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The objective of this research was to improve monitoring of pepper weevil, 

Anthonomus eugenii Cano, through addition of plant volatiles to traps baited with 

commercially-available aggregation pheromone.  Two approaches were taken: 1) the 

use of volatile compounds from damaged, fruiting jalapeno pepper plants previously 

identified by gas chromatography-electroantennographic detection as stimulatory to the 

antennae of male and female pepper weevils, and 2) headspace collections from 

several host plants to identify common sesquiterpenes to add to the most attractive 

volatile blend determined in the first approach.  Host plants included six pepper 

varieties, eggplant, and nightshade.  Blends were tested in Y-tube olfactometer and 

wind tunnel assays and in baited traps deployed in the field. 

 Only acetophenone was more attractive than air in a Y-tube olfactometer when 

presented alone but two three-component blends were marginally attractive: 1) Z-3-

hexenyl acetate, Z-3-hexen-1-ol, and acetophenone, and 2) Z-3-hexenyl acetate, Z-3-

hexen-1-ol, and 1-heptadecene.  Addition of β-elemene and β-bisabolene, common in 

all of the host plants, to the blend of green leafy volatiles and 1-heptadecene, was 
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attractive to mated female weevils compared to air but blends containing 

sesquiterpenes, green leaf volatiles and acetophenone were not.   

In wind-tunnel assays mated females preferred a blend of Z-3-hexenyl acetate, 

Z-3-hexen-1-ol, and pheromone lure compared to the same blend with the addition of 

acetophenone.  Field trials set up in Wimauma and Immokalee, Florida, in summer and 

fall 2012 had six treatments; (1) control yellow sticky card; (2) commercial pheromone 

lure with Z-3-hexenyl acetate, Z-3-hexen-1-ol and 1-heptadecene; (3) pheromone with 

Z-3-hexenyl acetate, Z-3- hexen-1-ol and acetophenone; (4) Z-3-hexenyl acetate, Z-3-

hexen-1-ol and 1-heptadecene blend; (5) Z-3-hexenyl acetate, Z-3-hexen-1-ol and 

acetophenone blend; and (6) pheromone alone.  In the summer trials, the treatment of 

green leafy volatiles, 1-heptadecene, and pheromone lure (2) captured the highest 

average number of weevils.  In the fall field trial in Immokalee more females were 

captured on the pheromone only trap and in Wimauma so few insects were captured 

that there were no statistical differences in trap capture for any treatment. 
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CHAPTER 1 
LITERATURE REVIEW 

Economics of Pepper Production 

Pepper Production 

Pepper (Capsicum spp.) production is a profitable business in the United States.  

Most peppers grown commercially in the United States are varieties of Capsicum 

annuum L.  Tabasco pepper is a cultivar of Capsicum frutescens L., and is also very 

popular in the United States.  The popularity of C. annuum is due to the numerous 

combinations of color and taste that have been selected for within the various species.  

The value of bell peppers in the United States was $38.90/cwt in 2011 and $33.73/cwt 

in 2012 (NASS 2013).  The total value of bell peppers in the United States in 2012 was 

$627,540,000.  California led the United States in total acres harvested in 2012 with 

23,300 acres, followed by Florida with 18,000 acres.  The total acreage of bell peppers 

harvested in the United States in 2012 was 55,500 which was 3,200 acres more than in 

2011. 

Consumption of peppers in the United States has continued to rise over recent 

years.  In 2005 the average person consumed 6.89 kg of peppers and in 2009 this 

number increased to 7.44 kg of peppers per person.  Chile peppers saw the largest 

percentage growth in consumption increasing from 2.77 to 2.99 kg, while bell pepper 

consumption increased from 4.17 to 4.45 kg (ERS 2011). Unfortunately, 52.5% of 

peppers consumed in the United States in 2010 were imported, due to difficulty in 

satisfying demand (ERS 2011).  In 2013, imports of dried pepper were valued at 

$272,169,000 and imports of fresh/chilled bell peppers were valued at $931,863,000 

which was an increase from the 2012 fresh/chilled bell pepper imports of $782,473,000 
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(ERS 2013).  Mexico is the major source of fresh/chilled bell peppers imported into the 

United States (74.7% based on the four prior annual market year’s data available); 

China accounts for the largest value of the dried pepper imports (24.9% based on the 

four prior annual market year’s data available).  The values of exported bell peppers 

from the United States decreased in both dried and fresh/chilled bell pepper categories; 

dried bell peppers export values decreased from $10,226,000 in 2012 to $9,873,000 in 

2013.  With an increase in efficient pepper production and reduction in fruit loss, the 

amount of imported fruit could decrease dramatically. 

Production of peppers is hindered by a variety of pests.  There are numerous 

diseases which will affect peppers including bacterial spot, tobacco mosaic virus, and 

wet rot (Pernezny and Kucharek 1999).  Lepidopteran pests include fall (Spodoptera 

frugiperda J.E. Smith) and beet (Spodoptera exigua Hübner) armyworm.  Broad mite 

(Polyphagotarsonemus latus Banks), aphids (Aphididae), thrips (Thysanoptera), and 

leafminers (Liriomyza sativae Blanchard) are all potential pests of pepper, especially in 

Florida.  Pepper weevil, Anthonomous eugenii Cano, is the worst pest due to its long-

lived adult stage, its difficulty to control, and its ability to produce three to five 

generations per growing season.  Weevil damage can cause dramatic fruit drop, 

resulting in large yield losses.  There is an additional relationship between weevil 

damage and an internal mold caused by Alternaria alternata (Fr.) Keissler (Bruton 

1989), which further decreases the marketability of the fruit. 

Economic Importance of Pepper Weevil 

The pepper weevil is the most important pest of peppers on an economic basis.  

In Florida, peppers are most susceptible to pepper weevil damage during the winter and 

early spring when there is little rainfall (Goff and Wilson 1937).  Rapid infestation of 
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pepper by pepper weevils can occur due to the weevil’s ability to lay a large number of 

eggs and their short life cycle (Goff and Wilson 1937).  Young peppers and flower buds 

may become infested immediately following blossom fall, causing fruit to drop in large 

numbers.  Premature abscission of fruit is the most important cause of yield reduction 

(Eller 1995) but flower buds and full grown peppers have also been seen to drop 

(Walker 1905); this can further decrease production yields. 

The infested fruit will turn yellow or red before falling to the ground (Mau and 

Kessing 1994), and, when opened, will present a black and decaying interior (Walker 

1905).  Infested fruit pods which do not fall from the plant will contain frass and 

decaying plant material making them unmarketable (Coudriet and Kishaba 1988).  

Feeding punctures will not affect dried pepper quality for market; however, they will 

affect canned and fresh pepper quality (Mau and Kessing 1994). 

Taxonomy of the Pepper Weevil 

The pepper weevil, Anthonomus eugenii Cano, was described in 1894 from 

specimens found in Mexico (Burke and Woodruff 1980).  The pepper weevil belongs to 

the order Coleoptera family Curculionidae, subfamily Anthonominae.  There are over 

500 species in the family Curculionidae in Florida alone (Anderson and Peck 1994), and 

33 genera and 467 species in the subfamily Anthonominae in the world (Burke 1976).  

The pepper weevil belongs to the tribe Anthonomini and the genus Anthonomus, which 

is the largest genus within the tribe with 331 species described worldwide (Burke 1976) 

and 200 in North America (Triplehorn and Johnson 2005).  The state of Florida contains 

over two dozen known Anthonomus species (O’Brien and Wibmer 1982).  Many major 

agricultural pests, in addition to the pepper weevil, are included in this genus, such as 



 

15 

the boll weevil (Anthonomus grandis grandis Boheman) and the strawberry blossom 

weevil (Anthonomus rubi Herbst). 

Life History of the Pepper Weevil 

Adult Stage 

The adult pepper weevil is a brownish black colored beetle with gray and yellow 

scale-like hairs.  The beetle is approximately 3.2 mm in length with a long curving snout 

containing elbowed antennae emerging from its center and chewing mouthparts at its 

end (Goff and Wilson 1937).  Pepper weevils can be sexed by examining the eighth 

tergum where males have a notch and females do not.  They can also can be sexed 

through observation of metatibial mucrones which on males are larger and more curved 

than those on their protibia and mesotibia.  Females’ metatibial mucrones are much 

shorter and slender, appearing uncurved (Eller 1995).  Exposure of male pepper 

weevils to carbon dioxide will cause the male to expose its aedeagus and is another 

accurate method of determining the sex of weevils (Coudriet and Kishaba 1988).  The 

average life span of adults is 79 days with one individual found to live 316 days (Goff 

and Wilson 1937).  The weevil can have several generations annually in fields and up to 

eight in the lab (Elmore et al.1934).  The adult weevils will feed on leaves immediately 

following emergence before beginning to feed on flower buds and fruit as they become 

available (Burke 1976).  If no fruit or buds become available, the weevil will continue to 

feed on leaves (Mau and Kessing 1994). 

Life Cycle and Development 

Pepper weevil mating occurs 2-3 days after emergence (Genung and Ozaki 

1972).  One mating is sufficient for the female weevil to possess fertility for life; however 

multiple matings can occur (Elmore et al. 1934).  Oviposition by female weevils can 
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begin approximately 4 days after emergence (Goff and Wilson 1937).  In most female 

pepper weevils oviposition stops in winter and will resume in the spring (Mau and 

Kessing 1994).  Eggs are laid in very small flower buds, flowers, and all stages of fruit 

(Walker 1905).  The weevils prefer to oviposit in small jalapeno peppers between 10-14 

mm in length with approximately 19.4 ± 1.1 offspring emerging (Porter et al. 2007).  

Anthonomine weevils usually only lay one egg in flower buds but will lay multiple eggs in 

fruit due to the larger host size (Burke 1976).  The average oviposition period lasts 30 

days with approximately 198 eggs laid (Goff and Wilson 1937). 

Females chew a deep hole in the fruit up to their eyes and will then deposit an 

egg within 2 min.  A brownish fluid is secreted to seal the hole (Goff and Wilson 1937) 

and creates an oviposition plug.  The oviposition plugs act as a deterrent to other 

female pepper weevils that are looking for fruit in which to lay eggs (Addesso et al. 

2007).  Weevils can average six eggs laid per day (Genung and Ozaki 1972).  

Unfertilized eggs are deposited on the surface of the fruit even if a hole has already 

been made through feeding activity but, upon mating, a female weevil will make normal 

ovipositions inside the fruit (Goff and Wilson 1937).  Pepper weevil eggs average 0.79 

mm in diameter and are whitish-cream in color with an ovoid shape when newly laid 

(Goff and Wilson 1937).  The eggs will turn yellow and then brown with aging.  The 

surface is smooth with no ornamentation (Toapanta et al. 2005).  Eggs are laid most 

often at the base of the fruit near the stem, sometimes through the calyx.  This 

placement may be due to the wound healing abilities of the calyx or ease of drilling the 

initial hole (Toapanta et al. 2005).  Eggs will hatch in 2-4 days (Walker 1905). 
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The pepper weevil larva is cylindrical and curved in shape.  It is legless with a 

yellowish-brown head containing dark brown mouthparts and a grayish-white body.  The 

body of the larva contains 12 segments, each possessing short hairs (Goff and Wilson 

1937).  The larval period lasts from 6-9 days with three instars (Goff and Wilson 1937).  

