticide due to
acute human toxicity (it can be fatal if inhaled)
and very high toxicity to aquatic organisms. Acra-

mite® and Wipeout® should be considered as al-
ternatives to Vendex®, although further research
in the greenhouse and in the field is needed.

Alternatively, neither Vendex® nor Acramite
appeared to significantly affect the activity of ei-
ther P. persimilis or N. californicus on either non-
cue or cue plants. Kim & Yoo (2002), and Ahn et
al. (2004) found that both miticides were much
more toxic to TSSM than to P. persimilis. They

TABLE 7. EFFECTS OF VENDEX ON ADULT FEMALE PREDATORY MITES RELEASED ON CUE PLANTS.

Sampling interval

Release time 1 2 3

Phytoseiulus persimilis

0 3.67 ± 1.86 2.67 ± 1.45 2.33 ± 1.20
6 2.33 ± 0.33 2.67 ± 0.88 2.00 ± 1.15

12 3.33 ± 1.76 3.00 ± 2.08 2.67 ± 1.45
24 3.67 ± 0.33 5.33 ± 0.33 5.00 ± 0.00
48 3.33 ± 0.33 2.33 ± 0.88 2.33 ± 0.88
72 5.33 ± 1.33 4.67 ± 0.88 3.33 ± 0.67

Neoseiulus californicus

0 4.33 ± 0.88 3.33 ± 0.88 2.67 ± 1.20
6 4.00 ± 1.73 5.33 ± 1.76 4.00 ± 2.00

12 6.67 ± 1.20 6.67 ± 1.76 5.67 ± 1.76
24 3.00 ± 1.73 2.33 ± 0.88 2.67 ± 0.33
48 1.67 ± 1.20 3.67 ± 1.20 3.33 ± 0.67
72 4.00 ± 1.15 5.33 ± 0.33 3.33 ± 0.67

P. persimilis: F = 1.02; df = 5,12; P = 0.4288
N. californicus: F = 1.56 df = 5,12; P = 0.2445

TABLE 8. EFFECTS OF ACRAMITE ON ADULT FEMALE PREDATORY MITES RELEASED ON CUE PLANTS.

Sampling interval

Release time 1 2 3

Phytoseiulus persimilis

0 4.33 ± 0.88 3.67 ± 1.20 1.33 ± 1.33
6 3.33 ± 2.40 1.67 ± 1.67 1.67 ± 1.20

12 1.67 ± 0.67 2.33 ± 0.88 1.67 ± 0.67
24 5.33 ± 0.88 2.33 ± 1.33 1.67 ± 1.67
48 3.67 ± 0.88 2.00 ± 0.58 0.33 ± 0.33
72 1.00 ± 1.00 0.67 ± 0.67 0.33 ± 0.33

Neoseiulus californicus

0 4.00 ± 3.05 2.33 ± 2.33 2.67 ± 1.20
6 1.33 ± 0.88 1.33 ± 0.88 0.33 ± 0.33

12 1.00 ± 0.58 2.00 ± 2.00 1.67 ± 1.67
24 1.00 ± 0.58 2.00 ± 1.00 1.33 ± 0.88
48 1.67 ± 1.67 1.00 ± 1.00 1.33 ± 1.33
72 0.67 ± 0.33 0.67 ± 0.67 1.00 ± 1.00

P. persimilis: F = 0.78 df = 5,12; P = 0.5808
N. californicus: F = 0.37 df = 5,12; P = 0.8574
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also noted that neither prey consumption nor the
sex ratio of the P. persimilis progeny were signifi-
cantly affected by either miticide. Acramite® has
also been shown to have low toxicity towards N.
californicus (Veire & Tirry 2003). Our findings ap-
pear to support this conclusion.

It is interesting to note that there appear to
be less predatory mites of both species on the Ac-
ramite® treated plants compared with the Ven-
dex® treated plants. It is possible Acramite®
may have some toxicity toward predatory mites.
Cloyd et al. (2006) found that Acramite® was
toxic to P. persimilis but not to N. californicus.
Alternatively, if Acramite® is more toxic to
TSSM than Vendex®, as our results show, there
may have been lower prey availability on the Ac-
ramite® treated plants. Predatory mites on
these plants may have attempted to disperse or
resorted to cannibalism in order to survive
(Schausberger 2003; Schausberger & Croft
2000), resulting in lower recorded numbers. This
would be particularly true of P. persimilis be-
cause of its specialist diet. This is an important
topic to research further.

There were significantly more P. persimilis
and N. californicus on cue plants compared with
non-cue plants. It is known that some plants re-
lease volatiles when being fed upon by spider
mites that predatory mites use to locate prey
patches (Dicke & Sabelis 1988; Dicke et al. 1998).
The presence of these volatiles on the cue plants
may have stimulated the predators to remain on
these plants to search for prey. In contrast, the
lack of these cues from the non-cue plants may
have caused the predators to maintain a more
general searching behavior and wander off of the
plants.

The predator experiment attempted to use a
non-traditional technique by using whole plants
as opposed to leaf discs in order to simulate field
conditions. With leaf discs, 100% coverage of the
miticide is always acquired. However, in the field
this is not the case and TSSM and predatory
mites will often find areas where the miticide is
absent and continue to develop. The problem with
using whole plants is that the predatory mites are
small and there are many places for them to hide.
In addition, they tend to leave the plants. This
makes finding and counting them extremely diffi-
cult and tedious.

Overall, an IPM strategy for the management
of TSSM in strawberries seems to be the best op-
tion for long-term control and resistance manage-
ment. Rhodes et al. (2006) found that Acramite®
used in combination with either P. persimilis or N.
californicus provided effective control of TSSM in
the field. Rotating the use of reduced-risk com-
pounds, such as Acramite® and possibly Wipe-
out®, combined with the timely release of preda-
tory mites should provide effective control of
TSSM populations.
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 A

 

BSTRACT

 

Two trapping systems were compared in a study in Guatemala during the wet season, May
through Dec 2001. Trap/lure combinations consisting of green or yellow-based plastic
McPhail-like traps baited with a synthetic 2-component lure (putrescine and ammonium ac-
etate) and 300 mL of propylene glycol antifreeze as a preservative were compared to the tra-
ditional glass McPhail baited with torula yeast/borax and 300 mL of water. Both systems
captured several key 

 

Anastrepha

 

 species including 

 

Anastrepha ludens

 

 Loew, 

 

A. obliqua

 

,
Macquart, 

 

A. serpentina

 

 Weidemann, 

 

A. striata

 

 Schiner, 

 

A. distincta

 

 Greene, 

 

A. fraterculus

 

Weidemann as well as 

 

Ceratitis capitata

 

 Weidemann. Additionally, 13 other 

 

Anastrepha

 

 spp.
were captured with the synthetic lure. The plastic traps captured more key flies than the
McPhail trap except for 

 

A. distincta

 

 where there were no significant differences between the
yellow-based plastic trap and the McPhail trap and no significant differences between any
trap and lure for trapping 

 

A. fraterculus

 

. The synthetic lure lasted 10 weeks. The sex ratio
was female-biased for almost all captured key species in both systems. Moreover, there were
significant numbers of captured nontarget insects in all traps; however, the captured flies in
those traps with the synthetic lure were not adversely affected by these insects. Propylene
glycol-based antifreeze was a superior preservative when compared to borax/water.

 R

 

ESUMEN

 

En Guatemala, se compararon dos sistemas de trampeo durante la epoca lluviosa de Mayo
a Deciembre, 2001. Combinaciones de trampa/atrayente que consistieron de trampas de
plastico con bases verdes o amarillos y con atrayentes sintéticos (acetate de amoniaco y pu-
trecina) fueron comparadas con el sistema de trampeo tradicionál McPhail de vídrio cebada
con torula y borax en agua. Los dos sistemas capturaron moscas del genero 

 

Anastrepha

 

 in-
cluyendo 

 

Anastrepha ludens

 

 Loew, 

 

A. obliqua

 

, Macquart, 

 

A. serpentina

 

 Weidemann, 

 

A. stri-
ata

 

 Schiner, 

 

A. distincta

 

 Greene, 

 

A. fraterculus

 

 Weidemann y 

 

Ceratitis capitata

 

 Weidemann.
Además, se capturaron 13 especias adicionales de 

 

Anastrepha

 

 asi como 

 

Toxotrypana cur-
vicauda

 

 Gerstaecker con el cebo sintético. El cebo sintético fue efectivo por diez semanas sin
recebar. Las trampas de plastico capturaron más moscas del genero 

 

Anastrepha

 

 que la
trampa de cristal McPhail. Las excepciónes fueron 

 

A. distincta

 

 en donde no hubo differencias
el la captura con la trampa de plastico con base amarillo y la trampa McPhail de cristal asi
como 

 

A. fraterculus

 

 en donde no hubo differencias comparando la captura de moscas con am-
bos sistemas. La proporción sexuál de las moscas capturadas con los dos sistemas fue al fa-
vor de las hembras. La captura de otros tipos de insectos fue significantemente elevado, sin
embargo, las moscas capturadas con los cebos sintéticos no fueron afectados adversamente
por estos insectos. El 10% del anticongelante, glicol propilico, fue superior al borax/agua
como conservador de las moscas capturardas.

 

Translation provided by the authors.

 

Fruit flies of the genus 

 

Anastrepha

 

 cause sig-
nificant damage to fruit cultivars throughout the
Western Hemisphere. In the United States, there
have been sporadic outbreaks of these species in
Texas, California (

 

Anastrepha ludens

 

 Loew and
other 

 

Anastrepha

 

 spp.) and Florida (

 

A. suspensa

 

Loew). The citrus industry as well as federal and
state agricultural agencies in California, Texas,
and Florida has been searching for new attracta-
nts and traps to monitor existing and exotic fruit
fly populations that may migrate to citrus growing

areas. In the Lower Rio Grande Valley of Texas
(LRGV), besides trapping 

 

A. ludens

 

, there have
been recent detections of 

 

A. serpentina

 

 Macquart
in citrus and a confirmed outbreak of 

 

A. obliqua

 

Weidemann adults in guava in 2001 (Thomas, per-
sonal communication). There continues to be spo-
radic capture of 

 

A. serpentina 

 

in northern Mexico
(Thomas, personal communication).

The McPhail trap (McPhail 1939), baited with
torula yeast/borax tablets in water (Lopez et al.
1967), has been the method of choice for trapping
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Anastrepha

 

 spp. as well as other tephritid adults
for many years. Recent advances in trap/lure
technology have produced several versions of
plastic McPhail—like traps and ammonium—
based synthetic lures (Heath et al. 1995; Heath et
al. 1997; Robacker et al. 1993, 1995; Epsky 1995).
Within the last ten years, a new synthetic lure
(BioLure®,

 

 

 

Suterra LLC, Bend, OR) for 

 

A. luden

 

s
and 

 

Ceratitis capitata

 

 Weidemann has become
commercially available.

Thomas et al. (2001) as well as studies in Flor-
ida and Mexico demonstrated that a McPhail-like
plastic trap, Multilure® (Better World Manufac-
turing, Inc, Fresno, CA) baited with BioLure®
(Suterra LLC, Bend, OR) attractants (MB) was
able to compete with the standard McPhail trap
(STD) baited with torula yeast/borax tablets in
water. Results indicated that the MB system was
equal to or better than the STD system. Martinez
et al. (unpublished data) also showed that the MB
was as good as or better than the STD in a study
in the LRGV of Texas. Additionally, the preserva-
tion of captured flies is another trapping compo-
nent that was studied. According to Thomas et al.
(2001), a 20% propylene glycol antifreeze solution
preserved the captured 

 

Anastrepha

 

 spp. and also
significantly enhanced the attraction of the flies
to the traps. In our LRGV study, we successfully
used 10% propylene glycol as Low Tox Prestone®
antifreeze as a preservative to trap sterile 

 

A.
ludens

 

 (Martinez et al.; Salinas et al. unpublished
data).

The ability of the MB system to attract other

 

Anastrepha

 

 spp. was still in question. The study
herein is the first phase of a 22-month study con-
ducted in Guatemala to ascertain the capability
of the MB system (a) to successfully trap other

 

Anastrepha

 

 spp., (b) to determine whether the
Multilure trap base color augments the attraction
of flies to the trap, and (c) to verify that a 10% Low
Tox Prestone® antifreeze (LTA) is an effective
preservative for the captured flies.

M

 

ATERIAL

 

 

 

AND

 

 M

 

ETHODS

 

Study Sites

 

The first phase of the study was conducted for
29 weeks during the rainy season of 2001, usu-
ally the time of year when there is a high fly pop-
ulation. Trapping began in late May and contin-
ued through the middle of Dec. There were 4 ag-
ricultural sites used in the study that were iden-
tified by property, municipality, and department:
Finca Silmar (Silmar), Palin, Escuintla (600 m
elevation); Finca San José Buena Vista (San
José), Guanagazapa, Esquintla (200 m eleva-
tion); Finca Peña Plata (Peña Plata), Yepocapa,
Chimaltenango (598 m elevation) and Finca Pa-
lin (Palin), Palin, Esquintla located ~1000 m
above sea level.