If eggs are laid in the flower buds the larva eats the pollen sacs and if laid in the pepper 

fruit the larva will eat the seeds and parts of the central core (Watson 1935).  The last 

larval stage forms a definite cell from frass and decaying material from inside the fruit 

(Walker 1905) which causes the cell to be darker in color and brittle while the larva 

pupates inside (Goff and Wilson 1937). 

The pupa is 3.12-3.97 mm in length and all white at first.  The snout, antennae, 

and legs are folded underneath the body with the wings folded against the sides.  The 

head, prothorax, and abdomen have short hairs (Goff and Wilson 1937).  The head also 

contains dark brown eyes (Walker 1905).  The pupal stage lasts 4 days in the pepper 

weevil (Goff and Wilson 1937) with the time to adult emergence significantly shorter in 

small peppers than large (Porter et al. 2007).  The newly eclosed light yellow weevil 

emerges into the interior of the pepper and remains there until a hardened black 

exoskeleton is formed.  Once hardened the weevil cuts through the fruit pod wall 

(Walker 1905). 

For rearing of the pepper weevil in a laboratory setting it was found that 30°C is 

the best temperature for population increase and results in 3.1 eggs/day laid and a 

development time from oviposition to adult emergence of 12.9 days (Toapanta et al. 

2005).  The degree days for development were 256.4 on jalapeno pepper with a lower 

developmental threshold of 9.6°C (Toapanta et al. 2005).  Devices have been 
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developed to harvest eggs for efficient laboratory rearing practices.  Female weevils 

readily lay eggs on polyurethane spheres, 1 cm in diameter, covered in pepper leaves 

followed by parafilm and hung from the tops of cages as well as parafilm balls 

surrounding leaves of eggplant, nightshade, potato, and Nicotiana alata (jasmine 

tobacco) (Calderon-Limon et al. 2002, Addesso et al. 2009). 

Ecology of the Pepper Weevil 

Distribution 

The pepper weevil is native to Mexico and can also be found in Hawaii, 

California, Arizona, New Mexico, Texas, Florida, Central America, and the Caribbean 

basin (Walker 1905, Watson 1935, Goff and Wilson 1937, Fullaway and Krauss 1945, 

Genung and Ozaki 1972, Patrock and Schuster 1992).  The weevil was seen for the first 

time in Texas in October 1903 (Walker 1905) and first reported in southern California in 

1923 (Goff and Wilson 1937).  In February 1933 the pepper weevil was first discovered 

in Hawaii on Oahu and it has since spread to the other islands (Fullaway and Krauss 

1945).  The first Floridian pepper weevil specimens were sent to an experiment station 

in April 1935 for identification (Goff and Wilson 1937). Weevils can fly; however, they 

are mainly distributed from one place to another by being carried on young plants, field 

boxes, and equipment (Watson 1935).  They have also been found at various times in 

Georgia, South Carolina, North Carolina, Virginia, New Jersey, and as far north as 

British Columbia; however, infestations of weevils in these regions died out due to low 

winter temperatures (Boswell et al. 1964, Sparks et al. 2007, Schultz and Kuhar 2008).   

Hosts 

Host plants of the pepper weevil include members of the Capsicum and Solanum 

genera, including S. americanum var. nodiflorum (Jacq.) Edmonds (American black 
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nightshade), S. pseudogracile Heiser (glowing nightshade), S. eleagnifolium Cav. 

(silverleaf nightshade), and S. carolinense L. (horse-nettle).  In California, wild 

nightshades act as the main overwintering host for the pepper weevil (Watson 1935) 

and in Florida, American black nightshade acts as an oversummering host (Patrock and 

Schuster 1987).  The populations of pepper weevil on nightshade during the pepper 

growing off-season allow for reinfestation of fields the following year (Patrock and 

Schuster 1987).  Pepper weevils were found to oviposit in Solanum melongena L. 

(eggplant) (Genung and zoaki 1972); however it was found to not be efficient in carrying 

weevils through the summer season in Florida due to the larvae not completing 

development (Goff and Wilson 1937).  No difference was found in developmental time 

of weevils growing in peppers versus nightshade fruit; however, the dry weights of 

weevils from bell pepper were significantly greater than those from other potential hosts 

(Patrock and Schuster 1992). 

Host plant resistance to pepper weevil was investigated in jalapeno, cayenne, 

bell, pimiento, Tabasco, Serrano, yellow, long chile, and cherry peppers. Results 

indicated that the weevils do not exhibit preferences among those pepper types 

(Berdegue et al. 1994).  Various cultivars of C. annuum were evaluated for potential 

resistance against pepper weevils with ‘Hot Cherry’ and ‘Habanero’ having the lowest 

percentage of pepper weevil infestation (Seal and Bondari 1999).  The ‘Indian Long Hot’ 

variety had the largest number of infested and uninfested fruit as well as the largest 

number of flowers/plant and volume of foliage (Seal and Bondari 1999).  Although the 

‘Indian Long Hot’ was an overall heartier plant, producing many fruit, it had the highest 

percentage of pepper weevil infested fruits (Seal and Bondari 1999).  Pratt (1907) noted 
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that the weevils do not like the wild or “bird” pepper varieties of C. annuum.  In La Paz, 

Baja California Sur, wild solanaceous fruit were collected to observe their potential as 

alternate hosts during periods of no pepper production.  Solanum hindsianum Benth. 

(mariola) was the only plant to produce pepper weevil specimens, while Datura discolor 

Bernth. (toloache), Physalis crassifolia Benth. (wild tomatillo), Nicotiana glauca Graham 

(Don Juan), and Lycium brevipes Benth. (frutilla) were free of pepper weevils (Aguilar 

and Servin 2002).  These plants could possibly be used to surround growing fields to 

minimize the overwintering or oversummering of pepper weevils in alternative hosts. 

Host Plant Location 

The pepper weevil relies on several sources of stimuli to locate their hosts.  

Visual orientation is an important component in the host location process and is often 

used in conjunction with olfaction (Prokopy and Owens 1983).  Boll weevil and apple 

blossom weevil, Anthonomus pomorum L., have shown color preferences for green and 

blue (Hollingsworth et al. 1964, Hausmann et al. 2004).  Pepper weevils have been 

found to be attracted to yellow sticky traps, preferably placed 10-60 cm above the 

ground and with approximately 300 cm² of surface area (Riley and Schuster 1994).  

Pepper weevils were also found to be more likely to be caught between the hours of 

1200-1400 h and the ratio of females to males on traps was higher than on plants 

inspected.  However, in a study involving the location of weevils on various plant 

structures it was found that the number of weevils on exposed terminal buds was higher 

in the morning than at other times of the day (Riley et al. 1992). 

In other Anthonomus weevils it has been found that male and female boll weevils 

(Anthonomus grandis Boheman) are highly responsive to green leaf volatiles (GLV), 

most of which are six-carbon saturated and monounsaturated primary alcohols, 
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aldehydes, and acetates (Dickens 1984). Gas-chromatography-electrophysiological 

studies indicate that strawberry blossom weevil (Anthonomus rubi Herbst) can detect 

plant volatiles.  These compounds included terpenoids, aromatic and aliphatic esters, 

alcohols, and aldehydes with some able to stimulate feeding in the weevils (Bichao et 

al. 2005).  Another weevil known to respond to volatile compounds is the cabbage seed 

weevil, Ceutorhynchus assimilis Paykull.  These weevils are attracted to isothiocyanates 

and nitriles, both of which are metabolites of glucosinolates, and the GLV (Z)-3-hexen-

1-ol and methyl salicylate which are emitted from a wide range of plant families (Bartlet 

et al. 1997).  The apple blossom weevil is able to detect differences in plant volatiles 

between apple cultivars (Kalinova et al. 2000). 

Pepper weevils are attracted to the volatiles released from host plants such as, 

Jalapeno pepper, American black nightshade, and eggplant, and nonhost plants, lima 

bean, presented in a Y-tube olfactometer.  Ten-day-old mated males and females 

preferred the odor of host plants, while virgin females were attracted to both host and 

nonhost plants (Addesso and McAuslane 2009).  The mated females preferred pepper 

volatiles over nightshade, mated males preferred pepper over eggplant, and both 

preferred nightshade over eggplant volatiles (Addesso and McAuslane 2009).  The 

same study also found that weevils can orient themselves in a wind tunnel without the 

use of visual or pheromone stimuli.  Virgin females and mated females differed in their 

attraction to plant volatiles (Addesso and McAuslane 2009), indicating that two volatile 

odor blends may need to be synthesized in order to maximize weevil capture in volatile-

baited traps in the field.  In another study, it was found that mated weevils preferred 

headspace volatiles of fruiting and flowering damaged pepper plants over undamaged 
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plants when given the choice in a Y-tube olfactometer (Addesso et al. 2010).  The 

weevils also preferred active feeding damage over old feeding damage.  In a final 

experiment, using a four-choice olfactometer, to determine the relative attractiveness of 

volatiles released from damaged plants and the male-produced aggregation 

pheromone, it was found that mated females showed no preference for plants damaged 

by male feeding over female feeding; however, virgin females and males preferred the 

plants damaged by male feeding, which contained the male- produced aggregation 

pheromone along with the plant volatiles (Addesso et al. 2010).  This is further 

indication that different volatiles-baited traps may need to be developed to monitor and 

control virgin and mated females in the field. 

To determine which compounds released by damaged pepper plants may be 

responsible for weevil attraction, headspace extractions from damaged pepper plants 

were separated into four fractions using preparative gas chromatography and assayed 

in Y-tube olfactometer tests to indicate which fractions were most attractive to male and 

female weevils (McNeill et al. unpublished data).  Fractions one (GLV, α-pinene and β-

ocimene) and four (sesquiterpenes) were found to be the most attractive fractions for 

both males and females.  Using gas chromatography-electroantennographic detection, 

it was found that seven compounds stimulated both males and females, most notably 

(E, E)-4, 8, 12-trimethyl-1, 3, 7, 11-tridecatetraene (TMTT), β-ocimene, Z-3-hexen-1-ol, 

and E-3-tetradecene (McNeill et al. unpublished data).  These data form the basis for 

the choice of volatile compounds to be further tested in synthetic blends of volatiles for 

developing lures for attraction of pepper weevil. 
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Aggregation Pheromone 

The use of aggregation pheromones in traps can be highly effective in detecting 

small crop infestations early in the season before major populations of insects develop.  

If the aggregation pheromone is very effective and reliably indicates low population 

levels, insecticide applications can be targeted to specific areas of the crop where the 

pest has infested (“hot spots”); this will minimize the use of chemicals.    

The first aggregation pheromone isolated for an Anthonomus species weevil was 

the male-produced pheromone of the boll weevil (Anthonomus grandis grandis 

Boheman) (Tumlinson et al. 1969).  Male boll weevils have been shown to release 

pheromone immediately following location of a host plant and beginning to feed 

(Dickens 1984).  The boll weevil pheromone consists of (+)-cis-2-isopropenyl-1-

methylcyclobutaneethanol, cis-3,3-dimethyl-Δ 1,β-cyclohexaneethanol, cis-3,3-dimethyl-

Δ 1,α-cyclohexaneacetaldehyde, and trans-3,3-dimethyl-Δ 1,α-

cyclohexaneacetaldehyde, which are called Grandlures I, II, III, and IV respectively.  

Boll weevil pheromone traps are now sold as ISCAlure-Grandis and incorporate the four 

Grandlure compounds (ISCA Technologies, Riverside, CA).  Strawberry blossom weevil 

has also been investigated for aggregation pheromone and three male specific 

compounds have been identified (Innocenzi et al. 2001): (Z)-2-(3,3-

dimethylcyclohexylidene)ethanol, (cis)-1-methyl-2-(1-methylethenyl)cyclobutaneethanol, 

and 2-(1-methylethenyl)-5-methyl-4-hexen-1-ol (lavandulol).  The first two components 

are also included in the boll weevil aggregation pheromone used in trapping (Innocenzi 

et al. 2001).  Aggregation pheromones for the cranberry weevil (Anthonomus musculus 

Say) were discovered through headspace volatile collections of adults feeding on 

blueberry or cranberry flower buds (Szendrei et al. 2011).  Originally the weevils were 
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highly attracted to field trial traps baited with pepper weevil pheromone indicating there 

may be similarities in the pheromone blends.  Three male-specific compounds were 

identified: cis-3,3-dimethyl-Δ 1,β-cyclohexaneethanol (Grandlure II), cis-3,3-dimethyl-Δ 

1,α-cyclohexaneacetaldehyde (Grandlure III), trans-3,3-dimethyl-Δ 1,α-

cyclohexaneacetaldehyde (Grandlure IV) (Szendrei et al. 2011). 

Early research into pepper weevil-produced attractants found that males 

produced an airborne attractant, but it only elicited responses from females.  In 

laboratory assays male-baited traps caught significantly more females than female-

baited and control traps.  Field experiments demonstrated the same response.  

Dichloromethane extracts of male weevils also elicited a response from female pepper 

weevils; however, 40 male equivalents were needed to gain the same response as five 

live males (Coudriet and Kishaba 1988).  It was then found that male pepper weevil-

baited boll weevil traps attracted significantly more adult weevils than the control and 

female pepper weevil-baited traps.  Also, the same number of male and female weevils 

was consistently attracted to the male-baited traps each week.  This could have been 

due to the inherent attractiveness of boll weevil traps to pepper weevil due to their 

yellow color; however, the results suggested a male-produced pheromone acting as a 

sex attractant and aggregation pheromone (Patrock et al. 1992).  The components of 

the male-produced aggregation pheromone were identified as (Z)-2-(3, 3-

dimethylcyclohexylidene) ethanol, (E)-2-(3, 3-dimethylcyclohexylidene) ethanol, (Z)-(3, 3 

dimethylcyclohexylidene acetaldehyde, geranic acid and geraniol, and males release 

approximately 15 μg total/day (Eller et al. 1994).  Early-developed commercial 

formulations of pheromone failed to release geranic acid properly and this component 
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was necessary for fullest response by pepper weevils (Eller et al. 1994).  A dual lure 

system was developed (TRE8420 + 8462) and is active for up to 5 weeks in the field 

(Bottenberg and Lingren 1998).  These lures are currently used for monitoring pepper 

weevils as well as detecting thresholds of one weevil before insecticide application. 

Pepper weevils have been found to be attracted to yellow sticky traps.  These 

same sticky traps, when baited with pheromone caught twice as many weevils as 

control unbaited traps, with some catching almost 20 times more (Eller et al. 1994).  

Early in the season when there is low food availability and virgin females are looking to 

mate, the attraction of pepper weevils to pheromone baited traps is high.  This attraction 

decreases midseason with increased food availability and as the number of mated 

females increases, who are now looking for places to oviposit.  Traps again become 

increasingly attractive at the end of the season as plants die and weevils search for food 

(Eller et al. 1994). 

Management Techniques 

Cultural 

The most common method of cultural control for pepper weevils is the 

destruction of fallen fruit (Fullaway and Krauss 1945).  It is not cost effective to collect 

and destroy fallen fruit if pesticides are being used, but this tactic could be valuable if 

insecticides are not used (Andrews et al. 1986).  Plowing under old plants and 

destruction of wild hosts, such as wild nightshade, is another cultural method of control 

(Watson 1935, Mau and Kessing 1994).  If the entire field is not plowed under following 

harvest, weevils will become a major pest and possibly destroy the entire crop during 

the next season (Goff and Wilson 1937).  This applies to all fields within a community, 

not solely one farm, as the weevils can spread (Goff and Wilson 1937).  Scars on the 
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surface of the fruit will indicate weevil oviposition and feedings, and the absence of 

blooms will indicate a weevil infestation within a crop (Walker 1905). 

Chemical 

Chemical control of pepper weevil is the most commonly used control method.  

Larvae and pupae of the pepper weevil are protected within the fruit from externally-

applied chemicals.  Therefore, insecticide application must be targeted and directed 

toward adult weevils (Eller et al. 1994).  A long residual material or close interval 

applications must be used in order to control the infestation.  In the case of extreme 

infestations, chemical controls will not be effective enough (Genung and Ozaki 1972).  

Aguilar and Servin noted in 1995 that despite heavy pesticide applications, pepper 

weevil and its parasitoid Catolaccus hunteri Crawford were recovered indicating that 

pesticide resistance had developed in both species (Aguilar and Servin 2000).The 

amount of pesticides used in various growing regions is very high.  In Sinaloa, Mexico it 

was noted during a study from 2001-2003 that the standard crop production practices of 

the region included nine insecticide applications during the first growing season and 

13.5 insecticide sprays during the second (Cortez et al. 2005).  A variety of pesticides is 

currently being used to treat crops against pepper weevil damage and infestation.  Over 

16 different chemicals are approved for use on pepper weevil in the state of Florida 

(Santos et al. 2013), many with limiting factors; for example, Actara (thiamethoxam) is 

toxic to bees and can only be used up to 11 oz per season and Ambush 25W 

(permethrin) can only be applied to bell peppers. 

Biological 

Biological control, in particular the use of parasitoids, has been explored for the 

control of pepper weevil.  The parasitoid Bracon vestiticida (Vier.) was released in 
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Hawaii; however no specimens were recovered (Mau and Kessing 1994).  Catolaccus 

hunteri Crawford is currently the most abundant parasitoid attacking the larvae of 

pepper weevil in Florida (Schuster 2007).   In 1995, C. hunteri was found in Baja 

California Sur, Mexico as a primary parasitoid of pepper weevil.  Of the parasitoids 

collected 75% were C. hunteri with other parasitoids found from the families Eulophidae 

(11%), Braconidae (4%), Ichneumonidae (4%), and Chalcididae, Eurytomidae, and 

Diapriidae (2%) (Aguilar and Servin 2000).  Five parasitoid species associated with 

pepper weevil were identified in Sinaloa, Mexico and included C. hunteri, as well as 

Eupelmus sp., Urosigalphus sp., Bracon sp., and Eurytoma sp. (Cortez et al. 2005).  

Parasitoids collected from the Pacific and Atlantic coasts in Mexico belonged to 

previously identified genera, but also included two new species, Triaspis eugenii 

(Wharton & Lopez-Martinez) and Ceratoneura sp. (Rodriguez-Leyva et al. 2007).  

Triaspis eugenii is capable of parasitizing the eggs of the pepper weevil; however, its 

location of hosts is dependent upon the presence of oviposition plugs and commonly 

superparasitizes in laboratory rearing systems (Rodriguez-Leyva 2006). 

It has been found that weekly releases of C. hunteri result in fewer weevil 

infested fruit compared to areas where no parasitoids were released (Schuster 2007).  

Parasitism ranges from 5-35% with the parasitoid acting primarily on third instars in 

flower buds and smaller fruit (Riley and Schuster 1992).  Parasitoids could not be found 

in fruit with a diameter greater than 2.5 cm, possibly due to the thickness of the fruit and 

the parasitoid’s inability to pierce it (Riley and Schuster 1992).  The Solanum spp. 

nightshade hosts possess small fruit and would act as an ideal release point of C. 

hunteri during the pepper weevil’s oversummering period (Schuster 2007).  During an 
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experiment in which C. hunteri was released when the weevils inhabit the American 

black nightshade and during the regular pepper growing season, the number of infested 

pepper fruit was decreased by 50% and the number of uninfested fruit increased by 

150% compared to fields where C. hunteri was not released (Schuster 2007). 

Behavioral Manipulation with Semiochemicals 

Push-pull strategies of pest management involve manipulation of the pest 

insects’ behavior through the use of stimuli that will render the valued crop unattractive 

(the push) and attract the insect to another location where the pests can be removed 

(the pull) (Cook et al. 2007).  The main goals of a push-pull strategy are to maximize 

efficiency and sustainability and minimize negative environmental effects (Cook et al. 

2007).  Semiochemicals are chemical compounds that are produced by one organism 

and perceived by a second with a subsequent effect on the recipient’s behavior (Cook 

et al. 2007).  Sometimes, host plants will release semiochemicals as volatiles and they 

may either act as repellents that reduce future feeding or as attractants to beneficial 

insects (Cook et al. 2007).  Plant volatiles can also be used to attract pest insects and 

these types of chemicals can be utilized in attracting the pests to traps.  These types of 

compounds are often utilized in a push-pull system. 

No push-pull management strategy has been developed for an Anthonomus 

species; however, an attract and kill device was investigated for the boll weevil, using a 

mixture of Grandlure, feeding stimulants, and toxicant (McKibben et al. 1990).  These 

baited traps were placed in the field and were not affected by rain so could last for 

upwards of 6 weeks (McKibben et al. 1990).  The traps were very efficient because the 

toxicant was so deadly that only a short exposure was necessary to kill the insect.  Both 

male and female boll weevils were attracted to the GLV complex consisting of six-
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carbon or longer saturated and monounsaturated primary alcohols and the aldehyde 

heptanal (Dickens 1984).  A push-pull strategy was investigated for the German 

cockroach, Blattella germanica L., with great success in managing populations 

(Nalyanya et al. 2000).  Male and female roaches were found nearest areas treated with 

attractant and furthest away from deterrent treated surfaces, and mortality was greatest 

in areas baited with insecticide near attractant treated surfaces (Nalyanya et al. 2000).  

Push-pull management of the Colorado potato beetle (Leptinotarsa decemlineata 

(Say).) has been investigated.  An attractant blend of three compounds was used to 

draw beetles to trap crops bordering potato fields and resulted in reduced insecticide 

usage (Martel et al. 2005).  Subsequent field studies conducted using a neem-based 

antifeedant and the previous trap crop method produced a significant shift in the spatial 

distribution of the beetles within the fields, demonstrating an effective push-pull 

technique (Martel et al. 2006). 

Our overall research goal is to develop a push-pull management technique for 

use against the pepper weevil.  Two components are necessary in order to develop a 

successful management plan using this idea: a push that will deter the weevils from the 

pepper crops, and a pull, which will attract the weevils to a trap or bait, away from the 

crop.  The push currently being developed is an oviposition deterring pheromone which 

is derived from the oviposition plugs of female pepper weevils (Addesso et al. 2007).  

This pheromone could be used to push weevils away from pepper plants.  Alternatively, 

insecticides that deter oviposition on plants could be used.  The organic-approved 

insecticides that have been field tested and found to deter oviposition are azadirachtin, 

Chenopodium, diatomaceous earth, and clay (Addesso et al. 2014).  The pull aspect will 
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involve the use of aggregation pheromone and plant volatiles or just plant volatiles 

alone to attract the insects.  My research goal was to investigate the use of host plant 

volatiles in increasing the attractiveness of commercially available pheromone-baited 

traps. 

Research Objectives 

Pepper production is a highly profitable business within the United States.  