The sites contained a variety of host material
and other vegetation that was not in any given
host pattern. The Silmar site had sweet oranges
(

 

Citrus aurantium

 

 (Linn) 

 

var. dulcis

 

), mandarin
(

 

C. reticulate

 

 Blanco), mango (

 

Mangifera indica

 

L.), guava (

 

Psidium guajava

 

 L.), and zapote (

 

Di-
ospyros digyn

 

a Jacq). In the Palin site, there were
sweet oranges, mango, guava, zapote, mamey
(

 

Pouteria sapota

 

 (Jacq), mandarin, caimito
(

 

Chrysophyllum caimito

 

 L.), coffee (

 

Coffea ara-
bica

 

 L.), grapefruit (

 

Citrus paradisi

 

 Macf), Inga
(

 

Inga

 

 spp. Miller) and sour oranges (

 

Citrus au-
rantium

 

 L.). The Peña Plata and San José sites
had mostly mango with a scattering of coffee,
Inga, zapote, caimito, sour oranges, mandarin,
and a small plot of coffee in the Peña Plata site.

 

Trapping Protocol

 

Two trapping systems were compared in this
study. The MB system consisted of a 2-piece plas-
tic McPhail-like trap with transparent tops and
green or yellow bottoms that attached in the mid-
dle. The separate lure envelopes were attached by
an adhesive inside the trap on opposite sides of
the upper transparent part of the trap. The lure
consisted of putrescine and ammonium acetate
released from the envelopes. The traps contained
300 mL of a 10% LTA solution as the preservative
for the captured flies in these traps. The STD sys-
tem consisted of the glass McPhail trap with 3
torula yeast/borax tablets (ERA International
Limited, Freeport, NY) in 300 mL of tap water.

A 4 

 

×

 

 9 trap grid (12 traps of each type; a total
of 36 traps/plot) was set up in each site. Traps
were placed on the northeastern side of the host
approximately 50 m apart and 50 m between rows
in hilly, uneven terrain. The traps were serviced
and rotated weekly. Rain gauge collectors mea-
sured rainfall; however, temperature and humid-
ity data was not collected until late Jul due to lo-
gistic problems getting the equipment to Guate-
mala. Temperature and humidity from Jul
through Dec averaged 25 ± 4°C with a relative hu-
midity of 91 ± 7%.

 

Statistical Analysis 

 

Data were analyzed by comparing each of the 7
key 

 

Anastrepha

 

 spp. and 

 

C. capitata

 

 caught in the
2 trapping systems for 29 weeks. Total number of
captured flies by month were plotted to compare
effectiveness of the different trap types. The over-
all mean number of captured flies per week by
species and trap types was calculated. Results for
all significant 

 

Anastrepha

 

 spp. and for 

 

C. capitata

 

were analyzed by standard analysis of variance
(ANOVA), SAS Institute (2001), Cary, NC. Sex ra-
tios by key species were calculated. The total
numbers of nontarget flies were calculated and
recorded by trap type.
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R

 

ESULTS

 

 

 

AND

 

 D

 

ISCUSSION

 

There were 63,838 adults captured in all traps
with 33.7% (21,485) captured at the Silmar;
27.5% (17,560) at Palin; 22.7% (14,487) at Peña
Plata and 16.1% (10,306) at the San José sites.
The majority of flies were trapped from late May
through Aug, possibly due to (a) the availability of
host material especially in the San José and Peña
Plata sites; these sites were almost exclusively
mango, harvested by Jul, and (b) the reduced
rainfall with a monthly average of 254 mm of pre-
cipitation between Jul and Nov (Fig. 1). Trap
catches in all sites dropped substantially from
Sep through Dec (Fig. 1). 

The key 

 

Anastrepha

 

 spp. and 

 

C. capitata

 

(Fig. 2) captured at the four sites with both sys-
tems were: 

 

A. ludens

 

; 

 

A. obliqua

 

; 

 

A. serpentina

 

; 

 

A.
striata

 

, 

 

A. distincta

 

, and 

 

A. fraterculus

 

. The MB
system also captured 13 other 

 

Anastrepha

 

 spp.
They included: 

 

A. canalis

 

 Stone, 

 

A. robusta

 

Greene, 

 

A. spatulata

 

 Stone, 

 

A. leptozona 

 

Hendel,

 

A. bezzii

 

 Lima, 

 

A. bahiensis

 

 Lima, 

 

A. crebra

 

Stone, 

 

A. limae

 

 Stone, 

 

A. minuta

 

 Stone, 

 

A. aleve-
ata

 

 Stone, 

 

A. ampliata

 

 Hernandez-Ortiz, 

 

A. pas-
tranai

 

 Greene, and 

 

A. pickeli

 

 Lima. 

 

Toxotrypana
curvicauda

 

 Gerstaecker were also captured in
very low numbers with this system.

The abundance of host material, the environ-
ment (Cunningham et al. 1978), harvest period,
and the possibility of trap placement (Robacker et
al. 1990) were factors in the capture of fruit flies
in the test sites making trap rotation necessary.
In the Silmar (1) and Palin (2) sites, sweet orange
was the main host fruit with a distribution of
some mango, zapote, coffee and other vegetation.

 

Anastrepha ludens

 

 was captured most often than
any other species in these sites followed by 

 

A.
obliqua, C. capitata, and A. distincta. Anastrepha
obliqua and A. ludens were the most captured
species at the Peña Plata (3) and San José (4)

sites (Fig. 2) where mango was the prevalent host
followed by mandarin, caimito, and Inga
(Vainillo). However, mangoes were picked by Jul
leading to the reduction of A. obliqua in these
sites. By the end of the study, most of the fruit at
all sites had been picked and a minimal number
of flies were trapped. There were significant dif-
ferences in the mean trap per site for the key flies
captured except for A. serpentina (df = 6; F = 1.81,
P = 0.0994), A. distincta (df = 6, F = 1.41, P =
0.2118) and A. fraterculus (df = 6; F = 1.00; P =
0.4290).

The MB system attracted more flies than the
STD system for all sites. There were significant
differences in the mean trap catch when compar-
ing the yellow and green-based Multilure traps of
the MB system to the glass McPhail used in the
STD system with key flies (Table 1). With A. dis-
tincta, there were significant differences between
the green-based trap and the STD but no differ-
ences between the yellow-based trap and the
STD. However, in the case of A. fraterculus, there
were no significant differences in trap catches be-
tween the two systems. Mean totals for captured
flies by all traps indicated that A. ludens and A.
obliqua were the most captured species (Table 1).

A good number of MB traps were lost due to
high winds. The fallen trap’s substrate would wet
the lure, rendering it useless for further trapping.
We managed to conduct 10 weeks of trapping be-
fore we lost lures to wind damage. It is possible
that the lure could have lasted more than 10
weeks. Furthermore, we could not determine if
the LTA preservative played a part in enhancing
the number of fruit flies that were trapped with
the MB system in this phase of the study. How-
ever, the LTA did preserve the flies better than
the borax used in the STD system.

Sex Ratio

Food-based attractants are not considered to
be as effective in attracting flies to traps when
compared to the non-food attractants such as tri-
medlure. Non-food lures tend to attract only
males (Sivinski and Culkins, 1981). Attractants
such as the two or three component BioLure have
become a new tool for the capture of both male
and female fruit flies. According to Thomas et al.
(2001), in a field study in Mexico, the McPhail
traps baited with torula yeast/borax caught the
same number of males and females, while the
traps with synthetic lures were more male-bi-
ased. Calkins et al. (1984) showed that there was
a male: female ratio of 2:1 when traps were baited
with protein. In our LRGV study, we found the re-
capture rate of sterile A. ludens was about 1:1
(male: female) ratio with BioLure (putrescine and
ammonium acetate). However, in our present
study, there was ~1:2 (male: female) ratio (36.6%
vs. 63.4%) captured in all traps and sites. The sex

Fig. 1. Total captured fruit fly adults with the Multi-
lure/BioLure/antifreeze and the glass McPhail/torula
yeast/borax/water systems at the Silmar, Palin, Peña
Plata, and San Jose sites, Guatemala, 2001.
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ratio was the same for all key species except for
A. serpentina and A. striata, in which there were
slightly more males than females in the STD sys-
tem and with A. striata, where there were almost
1:1 male: female ratio in the green-based trap of
the MB system (Table 2). Comparison of site and
gender indicated significant differences for both
sexes for all key species except with A. serpentina
(F = 3.73, P > 0.0543); A. striata (F = 0.00, P =
0.9586) and A. distincta (F = 2.00, P = 0.1579).

Nontarget Insects

Nontarget insects trapped by both systems in-
cluded dipterans (black flies), lepidopterans
(moths and butterflies), neuropterans (chrysopas)
and hymenopterans (bees and wasps). In all
traps, we captured a total of 50,547 nontarget in-
sects of which 27,984 (55.4%) were dipterans, by
far, the highest percentage of all nontarget in-
sects captured; 18,822 (37.2%) lepidopterans,
1,825 (3.6%) neuropterans and 1,916 (3.8%) hy-
menopterans. Thomas (2003) found that dipter-
ans made up about 90.1% of nontarget insects

captured in the glass McPhail baited with torula
yeast/borax and 79.6% captured with the Multil-
ure/BioLure trapping system. In our study, there
were 51.3% vs. 48.7% dipterans captured in the
STD and MB systems, respectively. Thomas
(2003) also stated that out of a total of 18,091 non-
target specimens captured, 9.4% were beneficial
insects compared to 3.8% vs. 3.6% beneficials cap-
tured by STD and MB systems, respectively. The
differences in the captures rates could be attrib-
uted to the differences in the habitat as well as
the seasonality of the various crops found in all
sites. Mean comparison of all captured nontarget
insects by trap indicated that there were signifi-
cantly more dipterans (df = 2, F = 62.55, P <
0.0001) and hymenopterans (df = 2, F = 17.36, P <
0.0001) trapped by the STD system. In contrast,
there were significantly more lepidopterans (df =
2, F = 35.51, P < 0.0001) and neuropterans (df = 2,
F = 45.49, P < 0.0001) trapped by the MB system
(Table 3).

The glass McPhail used in the STD system is a
cumbersome and bulky trap and breakage can be
a problem. It is difficult to service and also tends

Fig. 2. Means of all Anastrepha species and Ceratitis capitata captured by trap and site (1) Silmar; (2) Palin; (3)
Peña Plata and (4) San José) with the Multilure/BioLure/antifreeze and the glass McPhail/torula yeast/borax/water
trapping systems.
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to dry out (Thomas et al. 2001; Martinez et al.; Sali-
nas et al. unpublished data). Moreover, the STD
system uses a proteinaceous mixture as a bait that
frequently has a high microbial load that can easily
cause deterioration of the captured adults, making
identification more problematic (Thomas et al.
2001; Martinez et. al. unpublished data). In con-
trast, with the MB system, there is uniformity in
the trap design. Due to its two-piece construction, it
is easier to service with virtually no spilled sub-
strate. It can also utilize various lures.

There were no substantial differences in the
number of captured adults with either the yellow
or green colored trap. However, we preferred the
green color base trap for this study because it
blended well with the foliage, reducing theft
losses and vandalism.

The 2-component BioLure (putrescine and am-
monium acetate) is a long-lasting lure used pri-
marily for Anastrepha spp. In a Florida study, the
lure was used from 3 to 12 weeks without re-
newal, depending on fly activity (Thomas et al.
2001). In our LRGV study, we ground- released ir-
radiated flies from the summer of 1998 to the
summer of 1999 (Martinez et al. unpublished
data). During the summer of 1999, Salinas et al.
(unpublished data) air-released irradiated flies
every week. While we serviced traps weekly, the
lure was not changed until the 12th (air released
flies) to 16th week (ground released flies) when
we noted a drop in captured flies. In the Guate-
mala study, we lost a good number of MB traps
due to high winds; the fallen trap’s substrate
would wet the lure. We managed to conduct 10

TABLE 1. MEANS OF KEY FRUIT FLY SPECIES CAPTURED WITH YELLOW AND GREEN BASED COLORED MULTILURE/BI-
OLURE/ANTIFREEZE AND THE GLASS MCPHAIL TRAPS/TORULA YEAST/BORAX/WATER TRAPPING SYSTEMS IN
THE SILMAR, PALIN, BUENA VISTA, AND PEA PLATA SITES, GUATEMALA, 2001.