Individual consumption of peppers, including bell and chile peppers, has continued to 

rise over the years with an increase in importation of peppers to meet domestic 

demands.  Pepper growing efficiency is greatly hindered by the pepper weevil, which 

causes considerable crop loss and decrease in marketability due to poor pepper 

appearance and contamination.  My main research objectives are:  

1. To develop a blend of pepper volatiles that is attractive to pepper weevils in 
short-range assays, and 

2. To compare attraction of pepper weevils in field tests to pheromone-baited traps 
and to pheromone-baited traps with the addition of attractive pepper volatile 
blends. 

Those volatiles found to be active from GC-EAD assays were explored in 

Chapter 2 and the common volatiles from various pepper varieties and pepper weevil 

host plants were investigated in Chapter 3. 
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CHAPTER 2 
INVESTIGATION OF EAG-ACTIVE PEPPER PLANT VOLATILES AS ATTRACTANTS 

FOR PEPPER WEEVIL 

Introduction  

Pepper weevil, Anthonomus eugenii Cano, is the most severe pest of pepper in 

Florida.  Chemical control of pepper weevil is the most commonly used control method; 

however, larvae and pupae of the pepper weevil are protected within the fruit from 

externally-applied chemicals.  Therefore, insecticide application must be targeted and 

directed toward adult weevils (Eller et al. 1994).  A long residual material or close 

interval applications must be used in order to control the infestation.  In the case of 

extreme infestations, chemical controls will not be effective enough (Genung and Ozaki 

1972).  With concerns increasing regarding the use of chemical control agents it has 

become necessary to develop means of monitoring insect populations in order to 

increase the efficiency and specificity of insecticide application. 

A dual lure system containing the male pepper weevil aggregation pheromone 

has been developed (TRE8420 + 8462) for monitoring pepper weevils as well as 

detecting thresholds before insecticide application and is active for up to 5 weeks in the 

field (Bottenberg and Lingren 1998).  Improvement to this lure could be made through 

the addition of host plant volatile compounds.  For example, in dual-choice olfactometer 

experiments, females of the boll weevil, Anthonomus grandis grandis Boheman, were 

more attracted to a combination of the aggregation pheromone (Grandlure) and the host 

plant volatile β-bisabolol than to the host plant volatile alone.  However, no significant 

difference was found when the combination of the pheromone and volatile was tested 

against the pheromone alone (Dickens 1986), possibly because the pheromone/volatile 

blend contained only 0.5 μg Grandlure whereas the pheromone alone treatment 
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contained 1.0 μg.  EAG studies were conducted with various green leaf volatiles from 

the boll weevil host plant and although some were found to elicit a response, only E-2-

hexen-1-ol improved capture of weevils in pheromone traps (Dickens 1989).   It has 

been found that the banana weevil, Cosmopolites sordidus (Germar), is attracted to the 

combination of host plant volatiles with its aggregation pheromone (Cosmolure+) in 

various bioassays in the laboratory (Tinzaara et al. 2003).  Olfactometer assays 

conducted with the palm weevil, Rhynchophorus palmarum (L.), showed higher 

attraction to the male pheromone with the addition of the host plant volatile acetoin than 

to the pheromone alone. Field trials showed that traps baited with some form of plant 

volatile and pheromone caught ten times more weevils than traps containing the 

pheromone alone (Said et al. 2005). 

Ten-day-old mated male and female pepper weevils preferred the odor of host 

plants (Jalapeno pepper, American black nightshade, and eggplant) to purified air, while 

virgin females were attracted to both host and nonhost (lima bean) plants when 

presented in a Y-tube olfactometer (Addesso and McAuslane 2009).  Two volatile odor 

blends may need to be synthesized in order to maximize weevil capture in volatile-

baited traps in the field due to virgin and mated female pepper weevils differing in their 

attraction to volatiles (Addesso and McAuslane 2009).  It was also found that mated 

weevils preferred headspace volatiles of fruiting and flowering damaged pepper plants 

over undamaged plants as well as active feeding damage over old feeding damage 

when given the choice in a Y-tube olfactometer (Addesso et al. 2010).  Using a four-

choice olfactometer, it was found that virgin females and males preferred the plants 

damaged by male feeding, which contained the aggregation pheromone along with the 
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plant volatiles, while mated females did not prefer male- over female-produced feeding 

damage (Addesso et al. 2010). 

Headspace extractions from damaged fruiting pepper plants were separated to 

determine the compounds released that may be responsible for weevil attraction. Four 

fractions were created using preparative gas chromatography and assayed in Y-tube 

dual choice tests to indicate which fractions were most attractive to male and female 

weevils (McNeill et al., unpublished data).  Fractions one and four were found to be the 

most attractive fractions for both males and females.  Fraction one contained green leaf 

volatiles, α-pinene and β-ocimene, and fraction four contained various sesquiterpenes.  

Using gas chromatography-electroantennographic detection, it was found that seven 

compounds stimulated both males and females, (E, E)-4, 8, 12-trimethyl-1, 3, 7, 11-

tridecatetraene (TMTT), β-ocimene, Z-3-hexen-1-ol, E-3-tetradecene, α-pinene, Z-3-

hexenyl acetate, and 1-heptadecene (McNeill et al. unpublished data).  These volatile 

compounds were selected as potentially useful for developing lures for field attraction of 

pepper weevil. 

The overall objective of this research was to improve the effectiveness of the 

commonly used aggregation pheromone with the addition of plant volatiles.  First, the 

attractiveness of the host plant volatiles found to be stimulatory through GC-EAD 

analysis was analyzed using Y-tube olfactometer studies.  Once the attractive 

compounds had been identified, blends were created for additional testing within the Y-

tube.  Wind-tunnel studies and field trials were conducted to determine the 

attractiveness of traps baited with host plant volatile blends and the commercial 

pheromone lure. 



 

34 

Materials and Methods 

Insects 

The insects used in this study were originally collected from south Florida in the 

spring of 2004 near the city of Clewiston.  A laboratory colony was established and 

maintained at the University of Florida, Gainesville.  In order to ensure colony health 

and genetic diversity, additional field collections were made in the fall of 2005, 2006, 

and the summer of 2011 from Immokalee, Bradenton, and Wimauma, Florida.  The 

laboratory settings for the colony were a 14:10 light: dark photoperiod and 27°C with 

30% R.H.  The pepper weevils were raised on Jalapeno peppers for food and 

oviposition.  Two colony boxes (31 cm x 31 cm x 31 cm, sealed plexiglass with a cloth 

sleeve opening on one side) were maintained at all times and were started 1 month 

apart.  Gravid females older than 10 d old were transferred out of colony boxes into 

oviposition cups made from 250 mL, 8.5 cm diameter waxed cardboard cans with 

screened lids (The Fonda Group, Inc., Union, NJ).  Females were removed from 

oviposition cups after 3 weeks and placed in the oldest colony box.  The oldest box was 

discarded after 1 month.  Weevils were sexed by observation of metatibial mucrones 

which on males are larger and more curved than those of females (Eller 1995).   

Plants 

The Jalapeno pepper plants and fruit used in the experiments were started from 

seed (Trade Winds Fruit, Windsor, CA) at the USDA, Agricultural Research Station 

greenhouses in Gainesville and then moved to the University of Florida in Gainesville.  

They were grown in a mixture of Metromix 200 and 500 in 11.5 L (28 cm x 23 cm) pots.  

They were maintained inside a greenhouse during colder months (November-March) 

and outdoors in warmer months.  Pepper plants were fertilized twice per week using 
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Tracite Foliar 20-20-20 (Helena Chemical Company, Collierville, TN) at a rate of 6 g/L of 

water applied to the soil.  Fruit that were used for colony maintenance were 

approximately 2.5 cm in length with smooth skin and had not begun to toughen or ripen. 

Y-Tube Olfactometer Assays 

Y-tube olfactometer bioassays (Figure 2-1) were conducted using two 

olfactometers (Analytical Research Systems, Gainesville, FL) connected with 

corrugated Teflon tubing.  Compressed air was purified by passing through a charcoal 

filter (Figure 2-1A) and then humidified by bubbling through deionized water before 

being split into two glass chambers (26 cm x 3 cm) which held the sample volatiles 

(Figure 2-1B).  The air flows were then split into four different air flows, each regulated 

by a flowmeter (Manostat, New York, NY) at 250 ml/min, which were attached to the 

arms of glass Y-tubes (12 cm common tube, 10 cm arms, 2.5 cm internal diameter).  

The Y-tubes were held at a 60˚ angle above the horizontal inside an open top cardboard 

enclosure (46 cm × 28 cm × 42 cm) to prevent visual disturbances (Figure 2-1C).  

Fluorescent lighting (four 85-W Sylvania cool white bulbs, 70 cm above table) was used 

within the bioassay room to light the assembly.  Room conditions were maintained at 

25°-27°C and 40% R.H. 

Insects were inserted at the base of the Y-tube and allowed 10 min to make a 

choice between the two arms of the olfactometer.  A choice was registered when the 

weevil crossed over the ridge between the glass pieces connecting the Y-tube to the 

Teflon tubing, approximately 7 cm up the arm from the common arm.  Assays were 

conducted until 50 insects were registered as making a choice.  The glass Y-tubes were 

rotated 180° after every five insects to account for weevil phototaxis and variation in 

light intensity.  Volatile samples were applied to filter papers (Millipore absorbent pads, 
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3.7 cm in diameter, Tullagreen, Carrigtwohill, Co. Cork, Ireland) cut in half.  A 10-μL 

quantity of mineral oil (Publix Brand, Lakeland, FL) was first placed on the disks, and 

then 5 µL samples at 100 x dilutions were added, unless specified differently.  The 

individual compounds tested for initial attraction were the seven mutually attractive 

compounds found by GC-EAD as well as ethyl acetophenone and E-2-hexenal which 

were stimulatory to female weevils in the GC-EAD, and E-E-α-farnesene which was 

found to be stimulatory to males.  Based on the results of a preliminary testing of 20 

weevils, acetophenone, 1-heptadecene, and the green leafy volatiles (GLV), Z-3-

hexenyl acetate and Z-3-hexen-1-ol, were further assayed.  Although ethyl 

acetophenone was found to be stimulatory in the GC-EAD assay and found in the host 

plant volatiles, attraction in the Y-tube assay could only be achieved with acetophenone, 

which was being investigated for its presence in pepper weevil oviposition plugs 

(Addesso, unpublished data).  Based on the results of these tests two blends were 

tested: 1) Z-3-hexenyl acetate, Z-3-hexen-1-ol, and acetophenone, and 2) Z-3-hexenyl 

acetate, Z-3-hexen-1-ol, and 1-heptadecene with 5 µL at a 100 x dilution.  Additional 

blends made of four compounds with 5 µL at a 100 x dilution were tested including, Z-3-

hexenyl acetate, Z-3-hexen-1-ol, 1-heptadecene, and E-2-hexenal; Z-3-hexenyl acetate, 

Z-3-hexen-1-ol, 1-heptadecene, and acetophenone; and Z-3-hexenyl acetate, Z-3-

hexen-1-ol, acetophenone, and ocimene.  Control filter papers were treated with 10 µL 

mineral oil and 5 µL methylene chloride.  New samples were created and tested every 

30 min.  Mated males and females were at least 10 d old.  Virgin insects were removed 

from emergence boxes and sexed immediately, then maintained separately with 



 

37 

peppers until they were at least 10 d old.  All insects were starved overnight before the 

assay with access to water. 

Data was analyzed using a dual-choice Chi-Squared analysis in Excel.  The 

expected values were calculated to indicate no difference between the treatment and 

control for each compound and blend tested.  The p-value set for significance was 0.05. 

Wind-Tunnel Dual Choice Assays 

The wind-tunnel used for the assays was constructed of plexiglass and consisted 

of a central chamber (27 cm × 48 cm × 27 cm) with arms attached on opposite sides (31 

cm × 122 cm × 31 cm)  (Figure 2-2A). The end of each arm was screened to allow 

airflow to be pulled toward the center chamber from both directions past and over 

sources of volatiles placed at each end (Figure 2-2B).  A vacuum type system was used 

to create the airflow (41.39 m per min) through an opening (26 cm x 26 cm) covered by 

screen in the back of the central chamber (Figure 2-2C and D).  Airflow was measured 

using the Heavy Duty CFM-CMM Thermo Anemometer (Extech Instruments, Model HD 

300). Assays were conducted by placing weevils in the central chamber and recording 

their position 6 h later.  Choice was indicated by capture of weevils on yellow sticky 

cards (15 cm x 15 cm, Trece Incorporated, Adair, OK), propped up at an angle at either 

end of the dual-choice wind-tunnel, or by location of the weevils more than halfway up 

the arm of the tunnel.  Twenty weevils were released at a time and four replicates were 

done with 5 μL of oleic acid (to delay volatilization) and 5 μL of each blend volatile; six 

replicates were done with 10 μL of oleic acid and 10 μL of each blend volatile.  Weevil 

response after 6 h was scored as: missing, no choice made, or choice made for one 

stimulus or the other. Mated females were tested with a choice of a blend containing Z-
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3-hexenyl acetate, Z-3-hexen-1-ol, acetophenone, and pheromone lure versus the 

same blend without acetophenone. 

Volatile blends were prepared by placing appropriate amounts of oleic acid and 

each blend volatile into 0.6 mL polypropylene microcentrifuge tubes (Fisherbrand, 

Pittsburgh, PA).  Each volatile was placed in a separate tube and attached to the 

appropriate sticky card by pressing the tube upright and open against the sticky portion 

of the card. A 27-gauge needle was used to punch a hole in the top of each tube.  

Pepper weevil pheromone lures (Trece Incorporated, Adair, OK) were attached to the 

sticky cards by placing them inside holes punched in the non-sticky area of the card.  

Lures were used for an entire set of blend repetitions due to their ability to last up to 6 

weeks in the field.  Pheromone lures were stored in the freezer wrapped in aluminum 

foil between uses. 

Data was analyzed using a dual-choice Chi-Squared analysis in Excel.  The 

expected values were calculated to indicate no difference between the two treatments.  

Any weevils not found or which made no choice were not considered in the calculations.  

The P-value set for significance was 0.05. 

Field Trials 

Fields used were located at the Gulf Coast Research and Education Center in 

Wimauma and the Southwest Florida Research and Education Center in Immokalee, 

Florida and were maintained by Research and Education Center staff.  In Immokalee 

replicates were established at various distances from a row of actively growing jalapeno 

pepper plants for the summer 2012 trial.  Traps in Replicate 1 and Replicate 2 were 

placed along a 128-m transect 104 m and 207 m from the row of pepper plants, 

respectively. Traps in Replicate 3 and Replicate 4 were placed along a 152-m transect, 
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856 m and 960 m from the row of pepper plants, respectively.  All traps were spaced 

24-29 m apart (Figure 2-3).  In Wimauma a crop of dying bell pepper plants was used 

as the potential source of weevils for the summer 2012 study.  The field was 30 m by 91 

m with 0.30 m between plants and one 3 m gap every 6 m. Traps were placed along the 

four edges of the field; Replicates 1 and 4 were approximately 18 m from the edge of 

the pepper crop and Replicates 2 and 3 were approximately 9 m from the pepper crop 

(Figure 2-4).  In the Fall 2012 trial in Immokalee, Replicates 1 and 2 were placed on one 

side of the active jalapeno pepper row at 91 m and 3 m away, respectively.  Replicates 

3 and 4 were placed on the opposite side of the row of peppers at 103 and 207 m away, 

respectively (Figure 2-5).  For the fall 2012 trial at the Wimauma location, traps were 

placed every 30 m along the outside border of an actively growing jalapeno pepper 

crop.  Replicates 1, 2, and 4 were placed along the edges of the field closest to ditches 

containing weeds and potential oversummering sights for pepper weevil.  Replicate 3 

was placed on the opposite side of a ditch in a field with no active crops growing (Figure 

2-6). 

Sticky traps (30 cm x 15 cm, Trece Incorporated, Adair, OK) were attached to 

2.13-m wooden tomato stakes and driven 30 cm into the ground. Traps were placed in 

the field on the first day of planting and replaced every week when data were recorded 

from each trap.  In the summer 2012 trial in Wimauma, traps were placed in the field 

during a senescing crop period.  There were six treatments; 1) a control yellow sticky 

trap, 2) the commercial pheromone lure with Z-3-hexenyl acetate, Z-3-hexenol and 1-

heptadecene added, 3) the commercial pheromone lure with Z-3-hexenyl acetate, Z-3-

hexenol and acetophenone added, 4) a Z-3-hexenyl acetate, Z-3-hexenol and 1-
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heptadecene blend, 5) a Z-3-hexenyl acetate, Z-3-hexenol and acetophenone blend, 

and 6) the commercial pheromone lure. Treatments were randomized every week.  

Volatiles were prepared with 50 uL of each component of the blend and the appropriate 

1:1 ratio of mineral oil.  Blends were placed in a sealed 0.6 mL eppendorf tube mixed in 

a vortex before being shipped to the field test location in a Styrofoam cooler with ice 

packs.  Once the samples arrived at the test location the tubes were punctured with a 

size 27 needle and attached to the sticky cards by inserting through the premade holes 

or by using a single hole-punch to create holes for holding all components of the 

treatment.  Volatile samples were changed weekly and any pheromone lures changed 

every four weeks. Traps were wrapped in cellophane or plastic bags cut lengthwise and 

mailed to the Gainesville lab for analysis and evaluation.  Weevils were removed from 

the trap and stored in ethanol before and/or after being evaluated for sex.  At the end of 

the season plants were tilled under and both research locations left one row of jalapeno 

peppers in order to maintain a population of weevils.  Data was analyzed using SAS 

version 9.3 (SAS Institute Inc., Cary, NC) with a PROC MIXED analysis using weeks as 

a repeated measures.  The variables analyzed were week, treatment, replicate, and 

week by treatment interaction.  Treatment means were separated using a Tukey-

Kramer adjustment to the least squared means test.   

Results 

Y-Tube Olfactometer Assays 

Mated female and mated male weevils were significantly attracted to 

acetophenone at 1000x dilution in the Y-tube olfactometer.  However, no other 

compounds showed attraction when tested singly, including Z-3-hexen-1-ol, Z-3-hexenyl 

acetate, and 1-heptadecene attracted mated or virgin females at the 100x concentration 
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tested (Table 2-1).  Of the three-compound blends tested, only the GLV mixture of Z-3-

hexen-1-ol and Z-3-hexenyl acetate with acetophenone and the GLV mixture with the 

addition of 1-heptadecene were marginally attractive (P=0.08) (Table 2-2).  None of the 

four-component blends tested in the Y-tube were attractive (Table 2-3).   

Wind-Tunnel Dual Choice Assays 

The GLV mixture with the pheromone lure was significantly more attractive to 

mated female weevils at a 10 μL concentration than the mixture of the GLV with 

acetophenone and the pheromone lure (χ² = 10.125, df = 1, P < 0.05) when tested in 

the wind tunnel.  The GLV mixture with the pheromone lure had a total of 25 weevils 

(out of 120, released 20 per replicate) register as making this choice, with an average of 

4.16 weevils selecting this end of the wind tunnel. The GLV mixture with the addition of 

acetophenone and the pheromone lure had a total of 7 weevils (out of 120, released 20 

per replicate) select it with an average of 1.16 weevils select this trap per replicate.  In 

this experiment, 32 weevils did not make a choice, 55 weevils could not be found and 

one weevil was found dead.  At a concentration of 5 μL, there was no difference in 

attraction to the two lures (χ² = 2.25, df= 1, P = 0.13).  The GLV mixture with the 

pheromone lure had a total of five insects (out of 80 released) make a choice with an 

average of 1.25 insects per replicate and the GLV mixture with the addition of 

acetophenone and the pheromone lure averaged 2.75 insects per replicate with a total 

of 11 insects.  During this experiment, 47 weevils did not make a choice, 16 weevils 

could not be found, and one weevil was found dead. 

Field Trials 

In the summer 2012 field trial in Immokalee there were significant differences 

among the treatments in capture of total weevils and capture of female weevils (Table 
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2-4) but not in capture of male weevils. The treatment of GLV, 1-heptadecene, and the 

pheromone lure captured statistically more total weevils than the GLV and 

acetophenone baited trap (adjusted Tukey-Kramer test, P= 0.0202) and the control 

sticky trap (adjusted Tukey-Kramer test, P=0.022) (which did not capture any weevils), 

but the other treatments did not differ from each other (Figure 2-7).  No weevils were 

caught after August 14. 

In the summer 2012 trial in Wimauma, the GLV, 1-heptadecene, and pheromone 

lure treatment also captured the highest number of weevils over the trial period (2.57 ± 

1.10 weevils per week) (Table 2-5; Figure 2-8), significantly more than any of the other 

treatments which did not differ from each other (Table 2-5).  This was also the treatment 

that caught more female weevils than any of the other traps (Table 2-5).  There was no 

difference in trap capture of male weevils.  There were no captures on the control sticky 

cards, or the GLV and 1-heptadecene blend treatment during the entire trial period 

(Figure 2-8).   

In the fall 2012 field trial in Immokalee there were statistical differences in 

treatments for capture of female weevils only (Table 2-6; Figure 2-9).  Significantly more 

females were captured on the pheromone only trap than on the other traps which did 

not differ from each other.  The treatment blends of GLV and acetophenone, GLV and 

1-heptadecene, and the control sticky card did not capture any weevils. 

In the fall 2012 field trial in Wimauma so few insects were captured that there 

were no statistical differences in trap capture for any treatment (Table 2-7). Only the 

treatments of GLV, acetophenone and pheromone, GLV and acetophenone, and GLV, 

1-heptadecene, and pheromone caught any weevils at all (Figure 2-10). 
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Discussion 

While many volatiles were shown to be EAG active (McNeill, unpubl. data), when 

tested alone they were not all found to be behaviorally attractive at the concentrations 

tested.  The EAG response of the weevils is not indicative of an attractive or repellent 

quality, but is merely an indicator that the insect could detect the volatile.  Therefore, 

compounds may have been repellents.  These compounds could also be attractive at 

different concentrations than were assayed or are effective attractants when included in 

blends with other compounds.  Early studies with the Colorado potato beetle illustrated 

this concept through experiments in which the individual synthetic compounds did not 

illicit an attractive response, but the entire plant smell was attractive (Visser and Ave 

1978).  Also, the addition of the synthetic compounds to the potato host plant treatment 

resulted in a repellent response.  Research with the black bean aphid, Aphis fabae 

Scopoli, supports the idea that the overall blend composition and ratios of compounds 

within the blends are critical for behavioral activity (Webster et al 2010).  In that study, 

each individual component from the host volatile blend that was identified was tested in 

a four-choice olfactometer at the concentrations that were present in the overall blend.  

Ten of the compounds elicited negative behavioral responses, two elicited no response, 

and only Z-3-hexen-1-ol and 1-hexanol elicited a positive response.  Nine compounds 

from the group with a negative behavioral response when tested individually were 

combined into a blend and tested again, this time attracting the black bean aphid. 