Species n Multilure Yellow Multilure Green Glass McPhail

C. capitata 116 14.32 ± 3.24 a 14.84 ± 3.45 a 4.51 ± 0.93 b
A. ludens 116 98.47 ± 13.4 a 95.75 ± 12.7 a 50.84 ± 7.92 b
A. obliqua 116 72.71 ± 12.3 a 81.71 ± 13.5 a 35.54 ± 6.90 b
A. serpentina 116 3.45 ± 0.75 a 3.52 ± 0.70 a 1.34 ± 0.37 b
A. striata 116 5.70 ± 1.08 a 5.72 ± 1.06 a 1.08 ± 0.21 b
A. distincta 116 16.81 ± 3.51 ab 17.90 ± 3.33 a 14.22 ± 3.00 b
A. fraterculus 116 4.04 ± 0.65 a 3.90 ± 0.60 a 2.98 ± 0.70 a

aMeans within each row followed by the same letter are not different (α = 0.05).

TABLE 2. MEANS (±SE) OF CAPTURED MALES AND FEMALES (N = 116) WITH 2 TRAP/LURE SYSTEMS AT THE SILMAR, PA-
LIN, BUENA VISTA, AND PEÑA PLATA SITES, GUATEMALA, 2001.

Species

Multilure Yellow Multilure Green Glass McPhail

Male Female Male Female Male Female

C. capitata 4.8 ± 1.2 9.0 ± 2.1 4.9 ± 1.3 9.7 ± 2.2 1.6 ± 0.4 2.90 ± 0.6
A. ludens 35.0 ± 6.0 62.6 ± 7.9 35.0 ± 5.3 58.8 ± 7.2 20.5 ± 3.4 29.80 ± 4.8
A. obliqua 25.8 ± 4.5 47.3 ± 7.8 27.0 ± 4.5 52.3 ± 8.7 14.3 ± 2.9 21.00 ± 4.2
A. serpentina 1.2 ± 0.3 2.5 ± 0.5 1.5 ± 0.3 2.1 ± 0.4 0.8 ± 0.2 0.66 ± 0.2
A. striata 2.8 ± 0.6 3.0 ± 0.6 3.1 ± 0.7 3.0 ± 0.6 0.7 ± 0.1 0.53 ± 0.1
A. distincta 7.1 ± 1.5 8.7 ± 1.8 7.3 ± 1.4 9.2 ± 1.7 6.2 ± 1.0 7.80 ± 1.8
A. fraterculus 1.5 ± 0.3 3.0 ± 0.5 1.8 ± 0.6 2.9 ± 0.7 1.5 ± 0.5 2.2 0± 0.5

TABLE 3. MEANS (±SE) OF NONTARGET INSECTS TRAPPED WITH 2 TRAP/LURE SYSTEMS AT THE SILMAR, PALIN, BUENA
VISTA, AND PEÑA PLATA SITES, GUATEMALA, 2001.

n Multilure Yellow Multilure Green Glass McPhail

Diptera 116 57.28 ± 3.4 b 60.01 ± 3.3 b 124.10 ± 10.9 a
Lepidoptera 116 62.91 ± 5.0 a 60.66 ± 4.7 a 46.33 ± 4.3 b
Neuroptera 116 7.22 ± 0.8 a 6.64 ± 0.8 a 3.98 ± 0.4 b
Hymenoptera 116 3.98 ± 0.4 b 4.55 ± 0.5 b 8.53 ± 1.1 a

aMeans within rows followed by same letter are not different (α = 0.05).
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weeks of trapping before we lost the lures to wind
damage. It is possible that the lure could have
lasted more than 10 weeks. The LTA was an excel-
lent preservative that had minimal evaporation
in the traps. Moreover, the number of nontarget
found in these traps did not impede preservation
or identification of the captured flies. Further-
more, based on our results, we believe that the
MB system will prove useful as an early warning
technique in citrus producing states by attracting
exotic Anastrepha spp. populations and possibly
preventing their establishment.
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POLYPEDILUM NUBIFER

 

, A CHIRONOMID MIDGE (DIPTERA: 
CHIRONOMIDAE) NEW TO FLORIDA THAT HAS NUISANCE POTENTIAL
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South Florida Natural Resources Center, Everglades National Park, Homestead, FL 33034, U.S.A.

 

In 2001, Everglades National Park (ENP),
United States Department of the Interior, initi-
ated a biomonitoring program incorporating fish
and invertebrate sampling to monitor water qual-
ity entering the Park, and to detect exotic species.
Midges (Diptera: Chironomidae and Cerato-
pogonidae) were sampled by collecting their float-
ing pupal exuviae according to standard United
States Environmental Protection Agency
(USEPA) protocols (Ferrington et al. 1991). Sam-

ples collected in early Oct 2002 from two recently
constructed 242-hectare and 324-hectare deten-
tion ponds along the eastern boundary of ENP
(Ponds 332C and 332D, Fig. 1) yielded large num-
bers of pupal exuviae, larval exuviae, and spent
adults of 

 

Polypedilum nubife

 

r (Skuse). Additional
pupal exuviae and adults were collected near
these ponds in shallow solution depressions
within ENP. This is the first record of 

 

P. nubifer

 

 in
Pan-America, and is particularly noteworthy con-

Fig. 1. Locations of detention ponds 332c and 332d along the eastern boundary of Everglades National Park. 
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sidering its capacity to reach nuisance population
levels in Asia and Australia (Ali 1995; Cranston &
Martin 1989; Sasa & Sublette 1980; Traylor et al.
1994; Wang 2000) and its potential for causing
similar problems in Florida.

Adults of 

 

P. nubifer

 

 can be distinguished from
other congenerics by the distinctive spotting pat-
tern on the wings and the characteristic configu-
ration of the male hypopygium (Sasa & Sublette
1980). Pupae possess an unusually large, uneven,
multiple-toothed anal comb, extensive shagreen
on tergites II-VI, and short, pointed cephalic tu-
bercles (Cranston 2000; Sasa & Sublette 1980).
The alternating Lauterborn organs on the larval
antenna are unique for the genus.

 

Polypedilum nubifer

 

 is a common, eurytopic
midge in tropical and subtropical waters in the
Afrotropical, Palaearctic, Oriental, and Australa-
sian regions. Populations can become extremely
abundant in warm, shallow, eutrophic waters sub-
ject to seasonal drying (Cranston 2000). Conse-
quently, emerged adults from many artificial or al-
tered habitats such as rice fields, eel ponds, drain-
age channels, canals, and treatment ponds, often
pose a considerable nuisance to people living
nearby (Sasa & Sublette 1980; Wang 2000). The
larvae are also considered a major pest of rice fields
in China, damaging the roots and leaves of rice
seedlings (Wang 2000). Presumably introduced
into Hawaii during World War II, mass emer-
gences of 

 

P. nubifer

 

 have become a serious problem
to residents near Kealia Pond National Wildlife
Refuge in Maui (M. B. Berg, Dept. of Biology, Loy-
ola Univ. of Chicago, personal communication).

Introductions of non-native chironomid
midges through air or sea transport are probably
common, but instances of their occurrence are dif-
ficult to ascertain with confidence because many
species are widely distributed, and our under-
standing of regional midge faunas and the distri-
butions of species is generally poor. The most
plausible cases of human-mediated midge intro-
ductions involve the appearance of large, pestifer-
ous populations of previously uncollected species
in a region where the midge fauna has been fairly
well studied (Spies 2000). Our observations of
large populations of 

 

P. nubifer

 

 from Florida, a
state whose chironomid fauna has been relatively
well documented (Epler 1995, 2001), lead us to
suspect that it is a recent arrival to south Florida.
Other extraneous species in the Nearctic include
G

 

oeldichironomus amazonicus

 

 (Fittkau) in Flor-
ida and southern California (Wirth 1979; Sub-
lette & Mulla 1991), and 

 

Chironomus strenzkei

 

Fittkau in southern California (Sublette & Mulla
2000). Both species are thought to be recent intro-
ductions from the Neotropics, joining other sus-
pected earlier Neotropical migrants such as 

 

Chi-
ronomus anonymu

 

s Williston (Wülker et al.
1989), and 

 

Chironomus calligraphus

 

 Goeldi (Sub-
lette & Mulla 2000), that have flourished in eu-

rythermal, eutrophic, and usually human-engi-
neered aquatic habitats in the southern Nearctic
(Spies et al. 2002).

The artificial ponds where 

 

P. nubifer

 

 was col-
lected, called detention ponds 332C and 332D, are
2 of a series of shallow infiltration basins con-
structed by the U.S. Army Corps of Engineers in
2001 and 2002 for maintaining suitable water
levels for breeding populations of the endangered
Cape Sable Seaside Sparrow (

 

Ammodramus mar-
itimus mirabilis

 

) in eastern ENP. Water from the
L-31N canal, which transects agricultural areas
in southern Miami-Dade County, is periodically
pumped into these shallow basins to a depth of
approximately 1.0 m and allowed to percolate
through the porous limestone bedrock. The re-
sulting locally-elevated water table reduces the
flux of groundwater eastward out of ENP. The
successive cycles of flooding with water from the
L-31N canal, and subsequent drydowns, concen-
trate nutrients in these basins during their oper-
ation period. Soil samples collected at the time of
midge sampling showed total phosphorus levels
(EPA 3050 method) in detention pond soils
ranged from 581 ppm in 332B to 1579 ppm in
332C, whereas soils from neighboring marshes in
ENP had total phosphorus concentrations from
221-288 ppm. At drydown, elevated water tem-
peratures and solute concentrations, and accu-
mulation of fine organic and inorganic sediments
may provide ideal conditions for warm-adapted
species with broad ecological requirements and
environmental tolerances to thrive. The fauna of
both detention ponds (Table 1) were dominated by
potentially pestiferous taxa such as 

 

Apedilum
elachistum

 

 Townes, 

 

A. subcinctum

 

 Townes, and

 

P. nubifer

 

 (Table 13.1 in Ali 1995). Collections of
pupal exuviae in primarily open-water habitats
do not allow one to estimate the magnitude of
emergence on an areal basis. However, windrows
of exuviae were evident along leeward shorelines,
and 10 dips with a 3-quart pot within a bed of
floating macrophytes in Pond 332C yielded an es-
timated 24,000 chironomid pupal exuviae, 76.4%
of which were 

 

P. nubifer

 

. A similar sample from
Pond 332D had an estimated 23,000 pupal exu-
viae, of which 1.6% were 

 

P. nubifer

 

. Samples
(about 2 m

 

2

 

 surface area) from vegetated solution
depressions located 50 m, 250 m, and 3 km to the
west of Pond 332C yielded 6, 1, and 0 pupal exu-
viae of 

 

P. nubifer

 

, respectively.
The observed populations of 

 

P. nubifer

 

 are in
sparsely inhabited agricultural areas 5 miles
west of the City of Homestead and currently not a
nuisance problem. Collections of 

 

P. nubifer

 

 pupal
exuviae in solution depressions in ENP indicate
that this species is capable of surviving in Ever-
glades marshes, but their low numbers in these
depressions relative to those in the detention
ponds suggest that there is a low likelihood that
they will flourish and displace native species
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under the current high water quality conditions
present in ENP. Samples collected in 2003, 2004,
and 2005 from ENP marshes near 332C and 332D
did not yield any 

 

P. nubifer

 

 pupal exuviae. How-
ever, continued monitoring of the midge fauna
along the perimeter of ENP will be necessary to
confirm the non-invasive status of this species.
Considering the warm climate, and the variety of
intermittent, enriched, and shallow-water habi-
tats present in south Florida, the potential exists
for 

 

P. nubifer

 

 to reach nuisance levels in urban or
agricultural areas in the future.

We thank Cristina Bruno, Marcos Gomes, Jeff
Kline, Lorena Morales, and Florian Veau for as-
sisting in sample collection. We thank Quan
Dong, William Coffman, Richard Lobinsky, and
two anonymous reviewers for commenting on ear-
lier drafts of this manuscript. This contribution is
part of a larger study of invertebrates in Ever-
glades National Park that was funded by the Crit-
ical Ecosystems Science Initiative of the National
Park Service.