Acetophenone was attractive to mated female and mated male pepper weevils 

when tested alone in the Y-tube assay.  Mated females were also shown to be 

marginally attracted to a mixture of Z-3-hexenyl acetate, Z-3-hexen-1-ol, and 

acetophenone as well as a mixture of Z-3-hexenyl acetate, Z-3-hexen-1-ol, and 1-
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heptadecene when assayed in the Y-tube.  Initial wind tunnel assays showed the 

mixture of Z-3-hexenyl acetate and Z-3-hexen-1-ol with a pheromone lure to be more 

attractive that the same mixture with the addition of acetophenone with a pheromone 

lure.  Acetophenone has the potential to aid in attractiveness of blends in a small arena; 

however, in a larger bioassay arena like the wind-tunnel it did not.  The blend which 

works best in the field or large arena setting is the blend that should be used for 

improving the current pheromone lure.  In field trials, the Z-3-hexenyl acetate, Z-3-

hexen-1-ol, and 1-heptadecene alongside the pheromone lure were the most effective 

in capturing weevils compared to the other blends tested.  Low numbers of weevils were 

caught on the traps in the field trials, with two weevils being the highest number of 

weevils caught on a trap over a period of a week.  The number of weevils caught in the 

traps would need to be much larger in order to evaluate trap effectiveness, but the 

current data would allow for the traps to be minor indicators of weevil movement into a 

field.  During the Summer 2012 field trials, at least one treatment containing volatiles 

was more effective at capturing weevils than the current pheromone lure.  The 

Wimauma, FL field trial had a moderately significant difference between the traps with 

volatiles and the pheromone trap acting alone.  Very little can be concluded from the 

Fall field trials due to the fact that so few weevils were caught on any of the traps.   

It may be necessary to use different blends at different times of the year when 

attempting to monitor weevil populations.  In the summer, when most pepper crops are 

dying or being plowed under, female and male weevils are searching for a host for a 

source of food and the treatment of GLV, 1-heptadecene, and pheromone was the most 

attractive.  However, during the fall, when there is typically a healthy pepper crop 
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growing, the pheromone lure may work better for monitoring due to weevils searching 

for mates and not for a limited supply of host material. 

Investigation into attractants for the cranberry weevil (Anthonomus musculus 

Say) led to identification of four host plant volatiles that elicited an antennal response 

(Szendrei et al. 2009).  Potential pheromone compounds produced by male cranberry 

weevils were identified and various pheromone compounds and host plant volatiles 

were field tested in traps (Szendrei et al. 2011).  Addition of the green leaf volatiles Z-3-

hexenyl acetate and hexyl acetate into their traps baited with the pheromone yielded no 

increase in attraction, only an increase in the ratio of female to male cranberry weevils 

caught.   

The attraction of apple blossom weevil (Anthonomous pomorum L.) to volatiles 

released over multiple phenological stages of apple has been tested (Piskorski and 

Dorn 2010).  There were differences identified in the ratios of compounds collected at 

each stage as well as the exact number of compounds that were identified. Bioassays 

of a synthetic blend released by apple trees at the main colonization period of the apple 

blossom indicated that an artificial blend was as attractive as a living plant (Piskorski 

and Dorn 2010).  Mated pepper weevils prefer damaged flowering and fruiting plants 

over undamaged plants when tested in a Y-tube olfactometer (Addesso et al. 2010).  

Weevils also preferred active feeding over old feeding damage and active feeding on 

fruiting plants over flowering plants.  Female pepper weevils specifically preferred 48 h 

of feeding damage over feeding damage only for 1 h.  It is essential that the life stage of 

the host plant as well as the ecological stage of the insect be taken into consideration 

when designing a trap for the interruption of a biological process and signaling. 
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Due to the lack of success in developing a highly attractive blend from the GC-

EAG active compounds during the above pepper weevil trials a different approach was 

taken to identify additional compounds which may be included in the blends that were 

found to be moderately attractive.  Thus, in Chapter 3, the volatiles released by six 

varieties of pepper and two non-pepper host plants were identified and blends 

developed based on common volatiles within those host plants. 
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Table 2-1. Response of adult pepper weevils to single host plant volatiles in a Y-tube 
dual-choice olfactometer when presented with a choice between the 
compound and purified air. (P< 0.05). 

Plant volatile Sex Treatment Air Chi-square P-value 

Acetophenone Mated Females 42 8 23.12 < 0.05 

 Virgin Females 25 25 0 1 

 Mated Males 40 10 18 < 0.05 

Z-3-hexen-1-ol Mated Females 22 28 0.72 0.40 

 Virgin Females 26 24 0.08 0.78 

Z-3-hexenyl acetate Mated Females 23 28 0.52 0.48 

 Virgin Females 26 24 0.08 0.78 

1-heptadecene Mated Females 29 21 1.28 0.26 

 Virgin Females 26 23 0.18 0.65 
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Table 2-2. Response of adult pepper weevils to 3-component blends in a Y-tube 
olfactometer when presented with a choice between the blend and purified 
air. GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. (P<0.05). 

Plant volatiles Sex Treatment Air Chi-square P-value 

GLV + acetophenone Mated Females 41 27 2.882 0.08 

Mated Males 28 19 1.724 0.19 

GLV + 1-heptadecene Mated Females 50 34 3.048 0.08 

Virgin Females 7 7 0 1 

Mated Males 34 25 1.372 0.08 
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Table 2-3. Response of adult pepper weevils to 4-component blends in a Y-tube 
olfactometer when presented with a choice between the blend and purified 
air.  GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. (P<0.05). 

Experiment Sex Treatment Air Chi-

square 

P-

value 

GLV + 1-heptadecene + 

E-2-hexenal 

Mated 

Females 
6 7 0.076 0.78 

GLV + 1-heptadecene + 

acetophenone 

Mated 

Females 
16 12 0.572 0.45 

Virgin 

Females 
18 19 0.027 0.87 

Mated Males 18 20 0.106 0.74 

GLV + acetophenone + 

ocimene  

Mated 

Females 
1 3 1 0.32 

Virgin 

Females 
3 5 0.5 0.48 
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Table 2-4. ANOVA results for pepper weevils captured on traps in Immokalee field trial 
for Summer 2012. 

Variable Num DF Den DF F P-value 

Total weevils     

Week 7 136 1.82 0.0875 

Treatment 5 136 3.33 0.0072 

Replicate 3 136 1.36 0.2565 

Week x treatment 35 136 1.27 0.1696 

Female weevils     

Week 7 136 1.01 0.4259 

Treatment 5 136 3.08 0.0116 

Replicate 3 136 0.95 0.4195 

Week x treatment 35 136 1.26 0.1740 

Male weevils     

Week 7 136 1.71 0.1109 

Treatment 5 136 1.80 0.1163 

Replicate 3 136 1.42 0.2390 

Week x treatment 35 139 0.99 0.4983 
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Table 2-5. ANOVA results for pepper weevils captured on traps in Wimauma field trial 
for Summer 2012. 

Variable Num DF Den DF F P-value 

Total weevils     

Week 6 121 4.09 0.0009 

Treatment 5 121 7.72 <0.0001 

Replicate 3 121 0.17 0.9155 

Week x treatment 30 121 2.15 0.0019 

Female weevils     

Week 6 121 1.94 0.0797 

Treatment 5 121 5.70 <0.0001 

Replicate 3 121 0.54 0.6588 

Week x treatment 30 121 1.51 0.0633 

Male weevils     

Week 6 121 1.91 0.0850 

Treatment 5 121 1.87 0.1049 

Replicate 3 121 0.20 0.8933 

Week x treatment 30 121 1.77 0.0158 
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Table 2-6. ANOVA results for pepper weevils captured on traps in Immokalee field trial 
for Fall 2012. 

Variable Num DF Den DF F P-value 

Total weevils     

Week 7 140 2.83 0.0088 

Treatment 5 140 2.06 0.0743 

Replicate 3 140 0.31 0.8215 

Week x treatment 35 140 1.10 0.3439 

Female weevils     

Week 7 140 2.54 0.0173 

Treatment 5 140 5.94 <0.0001 

Replicate 3 140 1.01 0.3916 

Week x treatment 35 140 2.56 <0.0001 

Male weevils     

Week 7 140 1.49 0.1745 

Treatment 5 140 1.44 0.2151 

Replicate 3 140 0.44 0.7275 

Week x treatment 35 140 0.77 0.8196 
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Table 2-7. ANOVA results for pepper weevils captured on traps in Wimauma field trial 
for Fall 2012. 

Variable Num DF Den DF F P-value 

Total weevils     

Week 7 139 0.55 0.7937 

Treatment 5 139 0.97 0.4393 

Replicate 3 139 0.65 0.5826 

Week x treatment 35 139 0.98 0.5122 

Female weevils     

Week 7 139 0.55 0.7937 

Treatment 5 139 0.97 0.4393 

Replicate 3 139 0.65 0.5826 

Week x treatment 35 139 0.98 0.5122 

Male weevils No weevils 

captured 
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Figure 2-1. Casey Michelle Reed. Y-tube Olfactometer. April 13, 2014. Gainesville.  Y-
tube olfactometer set-up containing compressed air tank leading to a charcoal 
filter (A) and then humidified by bubbling through deionized water before 
being split into two glass chambers which held the sample volatiles (B). Air 
flows were split into four different air flows, each regulated by a flowmeter 
which were attached to the arms of glass Y-tubes.  The Y-tubes were held at 
a 60˚ angle above the horizontal inside an open top cardboard enclosure to 
prevent visual disturbances.  Blue tape indicates the treatment vessel and 
airflow (C). 
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Figure 2-2. Casey Michelle Reed. Wind-tunnel. April 13, 2014. Gainesville. The wind-
tunnel used for the assays was constructed of plexiglass and consisted of a 
central chamber with arms attached on opposite sides (A). The end of each 
arm was screened to allow airflow to be pulled toward the central chamber 
from both directions past and over sources of volatiles placed at each end 
(B). A vacuum type system was used to create the airflow through an opening 
covered by screen in the back of the central chamber.  Weevils were inserted 
in the center via the door in the front of the wind-tunnel (C). The back of the 
wind-tunnel central chamber with the vacuum type system that was used to 
create the airflow through an opening covered by screen is shown (D).



 

56 

 
 
Figure 2-3. Layout of Immokalee, FL field trial for Summer 2012.  The red lines indicate 

the trap lines, and the green line indicates the row of actively growing 
peppers. 
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Figure 2-4. Layout of Wimauma, FL field trial for Summer 2012.  The red lines indicate 

the trap lines, and the green lines indicate the row of actively growing 
peppers.
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Figure 2-5. Layout of Immokalee, FL field trial for Fall 2012.  The red lines indicate the 
traps lines, the green line indicates the row of actively growing peppers, and 
the purple area indicates an area with jalapeno and eggplants actively 
growing. 
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Figure 2-6. Layout of Wimauma, FL field trial for Fall 2012.  The red lines indicate the 
traps lines, and the green line indicates the row of actively growing peppers. 
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Figure 2-7. Average number of pepper weevils caught per replicate over eight weeks by 
synthetic host plant volatile blends in summer field trial in Immokalee, FL 
(2012).  GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. PHE 
indicates pheromone lure.  Error bars indicate +1 SEM. 
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Figure 2-8. Average number of pepper weevils caught per replicate over eight weeks by 
synthetic host plant volatile blends summer field trial in Wimauma, FL (2012).  
GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. PHE indicates 
pheromone lure. Error bars indicate +1 SEM. 
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Figure 2-9. Average number of pepper weevils caught per replicate over eight weeks by 
synthetic host plant volatile blends in fall field trial in Immokalee, FL (2012).  
GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. PHE indicates 
pheromone lure. Error bars indicate +1 SEM. 
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Figure 2-10. Average number of pepper weevils caught per replicate over eight weeks 
by synthetic host plant volatile blends in fall field trial in Wimauma, FL (2012).  
GLV indicates Z-3-hexen-1-ol and Z-3-hexenyl acetate. PHE indicates 
pheromone lure.  Error bars indicate +1 SEM.
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CHAPTER 3 
INVESTIGATION OF COMMONALITY IN VOLATILES AMONG WEEVIL HOST 

PLANTS  

Introduction 

The pepper weevil is attracted to American black nightshade and eggplant as 

well as Jalapeno pepper in Y-tube assays (Addesso et al. 2009).  Attraction to different 

pepper varieties by pepper weevil has never been experimentally shown; however 

many pepper varieties have been found infested with pepper weevil in field settings 

(Elmore et al. 1934, Burke and Woodruff 1980, Patrock and Schuster 1992, Berdegue 

et al. 1994, Seal and Bondari 1999).  Analysis of the headspace volatiles released by 

different species and varieties of peppers and other non-pepper hosts may reveal 

common volatiles which are potentially useful as attractants. 

Cotton essential oil was isolated and fractionated to investigate the attractiveness 

of individual host volatile compounds and blends of compounds to the boll weevil 

(Minyard et al. 1969).  It was found that individual compounds of one fraction were 

attractive when tested individually, but not when combined.  These compounds were the 

terpenes α-pinene, limonene, and β-caryophyllene at their natural concentrations.  β-

bisabolol was moderately attractive to the boll weevil, but is difficult to purchase 

commercially which discourages its use in trapping and management methods.  It was 

concluded that attraction of insects to plant volatiles will require multi-component blends 

with as many as 10 compounds contributing to the attraction.  Essential oils were 

isolated from known boll weevil overwintering leaf trash sources and volatile compounds 

were identified (Hedin et al. 2000).  Blends were created and tested in the field; 

however, none was effective.  A sesquiterpene blend consisting of β-caryophyllene, 

longifoline, and humulene added to the Grandlure pheromone lure was shown to be 
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attractive; however, due to potential presence of β-caryophyllene in the female-

produced sex pheromone (Hedin et al. 1979) the results could have been due to male 

weevil’s attraction to the females and not the plant volatile itself. 

Research was conducted on additional components which may be added to the 

previously tested pepper weevil host plant volatile blends to improve their 

attractiveness.  Investigation into the addition of sesquiterpenes to the blends was 

conducted through analysis of headspace collections of various pepper weevil host 

plants.  Components of each collection were analyzed and a comparison between the 

concentrations and ratios of the different components in each host were made, looking 

for both similarities and differences.  The host plants selected for analysis were six 

varieties of pepper (jalapeno, bell, habanero, pequin, serrano, and tabasco), and 

eggplant, and nightshade, based upon previous readings and documentation of 

overwintering and oversummering capabilities and potentials.  Sesquiterpenes were 

selected for consideration based on availability and presence in hosts.  The blends 

considered for the addition of sesquiterpenes were the Z-3-hexenyl acetate, Z-3-hexen-

1-ol, and acetophenone blend as well as the Z-3-hexenyl acetate, Z-3-hexen-1-ol, and 

1-heptadecene blend. 

Materials and Methods 

Plants 

The Jalapeno pepper plants and fruit used in the experiments were started from 

seed (Trade Winds Fruit, Windsor, CA) at the USDA, Agricultural Research Station 

greenhouses in Gainesville, FL and then moved to the Department of Entomology & 

Nematology, University of Florida, Gainesville.  They were grown in a mixture of 

Metromix 200 and 500 in 11.5 L (28 cm x 23 cm) pots.  They were maintained inside a 
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greenhouse during colder months (November-March) and outdoors in warmer months.  

Pepper plants were fertilized twice per week using Tracite Foliar 20-20-20 (Helena 

Chemical Company, Collierville, TN) at a rate of 6 g/L of water applied to the soil.  Fruit 

that were used for colony maintenance were approximately 2.5 cm in length with 

smooth skin and had not begun to toughen or ripen. 

For the host plant variety experiments, seeds of C. frutescens (Tabasco), C. 

annum (Pequin Chile, Serrano Huasteco, Bell ‘California Wonder‘) and C. chinense 

(Orange Habanero) were obtained from Trade Winds Fruit (Windsor, CA).  Solanum 

nigrum (Black nightshade) was obtained from wild patches at the Entomology and 

Nematology Department, University of Florida and Solanum melongena (eggplant) 

(‘Ichiban’) was obtained from Alachua County Feed and Seed (Gainesville, FL).  All 

plants were grown to similar size and amounts of foliage and fruit (2.5 cm target length) 

before being analyzed for headspace volatiles. Four plants of each variety were 

analyzed. 

Insects 

The insects used in this study were originally collected from south Florida in the 

spring of 2004 near the city of Clewiston, Florida.  A laboratory colony was established 

and maintained at the University of Florida, Gainesville.  In order to ensure colony 

health and genetic diversity, additional field collections were made in the fall of 2005, 

2006, and the summer of 2011 from Immokalee, Bradenton, and Wimauma, Florida.  

The laboratory settings for the Gainesville colony were a 14:10 light: dark photoperiod 

and 27°C with 30% R.H.  The pepper weevils were raised on Jalapeno peppers for food 

and oviposition.  Two colony boxes (31 cm x 31 cm x 31 cm, sealed plexiglass with 

cloth opening on one side tied) were maintained at all times and were started 1 month 
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apart.  Gravid females older than 10 d old were transferred out of colony boxes into 

oviposition cups made from 250 mL, 8.5 cm diameter waxed cardboard cans with 

screened lids (The Fonda Group, Inc., Union, NJ).  Females were removed from 

oviposition cups after 3 weeks and placed in the oldest colony box.  The oldest box was 

discarded after 1 month.  Weevils were sexed by observation of metatibial mucrones 

which on males are larger and more curved than those of females (Eller 1995).   

Headspace Collection and Volatile Analysis 

Headspace collections were done using glass volatile collection chambers 

(Figure 3-1A).  Five female weevils, at least 10 days old, were allowed to feed on the 

plants for 48 h, with netting covering the top of the chamber to allow for plant respiration 

(Figure 3-1B).  Plants were sealed into the chambers using guillotine boards and cotton 

swabs around the trunk of the plant (Figure 3-1C).  After 48 h of feeding, glass tops 

were added, replacing the netting.  Air flow was directed into absorbent cartridges filled 

with 50 mg Super-Q, 80 - 100 mesh filters (Alltech, State College, PA) for collection of 

plant volatiles for 6 h.  Vacuum valves were attached to the filters to pull air through at 

0.25 L/min, while charcoal-purified air was introduced via the glass top at 3 L/min.  

Volatiles were extracted from the column using 150 µL of methylene chloride 

(Honeywell Burdick and Jackson, Muskegon, MI) and placed in the freezer (-80°C) until 

analysis.  For analysis, 4 µL of nonanyl acetate was added as an internal standard at a 

concentration of 100 ng/µL. Volatiles were analyzed using gas chromatography for 

quantification and gas chromatography-mass spectrometry for comparison of spectra 

with a spectral library and authentic chemicals.  Volatile samples were analyzed through 

direct injection by GC-MS in EI mode.  Samples (1 µL) were injected into a methyl 

silicone column (HP1, 30m x 250 µm x 0.25 µm film thickness; Agilent Technologies, 
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Santa Clara, CA).  The injector and column were kept at 35 °C for 1 min and then 

temperature programmed at 10°C/min to 230°C.  The He carrier gas flow rate was 1.3 

mL/min (constant flow).  Spectral library search was performed using a floral scent 

database compiled at the Department of Chemical Ecology, Göteborg, Sweden, the 

Adams2 terpenoid/natural product library (Allured Corporation), and the NIST05 library. 

Behavioral Analysis 

Sesquiterpenes were selected for behavioral assay because previous research 

indicated that a preparative GC fraction containing sesquiterpenes attracted weevils in a 

Y-tube olfactometer (McNeill unpubl. data).  Compounds which occurred in every host 

plant were given prime consideration.  Choice of sesquiterpenes took into consideration 

which compounds are commonly occurring in other plant-insect interactions as well as 

compounds which are available for purchase at an economical price.  If compounds 

were not available for purchase, consideration was taken regarding the ease of 

generating the compounds from natural or artificial sources cheaply and efficiently.  The 

compounds selected were β-elemene and β-bisabolene. β-elemene was purchased 

from Bluecense (B.V. Urmonderbaan 22, 6167 RD Geleen, The Netherlands).  The β-

bisabolene sample was purified via a silver nitrate column from a sample isolated at the 

USDA ARS in Gainesville, FL.   

Y-tube olfactometer bioassays were conducted using two olfactometers 

(Analytical Research Systems, Gainesville, FL) connected with corrugated Teflon 

tubing.  Compressed air was purified by passing through a charcoal filter and then 

humidified by bubbling through deionized water before being split into two glass 

chambers (26 cm x 3 cm) which held the sample volatiles.  The air flows were then split 

into four different air flows, each regulated by a flowmeter (Manostat, New York, NY) at 
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250 ml/min, which were attached to the arms of glass Y-tubes (12 cm common tube, 10 

cm arms, 2.5 cm internal diameter).  The Y-tubes were held at a 60˚ angle above the 

horizontal inside an open top cardboard enclosure (46 cm × 28 cm × 42 cm) to prevent 

visual disturbances.  Fluorescent lighting (four 85-W Sylvania cool white bulbs, 70 cm 

above table) was used within the bioassay room to light the assembly.  Room conditions 

were maintained at 25°-27°C and 40% R.H. 

Insects were inserted at the base of the Y-tube and allowed 10 min to make a 

choice between the two arms of the olfactometer (one arm with a test volatile blend and 

one with a solvent control).  A choice was registered when the weevil crossed over the 

ridge between the glass pieces connecting the Y-tube to the Teflon tubing, 

approximately 7 cm up the arm from the common arm.  Assays were conducted until 50 

insects were registered as making a choice.  The glass Y-tubes were rotated 180° every 

five runs to account for weevil phototaxis and variation in light intensity.  Volatile 

samples were applied to filter papers (Millipore absorbent pads, 3.7 cm in diameter, 

Tullagreen, Carrigtwohill, Co. Cork, IRL) cut in half.  A 10-μL quantity of mineral oil 

(Publix Brand, Lakeland, FL) was first placed on the disks, and then 10 µL samples at 

various dilutions were added.  The three-component blends found to be moderately 

attractive from previous bioassays (GLV with acetophenone and GLV with 1-

heptadecene) were considered for the addition of the two primary sesquiterpenes.  

Blends were assayed at 10,000x, 1,000x, and 100x dilutions with methylene chloride at 

a 1:1 ratio. Control filter papers were treated with 10 µL mineral oil and 10 µL methylene 

chloride.  New samples were created and tested every half hour.  Mated females were 
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at least 10 d old.  All insects were starved overnight, with access to water, before the 

assay. 

Data was analyzed using a dual-choice Chi-Squared analysis in Excel.  The 

expected values were calculated to indicate no difference between the treatment and 

control for each compound and blend tested.  The P-value set for significance was 0.05. 