S

 

UMMARY

 

We document the first record of 

 

Polypedilum
nubifer

 

 in Pan-America. This eurytopic species of-
ten reaches severe nuisance population sizes in
Australia, Asia, and Hawaii in warm, shallow,
eutrophic waters subject to drying. A large popu-
lation was discovered in newly-constructed infil-
tration basins and neighboring marshes along the
eastern boundary of Everglades National Park.
Presently, this population appears minimally in-
vasive to Park marshes and is far removed from
urban areas. However, we anticipate this species
could disperse and attain nuisance population
sizes in suitable urban and agricultural habitats
in south Florida.
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Solenopsis invicta 

 

virus (SINV-1) is a positive-
stranded RNA virus recently found to infect all
stages of the red imported fire ant, 

 

Solenopsis in-
victa

 

 (Valles et al. 2004; Valles & Strong 2005).
SINV-1 and a second genotype have been tenta-
tively assigned to the 

 

Dicistroviridae

 

 (Mayo
2002). Infected individuals or colonies did not ex-
hibit any immediate, discernible symptoms in the
field. However, under stress from introduction
into the laboratory, brood death was often ob-
served among infected colonies, ultimately lead-
ing to the death of the entire colony (Valles et al.
2004). These characteristics are consistent with
other insect-infecting positive-stranded RNA vi-
ruses. They often persist as inapparent, asymp-
tomatic infections that, under certain conditions,
induce replication within the host, resulting in
observable symptoms and often death (Christian
& Scotti 1998; Fernandez et al. 2002). The SINV
infection rate among colonies was reported to be
around 25% in Gainesville, Florida (Valles et al.
2004; Valles & Strong 2005). SINV vertical and
horizontal transmission were inferred based on
RT-PCR detection of virus genome in eggs and
successful colony to colony transfer under lab con-
ditions (Valles et al. 2004). However, the exact
mechanisms by which the virus is spread from
nest to nest in the field are unknown.

Phorid flies in the genus 

 

Pseudacteon

 

 are a
common natural enemy of 

 

S. invicta

 

 in South
America (Porter 1998) and these flies have been
released as a biological control in the U.S. Be-
cause egg laying by female flies is an intrusive
and repetitive action and flies develop within the
ant host while consuming internal tissues, we
were interested to know whether the 

 

Pseudacteon

 

parasitoids that oviposited or developed in SINV-
infected ants were capable of harboring this virus
and potentially vectoring it to other fire ant colo-
nies. Laboratory and field experiments were con-
ducted with 

 

P. obtusus

 

, 

 

P. litoralis

 

, and 

 

P. curva-
tus

 

 to determine whether these flies harbored de-
tectable levels of SINV.

Experiments were conducted to evaluate
whether SINV was detectable in 

 

P. obtusus

 

 or 

 

P.
litoralis

 

 that either completed their development
or oviposited in SINV-infected 

 

S. invicta

 

. Nests
containing SINV-infected fire ants were identified
from around Gainesville, Florida, by plunging 20
mL glass scintillation vials into fire ant nests to
collect a sample of workers. Total RNA was ex-
tracted from 30 to 40 worker ants by the TRIZOL
method (Invitrogen, Carlsbad, CA). cDNA was

synthesized and subsequently amplified with the
One-Step RT-PCR kit (Invitrogen) with oligonu-
cleotide primers p114 and p116 (SINV-1-specific)
and p117 and p118 (SINV-1A-specific) (Valles &
Strong 2005). Samples were positive for each vi-
rus when a visible amplicon of anticipated size
(646 nt for SINV-1 and 153 nt for SINV-1A) was
present after separation on a 1.2% agarose gel
stained with ethidium bromide. Every RT-PCR
reaction included a positive and negative control.
For simplicity, positive infection by either virus
genotype was labeled as SINV-infected. RT-PCR
was conducted in a PTC 100 thermal cycler (MJ
Research, Waltham, MA) under the following op-
timized temperature regime: 1 cycle at 45°C for
30 min, 1 cycle at 94°C for 2 min, 35 cycles of 94°C
for 15 s, 54°C for 15 s, 68°C for 30 s, followed by a
final elongation step of 68°C for 5 min.

Three SINV-positive nests were excavated
from the field and the ants were removed from
the soil by the floating method (Jouvenaz et al.
1977). Ants from a SINV-infected nest were
sieved to separate the worker ants by size corre-
sponding to the oviposition preferences of 

 

P. lit-
toralis

 

 and 

 

P. obtusus

 

 (Porter 1998). Samples of
the 

 

obtusus

 

-sized and 

 

litoralis

 

-sized ants were
evaluated for the presence of SINV-1 and SINV-
1A. RNA was extracted from pooled groups of 3
worker ants of 

 

obtusus

 

- (

 

n

 

 = 14 groups) and 

 

lito-
ralis

 

-sized (

 

n

 

 = 14 groups) workers and RT-PCR
was conducted as described on each of these
groups to determine the approximate rate of
SINV infection. After a suitable nest of ants was
identified and sieved, the appropriate sized
SINV-infected workers were presented to newly-
eclosed 

 

P. obtusus

 

 and 

 

P. litoralis

 

 for oviposition.
Approximately 1.5 g of 

 

P. obtusus

 

-sized or 

 

P. lito-
ralis

 

-sized worker ants were placed separately
into a fly attack box (Vogt et al. 2003) containing
newly-eclosed 

 

P. obtusus

 

 or 

 

P. litoralis

 

 phorid
flies, respectively. Flies were allowed to oviposit
in the ants for 1 d. A sample of flies from each
species was collected about 2 h after being ex-
posed to the ants as they were ovipositing on the
ants. Parasitized worker ants were removed
from the attack boxes and maintained as de-
scribed by Vogt et al. (2003). Approximately 2
weeks after oviposition, parasitized ants (

 

n

 

 = 39
from 

 

P. litoralis

 

 exposure; 

 

n

 

 = 17 from 

 

P. obtusus

 

exposure) were removed from the holding group
and evaluated for the presence of the SINV by
RT-PCR. The remainder exhibited symptoms
consistent with parasitization, including twitch-
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ing/uncoordination, morbidity, and decapitation.
Approximately half of these ants were confirmed
to contain a parasite. Fly pupae were observed
daily for the next month. All flies emerging from
these pupae were evaluated for the presence
SINV-1 or SINV-1A by RT-PCR.

Field-established 

 

Pseudacteon

 

 fly populations
were sampled and analyzed for SINV infection to
determine whether the virus was present in
phorid flies in their natural setting. 

 

S invicta

 

mounds (10 nests at each site) were opened with
a shovel in 3 areas around Gainesville, Florida,
exhibiting a high incidence of SINV infection.
SINV infection in these areas was determined by
RT-PCR within 2 weeks of sampling for flies.

 

Pseudacteon curvatus

 

 flies that were attracted to
the exposed fire ant nests were collected by aspi-
ration while they attacked worker ants. The flies
were immediately returned to the laboratory and
assayed for the presence of SINV. Flies were
pooled in groups of 5 for analysis without regard
for sex. RT-PCR was conducted on all of the collec-
tions for the presence of SINV-1 and SINV-1A.

Our data demonstrated that 

 

Pseudacteon

 

 flies
feeding upon SINV-infected ants do not acquire
the virus. SINV was not detectable by RT-PCR in
flies (

 

P. obtusus

 

 and 

 

P. litoralis

 

) that completed
their larval development in SINV-infected fire ant
workers (Table 1). SINV infection of host ants did
not appear to inhibit the ability of flies to com-
plete their development (Table 2). The rate of
SINV infection among parasitized groups of ants
ranged from 71 to 93%. SINV was not detected in

 

P. curvatus

 

 (

 

n

 

 

 

≈

 

90) field-collected from areas with
high a incidence of SINV infection. The lack of vi-
rus detection in flies completing development in
infected ants suggests that the virus does not dis-
play a broad host range.

Although SINV does not appear to infect 

 

Pseu-
dacteon

 

 decapitating flies, horizontal transmis-
sion of SINV could occur mechanically from con-
tamination of the ovipositor. This type of virus
vectoring has been reported previously and is the
primary route of transmission among some as-
coviruses in Lepidoptera (Stasiak et al. 2000).
However, SINV infection of 

 

S. invicta

 

 appears to
be limited to cells of the digestive tract, especially
the midgut (Valles unpublished data). Further,
we have not detected SINV in the hemolymph of
infected fire ants. Thus, it is unlikely that oviposi-
tion into the hemocoel by 

 

Pseudacteon

 

 decapitat-
ing flies would result in SINV contamination of
the ovipositor. Indeed, flies allowed to oviposit in
SINV-infected fire ants for several hours were all
negative for SINV (

 

n

 

 = 77; Table 1). However, me-
chanical transmission still could have occurred,
but was not detectable by the RT-PCR method
employed; the limit of detection of SINV by RT-
PCR is estimated to be between 50 and 100 copies
(Valles unpublished data).

Our results indicate that SINV does not repli-
cate within 

 

Pseudacteon

 

 decapitating flies that
parasitize 

 

S. invicta

 

. Flies appeared to develop
normally from SINV-infected 

 

S. invicta

 

 workers.
Mechanical transmission of SINV to uninfected
ants by oviposition appears unlikely.

 

T
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 1. E

 

VALUATION

 

 

 

OF

 

 

 

P

 

SEUDACTEON

 

 

 

OBTUSUS

 

 

 

AND

 

 

 

P

 

SEUDACTEON

 

 

 

LITORALIS

 

 

 

FLIES

 

 

 

OVIPOSITING

 

 

 

IN

 

, 

 

OR

 

 

 

EMERG-
ING

 

 

 

FROM

 

, SINV-

 

INFECTED

 

 

 

S

 

OLENOPSIS

 

 

 

INVICTA

 

 

 

WORKERS

 

.

Fly species Days after oviposition Development

 

n

 

 (flies)

 

n

 

 (groups)* SINV (+/-)

 

P. litoralis

 

0 Ovipositing 10 2 —

 

P. litoralis

 

34-46 Emerging 68 9 —

 

P. obtusus

 

0 Ovipositing 67 4 —

 

P. obtusus

 

26-32 Emerging 70 8 —

 

*Refers to the number of individual flies pooled for analysis (5-24 worker ants comprised a group).
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 2. R

 

ATE

 

 

 

OF

 

 SINV 

 

INFECTION

 

 

 

AMONG

 

 

 

S

 

OLENOPSIS

 

 

 

INVICTA

 

 

 

WORKERS

 

 

 

PARASITIZED

 

 

 

BY

 

 

 

P. 

 

OBTUSUS

 

 

 

OR

 

 

 

P. 

 

LITO-
RALIS

 

.

Ant workers parasitized by Ant condition

 

n

 

 (worker ants)

 

n 

 

(groups)*
% SINV infection among 

groups (mean ± SD)

 

P. litoralis

 

Before oviposition 21 7 100

 

P. litoralis

 

Parasitized 39 14 93 ±27

 

P. obtusus

 

Before oviposition 21 7 71 ±49

 

P. obtusus

 

Parasitized 17 7 71 ±49

 

*Refers to the number of individual worker ants pooled for analysis (1-3 flies comprised a group).
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FORTUITOUS ESTABLISHMENT OF 

 

AGENIASPIS CITRICOLA

 

(HYMENOPTERA: ENCYRTIDAE) IN JAMAICA
ON THE CITRUS LEAFMINER (LEPIDOPTERA: GRACILLARIIDAE)
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The citrus leafminer 

 

Phyllocnistis citrella

 

Stainton (CLM) is endemic to India, China and
other Asian countries (Clausen 1931), but has
spread rapidly into other citrus-growing areas
throughout the world during the past 15 years.
The CLM was first noticed in Florida in 1993
(Heppner 1993) and spread throughout the Carib-
bean, as well as Central and South America. A
classical biological control project was initiated
and the host-specific endoparasitoid 

 

Ageniaspis
citricola

 

 Logvinovskaya (Hymenoptera: En-
cyrtidae) was imported and released in Florida
(Hoy & Nguyen 1994, 1997). The Australian pop-
ulation of 

 

A. citricola

 

 had been imported from
Thailand into Australia (Neale et al. 1995) prior
to being released into Florida. Subsequently, an-
other 

 

A. citricola

 

 population from Taiwan was im-
ported and introduced into Florida (Lo & Chiu
1988; Hoy et al. 2000). Individuals from Taiwan
and Thailand appear morphologically identical,
but slight differences in biology and behavior
were noted (Ujiye et al. 1996; Yoder & Hoy 1998),
which led to molecular studies to characterize the
two populations (Hoy et al. 2000; Alvarez & Hoy
2002). Hoy et al. (2000) showed, with RAPD-PCR
and DNA sequence analysis of 

 

Actin1

 

 and 

 

Actin2

 

genes, that there are likely 2 cryptic species of

 

Ageniaspis

 

 parasitizing the CLM, 1 from Taiwan
and 1 from Thailand. Both populations were re-

leased in Florida, and current, but limited, evi-
dence suggests that only the population originat-
ing from Thailand established (Alvarez 2000).

While monitoring populations of the CLM in
Jamaican citrus groves between 24 and 29 May
2004, high rates of parasitism (ranging from 30-
90%) of the CLM by 

 

Ageniaspis

 

 were found
throughout the island. To further evaluate the
distribution and abundance of 

 

A. citricola

 

 in Ja-
maica, a survey was conducted between Jan and
Sep 2005 at 4 sites in the citrus-growing regions
of Jamaica. Tender new growth on citrus trees
was monitored at these sites to determine the
number of leafminer mines per leaf and to deter-
mine the proportion of pupal chambers that con-
tained pupae of the citrus leafminer or 

 

A. citri-
cola

 

. A mean (±S.D.) of 41.3 (26.9)% of all pupal
chambers examined contained 

 

A. citricola

 

 in
these sites sampled during Jan-Sep 2005. On
most sample dates when CLM was found, fewer
than the targeted number of 40 pupal chambers
could be sampled because leafminer densities
were very low, averaging 0.50 (0.25) mines per
leaf (Table 1). These survey data suggest that
CLM populations are low in Jamaica and the es-
tablishment and abundance of 

 

A. citricola 

 

ap-
pears to be contributing to this status.

No purposeful releases of 

 

A. citricola

 

 were
made in Jamaica and no one knows how this par-
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 1. S

 

URVEY
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 J
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-

 

GROWING

 

 

 

AREAS

 

 

 

FOR

 

 

 

INCIDENCE
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PARASITISM

 

 

 

OF

 

 

 

THE

 

 

 

CITRUS

 

 

 

LEAFMINER

 

 

 

BY

 

A

 

GENIASPIS

 

 

 

CITRICOLA

 

 

 

DURING

 

 2005.

Parish Location Sample Date

    Total no. 
flush/total no. 

leaves sampled 
Mean mines/

leaf (SD)

   No. pupal 
chambers 
examined*

% chambers
with 

 

A. citricola

 

Clarendon Four Paths 27 September 6/52 0.65 (0.22) 17 6%

St. Catherine Bog Walk 27 January 19/214 0.28 (0.17) 26 27%
28 February 20/297 0.31 (0.18) 40 35%

St. Elizabeth Balaclava 3 February 20/255 0.22 (0.10) 14 64%
9 June 20/396 0.99 (0.29) 40 23%

St. Mary Highgate 21 April 20/182 0.49 (0.25) 25 40%
5 May 16/157 0.59 (0.26) 14 93%

31 May 20/180 0.46 (0.22) 40 43%

 

*All pupal chambers up to 40 per sample were examined. On some dates, fewer than 40 chambers were examined because only
CLM larvae were present in the mines at that site.
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asitoid managed to colonize the island. However,
because Jamaican growers had never found CLM
populations to cause serious damage to citrus, ex-
cept for occasional population increases in nurs-
eries and newly established trees (personal com-
munication, Dr. Percy Miller, Citrus Growers As-
sociation, 2006), we speculate that 

 

A. citricola

 

 en-
tered Jamaica with the citrus leafminer on citrus,
and multiplied and spread throughout Jamaica.
This conclusion was reached because the CLM is
unable to develop on host plants other than citrus
and that 

 

A. citricola

 

 is host specific to the CLM.
Adult parasitoids collected in 95% ethyl alcohol

(EtOH) during May 2004 were taken to Gaines-
ville, FL where they were analyzed to determine
whether they were derived from the Taiwan or the
Thailand populations of Ageniaspis by using 

 

Actin

 

gene sequence data (Hoy et al. 2000). Genomic
DNA from individual wasps was extracted by the
PureGene method according to the manufac-
turer’s recommendations (Gentra, Minneapolis,
MN) and resuspended in 10-µL of sterile water.
High-fidelity PCR amplifications were performed
by resuspending 1 µL of DNA in a 50-µL reaction
containing 400 picomoles of degenerate primers
(forward: MHO105, 20-mer, 5’TGGGAYGAYATG-
GARATHTGGCAYCA-3’; reverse: MHO99, 20-
mer, 5’GCCATYTCYTGYTCRAARTC-3’, where Y
= C or T, R = A or G, and H = A or C or T). The prim-
ers were expected to amplify a 400-bp region, 266
to 666 bp from the start site of the 

 

Actin

 

 gene fam-
ily, which typically contains 6 different genes in
insects. The primers were added to 50 mM Tris pH
9.2, 1.75 mM MgCl2, 16mM ammonium sulfate,
350 µM dATP, dGTP, dCTP, dTTP and 0.2 units of

 

Tgo

 

 and 1.0 units of 

 

Taq

 

 DNA polymerase (Roche
Biochemicals, Indianapolis, IN). High-fidelity
PCR amplification was performed for 35 cycles,
with 3 linked profiles: (1) one cycle consisting of
94°C denaturation for 2 min; (2) 10 cycles consist-
ing of 94°C denaturation for 10 s, 49°C annealing
for 30 s and 68°C extension for 1 min; and (3) 25
cycles consisting of 94°C denaturation for 10 s,
49°C annealing for 30 s and 68°C extension for 1
min plus 20 s added for every consecutive cycle.

The 400-bp 

 

Actin1

 

 gene sequences from the
Australian and Taiwan populations show 20 base-
pair differences between them (95% similarity),
while the 400-bp 

 

Actin2

 

 gene sequences show 12
base-pair differences (97% similarity) (Hoy et al.
2000). These 

 

Actin

 

 sequence differences are simi-
lar to the degree of sequence divergence found for
other highly conserved genes and are equivalent
to the differences found in 

 

Actin

 

 sequences from
different genera. Hence, the 

 

Actin

 

 sequence dif-
ferences observed between the Australian and
Taiwan parasitoids indicate that they belong to
different cryptic species.

Twelve clones were sequenced from the Jamai-
can 

 

Ageniaspis

 

 and 9 of the 

 

Actin

 

 sequences were
identical to 

 

Actin1

 

. Two clones produced se-

quences that were identical to 

 

Actin2

 

 sequences
from the Australian population of 

 

A. citricola

 

,
which was collected originally from Thailand. In
addition, a third, and new, 

 

Actin

 

 sequence was
found, with an 85% similarity to the 

 

Actin1

 

 se-
quence of the Australian population. Because in-
sects have 6 

 

Actin

 

 genes, this new sequence will
be called 

 

Actin3

 

 and will be deposited in GenBank
(Accession Number EF149011).

S

 

UMMARY

 

These data indicate that the population of 

 

A.
citricola

 

 in Jamaica probably originated from the
Australian (Thailand), rather than from the Tai-
wan, population. This is consistent with what is
currently known about the origin of the estab-
lished 

 

Ageniaspis

 

 population in Florida (Alvarez
2000). It is not known when, or how, 

 

A. citricola

 

arrived in Jamaica, although the CLM was de-
tected there in 1994. The fortuitous establishment
of 

 

A. citricola

 

 on the CLM in Jamaica is not the
only such establishment of a natural enemy dis-
covered during this 2004 survey of citrus. The par-
asitoid 

 

Lipolexis oregmae

 

 Gahan (Hymenoptera:
Aphidiidae) was found attacking the brown citrus
aphid, 

 

Toxoptera citricida

 

 Kirkaldy (Hemiptera:
Aphididae) (Hoy et al. unpublished data), and the
eulophid parasitoid 

 

Tamarixia radiata

 

 Waterston
was found attacking the Asian citrus psyllid, 

 

Dia-
phorina citri

 

 Kuwayama (Hemiptera: Psyllidae).
The fact that 3 natural enemies of 3 invasive cit-
rus pests were found in Jamaica, none of which
were purposefully imported and released, sug-
gests that pest-infested citrus trees were im-
ported into Jamaica without going through appro-
priate quarantine procedures. Because each pest
arrived at different times, the parasitoids proba-
bly arrived at different times, as well. This indi-
cates that an analysis is needed to identify the
critical control points within those services in Ja-
maica that support border protection, and that
procedures may require strengthening.
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 VIRUSES IN LABORATORY-REARED CACTUS MOTH,

 

CACTOBLASTIS CACTORUM

 

 (LEPIDOPTERA: PYRALIDAE)
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The cactus moth, 

 

Cactoblastis cactorum

 

 (Lepi-
doptera: Pyralidae: Phycitinae), is a non-native
species threatening a variety of native cacti, par-
ticularly endangered species of 

 

Opuntia

 

 (Zimmer-
man et al. 2001), on the coast of the Gulf of Mexico.

 

Cactoblastis cactorum

 

 populations have expanded
from Florida northward along the Atlantic coast
as far as Charleston, SC, and westward along the
Gulf of Mexico to Dauphin Island, south of Mobile,
AL. It is feared that further movement to the west
will allow 

 

C. cactorum

 

 to enter the US desert
Southwest and Mexico, particularly the latter. Nu-
merous cactus species, especially those of the gen-
era 

 

Opuntia

 

 and 

 

Nopalea

 

, are native to the U.S.
and Mexico. Local economies based on agricul-
tural and horticultural uses of cacti could be dev-
astated by 

 

C. cactorum

 

 (Vigueras & Portillo 2001).
A bi-national control program between the US

and Mexico is being developed, utilizing the sterile
insect technique (SIT). In the SIT program, newly
emerged moths are irradiated with a 

 

60

 

Co source
and released to mate with wild individuals. The
radiation dose completely sterilizes the females
and partially sterilizes the males. When irradi-
ated males mate with wild females, the F1 prog-
eny of these matings are sterile. In order for the
SIT program to succeed, large numbers of moths
must be reared from egg to adult on artificial diet
in a quarantined rearing facility (Carpenter et al.
2001). Irradiated insects must then be released in
large numbers at the leading edge of the invasive
population and at times which coincide with the
presence of wild individuals available for mating.
Mortality from disease in the rearing colony dis-
rupts the SIT program by reducing the numbers of
insects available for release.

The 

 

C. cactorum

 

 colonies at the insect rearing
facility at the Crop Protection and Management
Research Laboratory, USDA-ARS, Tifton, GA,
were established in Mar and Dec, 2001, from lar-
vae and eggs sticks collected from the wild in the
U.S. and South Africa, respectively. The US colony
was reared on 

 

Opuntia ficus-indica

 

 cladodes,
whereas the South African colony was reared on
artificial diet based on white kidney beans. Occa-
sional infection and mortality due to microspo-
ridia were detected by light microscopy in 2004.
However, by late 2004, we noted mortality of
large, late instars in which no microsporidia or
other disease agents could be detected by light
microscopy. In later generations, progressively
younger and smaller larvae also were affected. By

2004, mortality levels greater than 50% occurred
in most rearing containers of insects on bean diet,
in spite of sanitation measures (i.e., cleaning all
rearing containers with 1% sodium hypochlorite
solution) that were in place. Affected larvae
crawled out of the diet, climbed up the sides of the
rearing container, died, and turned black. Dead
larvae were frequently attached to the container
wall by a small portion of the midbody, with the
anterior and posterior ends hanging free. Disease
problems were limited almost exclusively to the
South African colony reared on kidney bean diet.

Larvae were submitted to the University of
Georgia’s Veterinary Diagnostic and Investiga-
tional Laboratory, Tifton, GA, for detection and
identification of possible viruses by negative
stain transmission electron microscopy
(NSTEM) (Styer et al. 1987). Of 123 normal and
diseased larvae examined by NSTEM, 40.6%
(50/123) were positive for an icosahedral virus
(IV) approximately 24 nm in diameter (range,
19-34 nm) (Fig. 1), 0.8% (1/123) were positive for
cytoplasmic polyhedrosis virus (CPV), and 58.6%
(72/123) were negative for viruses. The 24 nm IV
was much more prevalent in the South African
colony than in the US colony, although there was
no correlation between morbidity or mortality
and the presence of the 24 nm IV. The single
larva positive for CPV was from the US colony on
bean diet. In NSTEM preparations, the 24 nm IV
appeared as scattered individual particles, small
to medium aggregates and small aggregates that
were complexed with granular material and/or
short membrane strands or vesicles (Fig. 1) and
was frequently present in massive numbers. Ag-
gregates and complexes were more common in
preparations from stunted larvae than from
large, moribund, or dead larvae. The size range
of the 24 nm IV (19-34 nm) suggests that it may
belong to the Picornaviridae (van Regenmortel
et al. 2000).

Because the 24 nm IV was initially observed in
larvae of the South African colony only, a brief
study was performed to determine whether diet
had any effect on larval mortality or the presence
of the virus. Thirty larvae from the South African
colony raised on bean diet (10 dead and 20 alive)
were examined by NSTEM, as were 32 larvae
from the US colony raised on bean diet (11 dead
and 21 alive) and 22 larvae (all alive) from the US
colony on cladodes. All of the South African larvae
raised on bean diet were positive for the 24 nm IV,
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as were 14/32 (44%) of the US larvae on bean diet.
No viruses were detected in the 22 larvae from
the US colony reared on cladodes. Incidence of the
24 nm IV differed significantly in larvae reared on
bean diet vs those reared on cladodes (

 

χ

 

2

 

 =13.92,

 

df

 

 = 1, 

 

P

 

 = 0.0002). Although diet and perhaps the
different microenvironments created by the diet
did relate to the expression of an apparently la-
tent virus infection among US larvae, there was
no correlation between mortality and the pres-
ence of the 24 nm IV among larvae raised on the
kidney bean diet.

In an effort to correlate infection by the small
IV with pathological changes and to check for the
presence of viruses not detected by NSTEM, tis-
sues from 23 of the 123 larvae examined by
NSTEM were prepared for ultrastructural exam-
ination (UTEM). Tissues from one half of each of
these larvae were dissected in McDowell and
Trump’s modified Karnovsky’s fixative and pro-
cessed for ultrastructural examination by a mi-
crowave-assisted method similar to that detailed
by Giberson (2001). Tissues examined included
midgut, fat body, hypodermis, Malpighian tu-
bules, nerves, heart, pericardium, blood cells, and
silk glands. Larvae selected for UTEM included
apparently normal, healthy larvae and moribund,
stunted and darkly pigmented larvae, as well as
larvae that were positive for CPV, or the 24 nm IV,
or were virus negative by NSTEM.

Light microscopic examination of 0.5 µm thick
sections stained with toluidine blue-O failed to
identify any pathological changes that were cor-
related with the presence of the 24 nm IV ob-
served by NSTEM. For example, midgut epithe-
lial cells of both virus positive and virus negative
larvae were commonly vacuolated and blebbed
into the midgut lumen and their cytoplasm fre-
quently contained large numbers of irregular cy-
toplasmic inclusion bodies which proved to be
small to large, often complex lysosomes (Fig. 2A
and 2C). Cytoplasmic polyhedra and CPV virions
(Fig. 2A and 2B) were observed in midgut epithe-
lial cells of 3 larvae from the US colony, including
the larva that was CPV-positive by NSTEM. By
both light microscopy and UTEM, CPV polyhedra
were intensely stained to almost unstained struc-
tures approximately 0.5 µm in diameter (range,
0.2-1.2 µm) that were scattered within a lightly
stained virogenic stromata. On UTEM, numerous
CPV virions were present within and along the
margins of the developing polyhedra. Tamashiro
& Huang (1963) described a cytoplasmic polyhe-
drosis virus with polyhedra 262-880 nm in diam-
eter from 

 

C. cactorum

 

 from Hawaii. Identification
of the CPV in the Tifton 

 

C. cactorum

 

 colonies was
beyond the scope of this study. 

 An unenveloped icosahedral virus with a max-
imum diameter of 50 nm was encountered in a
large number of otherwise unremarkable nuclei
of midgut epithelial cells of four larvae from the
US colony on diet (4/23 or 17%) (Fig. 2D). These
larvae had been collected from a single rearing
cage on the same date and were quite dissimilar
in appearance (e.g., a small, stunted, normally
pigmented larva; a large, presumably healthy
larva; a small, moribund, black-colored larva; and
a large, recently dead, black-colored larva). The
24 nm IV was not detected by UTEM, even in tis-
sues of larvae in which large numbers of virions
were present in NSTEM preparations.

 The low incidence of viruses and the absence
of significant mortality in the cladode-reared 

 

Cac-
toblastis

 

 colony suggests either that rearing the
larvae on artificial diet introduces stress that al-
lows expression of disease or that the cladodes,
the natural food, confer protection against ex-
pression of viral disease. In either case, it is clear
that the food plays a major role in expression of at
least the 24 nm icosahedral virus in 

 

Cactoblastis

 

and that the development of a satisfactory artifi-
cial diet that suppresses it is critical to mass rear-
ing of this insect.

 A
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Fig. 1. Electron micrograph of negatively stained,
24nm diameter, icosahedral viruses from a larva of Cac-
toblastis cactorum. The virions occur singly and as
small aggregates complexed with membranous mate-
rial. Bar, 100 nm.
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Fig. 2. Electron micrographs of the cytoplasmic polyhedrosis virus (CPV) and the approximately 50 nm diameter
intranuclear virus that were observed in midgut epithelial cells of larvae of 

 

Cactoblastis cactorum

 

. A. CPV-infected
cells. P, CPV polyhedra embedded in the fibrogranular virogenic stromata; L, midgut lumen; arrow, lysosomes. Bar,
2 µm. B. CPV polyhedra with occluded virions. Bar, 200 nm. C. A cell infected with the 50 nm icosahedral virus. N,
apparently normal nucleus; arrow, lysosomes. Bar, 2 µm. D. A portion of the nucleus in C showing scattered 50 nm
diameter icosahedral viruses. Bar, 200 nm.



 

Scientific

 

 

 

Notes

 

277

 

R

 

EFERENCES

 

 C

 

ITED

 

C

 

ARPENTER

 

, J. E., K. B

 

LOEM

 

, 

 

AND

 

 S. B

 

LOEM

 

. 2001. Ap-
plications of F1 sterility for research and manage-
ment of 

 

Cactoblastis cactorum

 

 (Lepidoptera:
Pyralidae). Florida Entomol. 84: 531-536.

G

 

IBERSON

 

, R. T. 2001. Vacuum-assisted microwave pro-
cessing of animal tissues for electron microscopy, pp.
155-164 

 

In

 

 R. T. Giberson and R. S. Demaree [eds.],
2001, Microwave Techniques and Protocols, Humana
Press, Totowa, NJ, pp. 155-164.

S

 

TYER

 

, E. L., J. J H

 

AMM

 

, 

 

AND

 

 D. A N

 

ORDLUND

 

. 1987. A
new virus associated with the parasitoid 

 

Cotesia mar-
giniventris

 

 (Hymenoptera: Braconidae). Replication in
noctuid host larvae. J. Inverteb. Pathol. 50: 302-309.

T

 

AMASHIRO

 

, M., 

 

AND

 

 S.-S. H

 

UANG

 

. 1963. A cytoplasmic
polyhedrosis virus of 

 

Cactoblastis cactorum 

 

(Berg).
J. Insect Pathol. 5: 397-399.

V

 

AN

 

 R

 

EGENMORTEL

 

, M. H. V., C. M. F

 

AUQUET

 

, D. H. L.
B

 

ISHOP

 

, E. B. C

 

ARSTENS

 

, M. K. E

 

STES

 

, S. M. L

 

EMON

 

,
J. M

 

ANILOFF

 

, M. A. M

 

AYO

 

, D. J. M

 

C

 

G

 

EOCH

 

, C. R.
P

 

RINGLE

 

, 

 

AND

 

 R. B. W

 

ICKNER

 

. 2000. Virus Taxon-
omy: Classification and Nomenclature of Viruses.
7th Report of the International Committee on Tax-
onomy of Viruses. Academic Press, NY, 1162 pp.

V

 

IGUERAS

 

, A. L., 

 

AND

 

 L. P

 

ORTILLO

 

. 2001. Uses of 

 

Opun-
tia

 

 species and the potential impact of 

 

Cactoblastis
cactorum

 

 (Lepidoptera: Pyralidae) in Mexico. Flor-
ida Entomol. 84: 493-498.

Z

 

IMMERMAN

 

, H. G., V. C. M

 

ORAN

 

, 

 

AND

 

 J. H. H

 

OFFMANN

 

.
2001. The renowned cactus moth, 

 

Cactoblastis cac-
torum

 

 (Lepidoptera: Pyralidae). Its natural history
and threat to native 

 

Opuntia

 

 floras in Mexico and
the United States of America. Florida Entomol. 84:
543-551



 

278

 

Florida Entomologist

 

 90(1) March 2007

 

A CHARACTER DEMONSTRATING THE OCCURRENCE OF MATING
IN MALE 

 

CACTOBLASTIS CACTORUM 

 

(LEPIDOPTERA: PYRALIDAE)

 

O

 

RVILLE

 

 G. M

 

ARTI

 

 

 

AND

 

 J

 

AMES

 

 E. C

 

ARPENTER

 

United States Department of Agriculture, Agricultural Research Service
Crop Protection and Management Research Service, P.O. Box 748,Tifton, GA 31793

 

The

 

 

 

arrival of the cactus moth, 

 

Cactoblastis
cactorum

 

 (Berg), in the southeastern United
States in 1989 (Mahr 2001), and its steady
progress westward to the 

 

Opuntia

 

-growing re-
gions of Mexico and the southwestern United
States have resulted in research on the develop-
ment of control measures to halt or slow the
movement of the insect. The most promising con-
trol measure against 

 

C. cactorum 

 

is the sterile in-
sect technique (SIT), in which large numbers of
male moths are exposed to a sub-sterilizing dos-
age of ionizing radiation and then released in or
in front of the leading edge of the geographic
range of the pest. Irradiated males then find wild
females, mate with them, and produce progeny
which are delayed in development from oviposi-
tion to eclosion, fewer in number than in a normal
mating, and sterile (Carpenter et al. 2001).

Irradiated male 

 

C. cactorum 

 

released in the
SIT program are marked with colored dye to al-
low their identification as released males upon re-
capture in pheromone traps (Hight et al. 2005). In
order to compare mating success of wild and irra-
diated males, an anatomic characteristic that in-
dicated the mating status of males was sought.

A number of published reports mention that
differences in color of secretions in the 

 

ductus
ejaculatorius simplex 

 

in various Lepidoptera spe-
cies allow determination of mating status of
males. Proshold (1991) found that the 

 

simplex

 

 in
unmated males of a noctuid, 

 

Heliothis virescens,

 

the tobacco budworm, varied from light yellow to
dark brown. The 

 

simplex

 

 in mated males was
clear, cloudy, or white. In 

 

Spodoptera frugiperda

 

,
the fall armyworm, also a noctuid, Snow &
Carlysle (1967) reported that the color of the pri-
mary 

 

simplex

 

 (Callahan 1958) was light brown to
black in unmated males and transparent to yel-
low in mated males. Furthermore, they reported
that a dark spermatophore is transferred to the
female at the first mating and that subsequent
spermatophores are lighter in color. These au-
thors also reported that mated males held for sev-
eral days and prevented from mating regenerated
only a yellow or light brown color in the 

 

simplex

 

,
and that this color was never as intense as the
brown to black color indicative of unmated males.
Similar results were reported by Haines (1981)
for the noctuid, 

 

Spodoptera littoralis, 

 

by Hen-
neberry & Clayton (1984) for the noctuid 

 

H. vire-

scens

 

, and by Bergh & Seabrook (1986) for the tor-
tricid

 

, Choristoneura fumiferana

 

. These latter au-
thors also summarized results from the above 4
species. Except in 

 

H. virescens

 

, the color of the

 

simplex

 

 was regenerated within several days af-
ter mating.

 Callahan & Cascio (1963) described the male
reproductive system of the noctuid, 

 

Heliothis zea

 

,
and reported that the 

 

simplex

 

 consisted of a poste-
rior or cuticular portion, and an anterior or pri-
mary portion. They identified two secretory areas
of the primary 

 

simplex

 

 and found that the poste-
rior, or first secretory area, of the primary 

 

simplex

 

was variously colored in different noctuid species
and, because of the easily traceable color, was the
first secretion to enter the female 

 

bursa

 

 during
mating. Outram (1971) stated that the 

 

bulla semi-
nalis 

 

of the female contained a fluid similar in
color to the secretion of the primary 

 

simplex

 

 in 

 

C.
fumiferana

 

, the spruce budworm, but that the
function of the fluid is not known. Outram (1970)
also described and illustrated the male reproduc-
tive system of 

 

C. fumiferana

 

 and reported that 7
regions, distinguishable on the basis of differences
in secretions and constrictions in the duct, could be
identified in the primary 

 

simplex

 

 of this species.
However, Callahan & Chapin (1960) found little
morphological variation in the primary 

 

simplex 

 

in
several different noctuid species, but were able to
use characteristics of the cuticular 

 

simplex

 

 to sep-
arate individual moths by generic groups.

 Newly emerged adults of 

 

C. cactorum 

 

obtained
from the colony in the insect rearing facility at
USDA, CPMRU, Tifton, GA, were paired in indi-
vidual containers and allowed to mate. At various
times (1-7 d) after pairing, the moths were dis-
sected in saline in a petri dish. Females were ex-
amined for the presence of a spermatophore in
the 

 

bursa copulatrix

 

. For males, the thorax was
held with a pair of forceps and the 

 

simplex

 

 was
pulled out by grasping the abdomen anterior to
the claspers with a second pair of forceps and
pulling until most of the length of the 

 

simplex

 

 was
exposed. This procedure frees the 

 

simplex

 

 for ex-
amination without the presence of adhering fat
body and tracheal tubules. The forceps can then
be used to dissect the remaining portions of the
male reproductive system. The posterior portion
of the primary

 

 simplex 

 

was measured, the color
was noted as “clear and pale” or “opaque and yel-
low”, and the contents were examined with Dif-
ferential Interference Contrast illumination on a
Nikon Optiphot compound microscope at 400

 

×

 

.

 

 

 

Mention of a product does not constitute an endorsement of
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 The mating status of the males, based on the
presence or absence of a spermatophore in the fe-
male with which they had been paired, was com-
pared with the color characteristics of the poste-
rior primary 

 

simplex

 

 and with the presence or ab-
sence of numerous hyaline granules that had also
been observed in the posterior 

 

simplex

 

. The gran-
ules were 3-5 µm by 5-10 µm. Most granules, par-
ticularly the larger ones, were prolate spheroids
resembling small footballs, although many were
irregular in shape. The granules were highly re-
flective and were not responsible for the yellow
color observed in the posterior 

 

simplex

 

 of the un-
mated males. Several authors who described color
differences in the 

 

simplex

 

 also commented on the
presence of globules in the 

 

simplex

 

 without men-
tioning whether granules were also present
(Snow & Carlysle 1967; Haines 1981; Callahan &
Cascio 1963). Musgrave (1937) mentioned the
presence of ovoid, hyaline, granules in the acces-
sory glands and large angular lumps in the 

 

sim-
plex

 

 of 

 

Ephestia kuhniella

 

 (Pyralidae), but did not
state how these were related.

 Complete information on the mating status,
character of the posterior primary 

 

simplex

 

 and
presence or absence of granules was obtained in
71 (

 

n 

 

= 25 once-mated, 

 

n 

 

= 46 unmated) males
from 80 pairs. Comparison of mating status of the
males with the character of the posterior 

 

simplex

 

showed that all 46 unmated males had a yellow,
opaque simplex and none had a clear, pale sim-
plex (Fig. 1). In contrast, 24 of 25 mated males
had a clear, pale simplex and 1 had an opaque,
yellow simplex. The difference was significant (

 

χ

 

2

 

= 66.71, 

 

df 

 

= 1, 

 

P 

 

= 0.00001).
 In comparing mating status of the males with

the presence or absence of granules in the poste-
rior primary simplex, granules were present in
44 of 46 unmated males and were absent in 2 of
46 unmated males (Fig. 2). In contrast, granules
were absent in all 25 mated males. The differ-
ence was significant (

 

χ

 

2

 

 = 62.88, 

 

df 

 

= 1, 

 

P 

 

=
0.00001). Although a faint yellow color may be
regenerated after mating, no granules were
found in males that were examined up to 96 h af-
ter mating.

Fig. 1. Posterior primary simplex of mated (top) and unmated (bottom) male Cactoblastis cactorum. A constric-
tion (white arrow) marks the posterior end of the primary simplex and the anterior end of the cuticular simplex,
here partly obscured by fat body and genital structures, including claspers. Scale = 1.0 mm
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 In comparing the character of the posterior
primary 

 

simplex

 

 with the presence or absence of
granules, granules were absent from the poste-
rior primary 

 

simplex

 

 of all 24 males with a clear,
pale posterior primary

 

 simplex

 

. In contrast, gran-
ules were present in 44 of 47 males with an
opaque, yellow posterior 

 

simplex

 

 and absent from
3 of 47 males with a clear, pale posterior primary

 

simplex.

 

 The difference was significant (

 

χ

 

2 

 

= 59.08,

 

df 

 

= 1, 

 

P

 

=0.00001).
 The posterior primary 

 

simplex

 

 of 64 of the
above 71 males was measured to determine
whether there was a difference in length in mated
versus unmated males. In mated (

 

n 

 

= 24) males,
the posterior primary 

 

simplex

 

 was 2.94 ± 0.74 mm
in length (mean ± SE). In unmated males (

 

n 

 

= 40),
the posterior primary 

 

simplex

 

 was 3.46 ± 0.63 mm
in length. These means were significantly differ-
ent (

 

t

 

 = -3.004, 

 

df 

 

= 63, 

 

P 

 

= 0.004).
An additional 86 unmated male 

 

C. cactorum

 

which emerged from cocoons collected in the wild
on Little Dauphin Island, AL, in Sep, 2006, were
dissected and the simplex was examined for color
and granules. The simplex was yellow in 85 of
these males and granules were present in 83 (

 

χ

 

2 

 

=
0.01, 

 

df 

 

= 1, 

 

P 

 

= 0.91), showing that the yellow
color and the presence of granules were closely as-
sociated in unmated male 

 

C. cactorum

 

.
 The presence of an opaque yellow color and

small granules in the posterior primary 

 

simplex

 

of adult male 

 

C. cactorum 

 

are reliable indicators
that the male has not mated. Conversely, the
clear pale posterior primary 

 

simplex 

 

and the ab-
sence of granules is a reliable indicator that the
male has mated.

S

 

UMMARY

 

The reproductive system of adult male 

 

Cacto-
blastis cactorum

 

, the cactus moth, was examined
to determine whether the mating status of males
could be ascertained. In unmated males, the pos-
terior portion of the primary 

 

ductus ejaculatorius
simplex 

 

is opaque yellow in color and contains
many small football-shaped hyaline granules 3-5

 

×

 

 5-10 µm in size. In mated males, the posterior

 

simplex

 

 is clear and contains no granules. The
presence or absence of these characters was found
to be highly reliable and should be of value in de-
termining mating status in marked-recaptured
males of this species in a sterile insect release
program directed against 

 

Cactoblastis

 

.
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 2006. Insect Symbiosis. Volume 2. CRC Press, Taylor &
Francis Group; Boca Raton, FL. 276 pp. ISBN 0-8493-1286-8. Hardback. $119.95.

There are several definitions of symbiosis, but
in this book it involves an association where one
organism (the symbiont) lives within or on the
body of another organism (the host), regardless of
the actual effect on the host. Some symbioses are
mutualistic, some parasitic, and some involve
commensalism, in which one partner derives
some benefit without either harming or benefiting
the other.

This is the second volume in this exciting and
rapidly advancing topic by these editors. The first
volume was published in 2003 and during the in-
tervening three years additional data have been
produced that make this book a useful addition to
your library. The first book provided chapters that
provided an overview of insect symbiosis, discus-
sions of the primary aphid symbiont 

 

Buchnera

 

and other aphid symbionts, symbiosis in tsetse,
symbionts in the weevil 

 

Sitophilus

 

, the possible
use of paratransgenic symbionts of 

 

Rhodnius pro-
lixis

 

 to prevent disease transmission, bark beetle
and fungal symbiosis, symbionts of tephritid fruit
flies, symbionts affecting termite behavior, an
overview of microsporidia as symbionts (para-
sites?) of insects, an overview of a newly discov-
ered bacterium that causes sex-ratio distortion in
insects and mites (from the Bacteroides group),
symbionts that selectively kill male insects, and
several chapters on the ubiquitous endosymbiont

 

Wolbachia

 

.
This new volume has a brief foreword by Lynn

Margulis and fifteen chapters. The first chapter,
by Paul Baumann, provides an excellent overview
of the diversity of symbiont-insect relationships
in the psyllids, whiteflies, aphids and mealybugs.
Chapter two by Nathan Lo, Tiziana Beninati, Lu-
ciano Sacchi and Claudio Bandi describe an al-
pha-proteobacterium that invades the mitochon-
dria of the tick 

 

Ixodes ricinus

 

, which has been
found, so far, to occur only in three ciliate species
and this tick. The role of the bacterium in the bi-
ology of the tick is not yet understood, but may
provide some fitness benefit to the tick. The bac-
terium is found in the ovaries and only rarely in
males. Chapter three, by Martha S. Hunter and
Einat Zchori-Fein, updates the work conducted on
the 

 

Bacteroides

 

 symbionts in arthropods that was
discussed in Volume One. Michael Poulsen and
Cameron R. Currie describe the complexity of at-
tine ant-fungus symbiosis. Chapter five, by Duur
K. Aanen and Jacobus J. Boomsma, covers the
evolution of the mutualistic symbiosis between
termites and fungi, while Chapter six, by El-Des-
ouky Ammar and Saskia A. Hogenhout, discusses
mollicutes associated with arthropods and plants. 

A chapter (eight) by Alistair C. Darby and Su-
san C. Welburn discuss symbiont culture; this is a
particularly interesting chapter because the
‘dogma’ is that intracellular microbial symbionts
of insects are extremely difficult to culture. Darby
and Welburn provide an overview of how to cul-
ture symbionts and note that insect cell lines
from the mosquito 

 

Aedes albopictus

 

, the fruitfly

 

Drosophila melanogaster

 

 and 

 

Spodoptera fru-
giperda

 

 have been used to culture 

 

Wolbachia, 

 

the
tsetse fly symbionts 

 

Sodalis glossinidius

 

 and

 

Candidatus Arsenophonus triatominarum

 

, as
well as the aphid symbionts

 

 Candidatus Adiaceo
aphidicola

 

 and

 

 Candidatus Consessoris aphidi-
cola

 

. Cell-free culture of 

 

Sodalis glossinidius

 

 was
recently achieved. Darby and Welburn note that
the culture of “obligate endosymbionts in a cell-
free culture may be extremely difficult due to the
bacterial cell having a dedicated structural or
physical need for a particular intracellular envi-
ronment, and the alternatives to cell-based cul-
ture, such as encapsulation of cells in agarose gel
microdroplets” may be successful. This area of re-
search is important because growing microorgan-
isms under controlled conditions allows detailed
studies on their physiology and metabolic path-
ways that are difficult to obtain in any other man-
ner. Lynn J. Rothschild (Nature 443(7109): 249),
recently complained that papers and presenta-
tions should say “that culturing was not success-
ful or not attempted, not that organisms are in-
trinsically unculturable.” Darby and Welburn
hint that insufficient efforts have been expended
to culture ‘unculturable’ symbionts.

 In Chapter nine, Amparo Latorre and Andres
Moya describe the comparative genomics of the
primary aphid endosymbiont 

 

Buchnera aphidi-
cola

 

 and discuss the question “Is 

 

Buchnera

 

 being
driven to extinction?” because its genome is very
reduced and is accumulating deleterious muta-
tions due to Muller’s ratchet. In Chapter 10, Jer-
emy C. Brownlie and Scott L. O’Neill discuss 

 

Wol-
bachia 

 

genomics as a tool in understanding sym-
biosis of this common microbial symbiont of ar-
thropods. Since the publication of Volume One,
the genomes of two 

 

Wolbachia

 

 strains have been
completely sequenced (one infecting the nema-
tode 

 

Brugia malayi

 

 and the other a strain that
causes cytoplasmic incompatibility in 

 

Drosophila
melanogaster

 

), and some surprises were found.
The 

 

Wolbachia

 

 genome from 

 

Drosophila

 

 has a
large number of transposable elements and
prophage sequences (including the WO bacte-
riophage) within it, which is highly unusual for
microbial genomes. Because 

 

Wolbachia 

 

has the
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ability to exchange genetic information between

 

Wolbachia

 

 strains, it is less likely to undergo the
deleterious effects of Muller’s ratchet because it
can recombine its genome and acquire foreign
DNA, making it more able to infect and adapt to
a large range of insect hosts. 

The role of 

 

Wolbachia

 

 in the biology and patho-
genesis of filariasis is discussed in Chapter 11 by
Joseph D. Turner, Jeremy M. Foster, Mehul Ga-
natra, Barton E. Slatko and Mark J. Taylor. Six-
teen of 21 filarial nematodes in the Onchocerci-
nae and Dirofilariinae (leading causes of tropical
diseases) are positive for 

 

Wolbachia

 

, and the 

 

Wol-
bachia

 

 are essential for normal development and
fertility in these worms. The release of the 

 

Wolba-
chia

 

 or 

 

Wolbachia

 

-encoded molecules from the
nematode is associated with activation of immune
responses associated with adverse reactions to
treatment and pathogenesis of river blindness.
Antibody responses to 

 

Wolbachia

 

 are also associ-
ated with chronic inflammatory disease in lym-
phatic filariasis, suggesting that activation of ac-
quired immunity by 

 

Wolbachia

 

 may trigger the
progression toward chronic filarial disease. The

 

Wolbachia

 

-nematode mutualism is being consid-
ered as a target for chemotherapy.

Paternal sex ratio (PSR) chromosomes in par-
asitoids wasps (B chromosomes), which were dis-
covered in 1979 in the parasitoid wasp 

 

Nasonia
vitripennis, 

 

are discussed by Joke J. F. A. van
Vugt, Hans de Jong and Richard Stouthamer in
Chapter 12. It is not clear to me why chromo-
somes are considered symbionts, but the story is
very interesting. Two additional cases of PSR
have been found in the parasitoids 

 

Encarsia per-
gandiella

 

 and 

 

Trichogramma kaykai

 

. PSR chro-
mosomes cause initially diploid eggs to develop
into haploid males carrying the PSR chromosome
by loss of the parasitoid’s paternal chromosomes,
but how PSR chromosomes cause the paternal
chromosomes to be lost is not known. I also won-
dered how many more parasitoids would be found
that contain PSR chromosomes, if populations
with altered sex ratios are examined carefully. 

Richard H. ffrench-Constant, Andrea Dowling
and Nicholas Waterfield discuss insecticidal prod-
ucts produced by the microbial symbionts, 

 

Photo-
rhabdus

 

 and 

 

Xenorhabdus

 

, of insect-killing nem-
atodes in Chapter 13. These symbionts live within
the gut of the nematode and are regurgitated by
the nematode following entry into the insect.
Once inside the insect, the bacteria produce a
range of insecticidal proteins and proteases that
kill the insect.

In Chapter 14, Kostas Bourtzis and Alan S.
Robinson discuss the practical uses of using 

 

Wol-
bachia

 

 and/or radiation for insect pest control.
The authors describe the ongoing and completed
operational programs using the sterile insect
technique (SIT) to control the Mediterranean
fruit fly, the Mexican fruit fly, the New World

screwworm, the pink bollworm, the codling moth,
the painted apple moth, the tsetse fly, the melon
fly, the Oriental fruit fly, the Guava fruit fly, the
Queensland fruit fly and the onion fly prior to dis-
cussing 

 

Wolbachia

 

 and cytoplasmic incompatibil-
ity, which is widespread among major insect
pests. They note that 

 

Wolbachia

 

 is a potential tool
for insect control because it could be used as a
para-transformation system, although transfor-
mation of 

 

Wolbachia

 

 has not yet been achieved de-
spite substantial efforts. Another option is that
the cytoplasmic incompatibility caused by some

 

Wolbachia

 

 might be used to drive genes into nat-
ural populations. Finally, cytoplasmic incompati-
bility caused by 

 

Wolbachia

 

 might be used to in-
duce sterility in field populations. The authors re-
view historical examples of using cytoplasmic in-
compatibility to control pests and discuss recent
work to use this approach to control the medfly
and mosquitoes. The authors clearly outline the
data required before cytoplasmic incompatibility
can be used to manage pest insects, including ef-
fects of male age, temperature, mating history,
sperm competition and other factors, such as an-
tibiotics and poor nutrition, on the expression of
cytoplasmic incompatibility. The authors also dis-
cuss the possible biosecurity issues of escaped in-
sects from a rearing facility and conclude that the
use of 

 

Wolbachia

 

 is “in an experimental stage, but
it holds great promise for becoming a component
of integrated control of arthropod disease vectors
or agricultural pests.”

Finally, in Chapter 15, Thomas Miller, Carol
Lauzon, David Lampe, Ravi Durvasula and
Scott Matthews discuss the use of paratransgen-
esis for the control of insect-transmitted plant
diseases, using Pierce’s disease as a model.
Paratransgenesis is the genetic modification of a
symbiotic microbe of a host, rather than the ge-
netic modification of the host itself. Grapevines
in the wine-growing area of California began ex-
periencing an epidemic of Pierce’s disease, which
is caused by the bacterium 

 

Xylella fastidiosa

 

,
which is transmitted by the glassy-winged
sharpshooter, 

 

Homalodisca coagulata

 

. A bacte-
rium, 

 

Alcaligenes xylosoxidans

 

 var. 

 

denitrificans

 

,
was isolated from the foregut of 

 

H. coagulata

 

and also was found to colonize the xylem of host
plants. 

 

Alcaligenes

 

 is easily cultured and was
chosen as a ‘delivery vehicle’ for anti-

 

Xylella

 

 re-
agents. 

 

Alcaligenes

 

 was genetically modified us-
ing recombinant DNA methods using a transpos-
able-element (

 

mariner

 

) vector, which contained
kanamycin and tetracycline resistance genes, as
well as a mobility group sequence from the 

 

E.
coli

 

 plasmid RP4, which allows this plasmid to
be mated from other suitable 

 

E. coli

 

 strains to
virtually any other bacterial species. The au-
thors evaluated fitness of multiple transgenic
stains of 

 

Alcaligenes

 

 and discussed risk assess-
ment issues. Releases of a transgenic strain of
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Alcaligenes

 

 containing a marker gene were con-
ducted in 2003 and 2004 in California with reg-
ulatory oversight of these field trials provided by
the Environmental Protection Agency. 

Thus, in comparison to Volume One, new topics
have been introduced and previously discussed
topics have been updated. This volume is a wel-
come addition to your library if you are working
on symbionts of insects (or nematodes!). The field
of insect symbiosis is expanding rapidly and its
maturation is exemplified by the use of genomics,
as well as the more traditional experimental
tools. To really keep up with the literature, how-
ever, one needs to read the primary literature be-
cause nearly every week there are key papers on

insect symbionts published in high-impact jour-
nals such as 

 

Science, Nature

 

 and the 

 

Proceedings
of the National Academy of Sciences

 

. The chapters
in this volume make it clear that the biology, be-
havior, ecology and genetics of insects cannot be
fully understood without understanding the
role(s) of their symbionts. Although this volume is
not an exhaustive review of all that is known
about symbionts, it provides an entry into the lit-
erature of key topics within this exciting subdis-
cipline.

Marjorie A. Hoy
Department of Entomology and
Nematology, University of Florida,
Gainesville, Florida, USA
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, 

 

AND

 

 J. A. L

 

OUTON

 

. 2006. Dragonfly Genera of the New World. An
Illustrated and Annotated Key to the Anisoptera. Johns Hopkins Univ. Press, Baltimore, MD. xi+368
pp. Hardback, ISBN 0-8018-8446-2, $99.00.

Dragonflies and damselflies are intriguing an-
imals, important predators in and around aquatic
environments, and often good indicators of eco-
system health. In the past decade or so the study
of Odonata has become increasingly popular with
naturalists, students, and scientists alike. Books
on regional faunas have blossomed everywhere.
Much of this heightened interest is the result of
the Internet—the availability of dozens of excel-
lent websites, instant international communica-
tion, and digital photography. New and important
taxonomic and identification resources, so basic
and critical to biology, also have appeared. The
latest offering in this line, 

 

Dragonfly Genera of the
New World

 

, written by three experienced and
well-known odonatologists, is an illustrated iden-
tification key packed with additional descriptive
and taxonomic information.

Many experts use the term “dragonfly” to rep-
resent the whole insect order Odonata but, as is
more and more the case, here it refers only to the
suborder Anisoptera (true dragonflies) and does
not include the Zygoptera (damselflies). The gen-
era of the Zygoptera will be treated in a forthcom-
ing volume by the same authors.

This superb book is the most important refer-
ence on the Order Odonata to appear since the
1999 publication of Philip Corbet’s monumental
work on the behavior and ecology of Odonata. In
the context of specimen identification and faunis-
tics, it is the most significant contribution in de-
cades, for it opens a new door to the most diverse
and least known dragonfly fauna on Earth, that of
the Neotropical Region. The book treats the gen-
era of all the New World dragonflies, but while the
Nearctic Anisoptera (at least north of the Mexi-
can border) is extensively summarized in many
taxonomic and identification manuals (e.g.,
Needham

 

 

 

et al. 2000), the Neotropical fauna re-
mains rather poorly known. Much of it still is un-
described and taxonomic syntheses are few and
far between. This is partly because of its huge di-
versity, the remoteness of much of the region, and
the relative scarcity of specimens in collections.
As T. W. Donnelly (2006) noted in a recent review
of this book, the New World tropics have always
been a challenge to biologists in many disciplines
because the region was first colonized by the
Spanish and Portuguese who largely lacked the
tradition of natural history studies characteristic
of the British, French, Dutch and Germans in Af-
rica, India or Southeast Asia. In South America
there simply was no F. C. Fraser to write an
equivalent to his three volumes on the Odonata in

 

The Fauna of British India. 

 

Borror (1945) was an
early and wonderful resource for deciphering the
genera of the large family Libellulidae in the

Americas. Calvert’s hard-to-find contributions on
the Odonata (1902-1908) in the 

 

Biologia Centrali-
Americana

 

 helped students of the Central Amer-
ican fauna; the updated equivalent by Förster
(2001) for Mesoamerican genera is also impor-
tant. But as far as syntheses and overviews,
that’s about all there was—until now.

As Donnelly also notes, identifying the Neotro-
pical Odonata has been full of pitfalls, even for
veteran experts like him. So it is not surprising
that dabblers (like me) in the identification of
that huge fauna encounter frustrating problems.
Fortunately, I have had friends like Donnelly,
Dennis Paulson, or Rosser Garrison (with experi-
ence, fine libraries and big collections at hand) to
help me with perplexing specimens. Many of us
receive more and more requests from eager stu-
dents in South America asking for help with the
literature. Now, as Donnelly says with relief, we
all have a helpful answer—“Get Garrison et al.!”
How wonderful that all that scattered literature,
written in many languages, is condensed in one
compact, readable and authoritative book!

The book deals with 124 genera in seven fami-
lies, including the large family Libellulidae,
which here also includes the subfamilies Macro-
miinae and Corduliinae, taxa that are given full
family status by many authors. Indeed, the three
libellulid subfamilies are treated separately, in
the same way as the other six families are han-
dled. For each family the following information is
given: world geographical distribution, number of
genera and species in the world and New World,
diagnostic characters (with extensive reference to
figures), status of the classification and taxo-
nomic comments, and identification keys to the
genera (separate keys to males and females). By
the way, the authors list 1019 described species of
New World Anisoptera.

The primary goal of the work is the accurate
identification of genera and, as the authors note,
the higher classification of the Anisoptera used is
conservative. Recent phylogenetic analyses, some
by the authors themselves, show that parts of the
presently accepted classification are artificial and
various changes have been proposed. Although
the authors comment on many of the phylogenetic
problems, they refrain from making innovative
changes, no matter how justified, preferring to
wait until more research builds better hypotheses
concerning evolutionary relationships.

Each genus account includes the generotype
designation, the species total for the world and
New World, a synoptic list of valid New World spe-
cies with references to larval descriptions, refer-
ences to taxonomic revisions, a summary of geo-
graphical range and a distribution map, a brief
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description including unique characters, the sta-
tus of the classification with taxonomic notes, a
statement about the potential for the discovery of
new species, notes and references on habitat and
biology, and illustrations of wings, genitalia, and
other important taxonomic characters.

The book contains 124 distribution maps; eight
color plates, each with three photographs portray-
ing a diversity of genera; and 1626 figures, many
with more than one drawing each. This staggering
array of figures is a major feature of the work.
Who has not been exasperated by ambiguous
statements in keys? But here every statement in
every couplet is illustrated. The figures are beau-
tifully executed, and almost all are drawn by Gar-
rison or von Ellenrieder themselves. The speci-
mens illustrated are biased towards Neotropical
species; this was a conscious decision by the au-
thors, allowing a wider range species of this
poorly known fauna to be exposed in print. An un-
usually complete list of figures further empha-
sizes the authors’ attention to detail—the list in-
cludes complete captions, the collection locality of
specimens illustrated, the collection where these
are deposited, and the name of the illustrator.

The keys are generated by DELTA (DEscrip-
tion Language for TAxonomy) software, which
produces most parsimonious keys using recog-
nized character states and allows easy modifica-
tion when new characters or taxa are added later.
DELTA keys, compared to traditional ones, are of-
ten significantly reduced in length; resolution is
not lost and ease of use is normally increased.
Variation, the downfall of many identification
keys, has been well examined—the authors stress
that they checked as many species as possible in
the keys.

A list of the main collections holding New
World Odonata is given as is a brief statement
about the strengths of each collection and its con-
tact information. The literature cited is well-cho-
sen and useful. Distributional tables give an ex-
tremely valuable summary of genera occurring in
each country of the region.

For the pedants among us, I did come across a
few minor errors, although I found precious few
for a book so dense with detail. 

 

Williamsonia lint-
neri

 

 is spelled “

 

litneri

 

” in all figure captions, in-
cluding those in the list of figures. Borror’s key to
the Libellulidae (1945), though cited, is not listed

in the references; J. G. Needham is termed “J. C.
Needham” in his last entry in the references; and
on the back cover, it’s noted that the book contains
1595 illustrations when there are actually 1626.
This is a book full to the brim with information
and, of course, this is its great value. But on many
pages, particularly in the keys, the text and fig-
ures are so closely packed that it is often difficult
to find the correct route down the page. This is a
minor confusion, however, and I’m sure the dense
layout was a conscious decision designed to keep
the size of the book within bounds and, especially,
to ensure that in the keys the illustrations fall on
the pages where they are cited.

 

Dragonfly Genera of the New World

 

 is a signif-
icant contribution to the entomological literature.
It is an original and important base for future
work on the Odonata of the Western Hemisphere,
a region that contains 30 per cent of the Earth’s
dragonfly and damselfly species. The book will be
a huge stimulus for research in the Neotropics,
where so much needs to be done, and will be an es-
pecially welcome resource for Latin American
workers in the study their own faunas.
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