Results 

Based on the total amount of headspace volatiles collected from each plant 

species, habanero and serrano were the most fragrant pepper varieties and bell was the 

least (Figure 3-2, last line of table).  Jalapeno was the third least fragrant headspace 

collection. The sesquiterpenes considered for behavioral analysis were compounds 15-

37.  The compounds highlighted in green were those that were considered after initial 

investigation into availability from natural sources or through purchase, as well as 

occurring within a majority of the host plants analyzed.  The β-elemene and elemene 

compounds that are highlighted in yellow were considered to be the same compound 

that was partially fractioned during GC-MS analysis.   

Figure 3-3 A-H illustrates the percentages of each compound in the total 

headspace collection of each host plant species.  A majority of the compounds are 

green leafy volatiles with smaller percentages of the blend consisting of sesquiterpenes.  

The goal was to utilize this smaller subset of volatiles to improve the blend’s specificity 

and improve pepper weevil attraction. 

Figure 3-4 A-H illustrates the percentages of each sesquiterpene in the total 

headspace collection of each potential host plant.    Bell, Jalapeno, Tabasco, and 

Pequin each had 17 different sesquiterpenes detected in their headspace collections.  

Serrano contained the least with 11 different sesquiterpenes, followed by Habanero with 
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13 different compounds.  The overwintering and oversummering plants of eggplant and 

nightshade each contained 15 different compounds detected.  Tridecatetraene was one 

of the most abundant volatiles in comparison to the other sesquiterepenes and was 

found in all host species but with a very low concentration in eggplant.  Bell and 

eggplant had β-bisabolene and β-funebrene, respectively, as their most abundant 

sesquiterpene; tridecatetraene was the most abundant sesquiterpene in all other host 

plants.  Habanero contained the highest amount of tridecatetraene in its blend with 

27054 ± 11864 ng.  There is no commercial source of tridecatetraene and the small 

amount of synthesized product at the USDA ARS CMAVE laboratory was not sufficient 

for bioassays.  β-elemene and β-bisabolene were chosen for addition to the blend for Y-

tube olfactometer testing first.  Elemenes and bisabolenes are commonly found in plant 

floral blends and also in the pheromone blends of other insects. 

The sesquiterpene blend of GLV, 1-heptadecene, β-elemene and β-bisabolene 

at 100x dilution was significantly attractive to mated females when tested in the Y-tube 

olfactometer (Table 3-1).  None of the other blends or dilutions tested was attractive. 

Discussion 

There are many difficulties involved in developing synthetic volatile blends to 

assist in monitoring and trapping of agricultural pests.  The first sources of error or 

variation in analysis of headspace plant volatiles could be the choice of appropriate 

collection technique and proper handling of the plants.  Some variation in headspace 

sampling between varieties and even between samples of the same variety could have 

occurred due to different amounts of plant material being inserted into the glass 

cylinders.  In addition, no control extraction was made to illustrate potential background 

odor.  If the volatile collection containers were not thoroughly cleaned, or possibly used 
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after initial cleaning without a follow up cleaning, various compounds could have 

influenced the GC-MS analysis and indicated fragments of compounds or compounds 

that would not typically have been present or in the correct quantities.  A control 

extraction of empty PET bags was done during headspace analysis of Petasites 

paradoxus and Adenostyles alliariae under various feeding treatments by the leaf beetle 

Oreina cacaliae Schrank in order to remove this potential source of error (Kalberer et 

al., 2001).   

When incorporating sesquiterpenes into host plant volatile blends for trapping, 

there can be many issues with acquiring the proper sesquiterpenes due to cost or 

abundance.  Oftentimes the entire success of the blend may be dependent on a select 

group of compounds.  During analysis of the compounds attractive to the boll weevil in 

cotton bud essential oil, it was found that the attractiveness of β-bisabolol was greatly 

increased with the addition of β-caryophyllene oxide (Minyard et al. 1969).  The 

attractiveness ratio, at a 10 ppm concentration, was 0.54 for β-bisabolol alone 

compared to 0.80 with the addition of β-caryophyllene oxide.  Research with the 

emerald ash borer (Agrilus planipennis Fairmaire) has shown that baiting with Phoebe 

oil will more than double the number of beetles caught in a trap compared to baiting with 

Manuka oil, even though the two oils differ only in the presence of one to two 

sesquiterpenes (Crook et al. 2008). 

Further testing of different concentrations and ratios of the attractive green leaf 

volatiles and sesquiterpenes from pepper weevil host plants could yield a more 

attractive synthetic blend to use in baiting traps.  Bell and Jalapeno are common host 

plants for pepper weevil in Florida, each containing 17 different sesquiterpenes, and the 
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overwintering and oversummering hosts of eggplant and nightshade contained 15 

different sesquiterpenes.  Differences in these four blends may be useful in identifying 

which compounds mated female pepper weevils are attracted to as they move into host 

plant fields.  The addition of tridecatetraene (TMTT) to the tested blends should be 

considered due to its presence in all of the plants analyzed and with the large 

concentration found in Jalapeno. TMTT is also known as a common stress compound in 

plants.  The compound was available via the USDA-ARS in Gainesville, FL; however, 

recommendations for starting bioassays with β-elemene and β-bisabolene were made 

because of the cost and time involved in isolating the TMTT sample.  E-bergamotene is 

present in each host plant that was analyzed, as well as α-santalene, α-curcumene, and 

iso-italicene.  These compounds would need to be isolated from various essential oils 

and purified in order to have a sample available for bioassays. 

The blend created could be added to traps alone or alongside the currently 

available commercial pheromone lure.  Minyard et al. (1969) recommended developing 

a lure for the boll weevil at a higher than ideal concentration to account for evaporation 

of volatiles over time and allow the lures’ performance to increase with time. 

Experimentation on loading amounts and release rates would be necessary once an 

attractive blend has been formulated. 
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Table 3-1. Response of adult mated female pepper weevils to host plant volatile blends 
in a Y-tube dual-choice olfactometer when presented with a choice between 
the blend and purified air. 

Blend/dilution Treatment Air Chi-Square P-Value 

GLV + 1-heptadecene + β-elemene + β-bisabolene 

10,000x 29 21 1.28 0.26 
1,000x 30 20 2 0.16 
100x 36 14 9.68 <0.05 

GLV + acetophenone + β-elemene + β-bisabolene 
10,000x 26 24 0.08 0.78 
1,000x 21 29 1.28 0.26 
100x 27 23 0.32 0.57 
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Figure 3-1. Casey Michelle Reed. Headspace collections. April 13, 2014. Gainesville. 

Headspace collections were done using glass, volatile collection chambers 
(A). Collections were done with five female weevils at least 10 days old being 
allowed to feed on the plants for 48 h, with netting cover the top of the 
container to allow for plant respiration (B).  Plants were sealed into the 
chambers using guillotine boards and cotton swabs around the trunk of the 
plant (C).
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Compound 
Number 

Compound Name Bell Jalapeno Serrano Habanero Tabasco Pequin Eggplant Nightshade 

1 e-hexenal 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

2 Z-3-hexen-1-ol 0.81 ±0.81 12 ± 3 459 ± 197 1429 ± 1287 126 ± 31 104 ± 72 47 ± 30 85 ± 52 

3 Alpha-pinene 60 ± 29 51 ± 20 2631 ± 1328 3813 ± 3375 407 ± 85 532 ± 99 201 ± 31 689 ± 163 

4 Camphene 54 ± 8 60 ± 12 13204 ± 2904 32743 ± 28649 3782 ± 835 4469 ± 1118 1830 ± 421 6949 ± 1642 

5 Beta-pinene 0 ± 0 0 ± 0 1174 ± 357 3525 ± 3172 404 ± 82 325 ± 156 1546 ± 1256 461 ± 104 

6 Myrcene 49 ± 41 87± 56 1767 ± 507 4335 ± 3765 596 ± 120 500 ± 174 2818 ± 2333 663 ± 224 

7 Z-3-hexenyl acetate 3 ± 1 163± 74 79843 ± 15078 201131 ± 176103 22585 ± 5298 26349 ± 6369 13633 ± 3870 37849 ± 10962 

8 P-cumene 0 ± 0 -140 ± 214 6978 ± 1616 14386 ± 12629 1699 ± 393 1952 ± 362 1218 ± 213 2546 ± 804 

9 Limonen 154 ± 15 16315± 15 14501 ± 5261 26332 ± 23033 3111 ± 682 3283 ± 987 1535 ± 265 4514 ± 1283 

10 E-Beta Ocimene 24583 ± 11954 14337 ± 6581 25567 ± 16673 4754 ± 3158 4213 ± 440 937 ± 502 530 ± 81 437 ± 291 

11 Linalool 9 ± 1 0 ± 0 0 ± 0 01576 ± 1576 0 ± 0 0 ± 0 -1121 ± 1133 3609 ± 3609 

12 G-terpinene 5 ± 2 3 ± 0.2 5576 ± 1248 13860 ± 12123 1590 ± 345 1854 ± 448 893 ± 223 2358 ± 674 

13 Nonatriene 0 ± 0 9914 ± 3294 9797 ± 6319 154529 ± 77509 26178 ± 3058 4602 ± 2131 588 ± 128 2830 ± 1253 

14 Methyl Salicylate 3 ± 1 509 ± 139 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

15 E-bergamotene 5 ± 4 324 ± 121 17 ± 10 606 ± 238 131 ± 28 92 ± 49 4 ± 2 6 ± 1 

16 Beta-elemene 0.1 ± 0.1 0 ± 0 184 ± 117 6027 ± 2530 1344 ± 270 936 ± 501 43 ± 21 76 ± 21 

17 Alpha-zingiberene 32 ± 31 462  ± 228 0 ± 0 0 ± 0 23 ± 9 0 ± 0 0 ± 0 0 ± 0 

18 Alpha-santalene 4 ± 4 29 ± 29 12 ± 12 36 ± 21 4804 ± 1378 3 ± 1 1 ± 1 88 ± 44 

19 Beta-caryophyllene 0.78 ± 0.45 0 ± 0 28 ± 15 129 ± 68 5873 ± 1848 6 ± 4 4 ± 4 118 ± 41 

20 Bergamotene 2 ± 2 66 ± 11 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

21 Beta-funebrene 0 ± 0 267 ± 90 4 ± 2 0 ± 0 128 ± 57 14 ± 9 8789 ± 6007 0 ± 0 

22 Beta-farnesene 17 ± 9 710 ± 145 0 ± 0 76 ± 63 0 ± 0 9 ± 6 4 ± 4 8 ± 8 

23 Alpha-caryophelene 0 ± 0 0 ± 0 28 ± 21 140 ± 85 2773 ± 769 81 ± 44 309 ± 164 109 ± 18 

24 Alpha-curcumene 12 ± 6 175 ± 63 12 ± 12 17 ± 10 79 ± 12 8 ± 5 5 ± 3 2 ± 1 

25 Iso-italicene 103 ± 47 1465 ± 533 74 ± 74 184 ± 106 2199 ± 558 112 ± 75 51 ± 36 27 ± 27 

26 Zingeberene 3 ± 1 53 ± 24 0 ± 0 0 ± 0 8 ± 8 6 ± 4 0 ± 0 0 ± 0 

27 Beta-selinene 0 ± 0 0 ± 0 35 ± 21 0 ± 0 1256 ± 264 1 ± 1 1 ± 1 22 ± 12 

28 Alpha-farnesene 1 ± 1 562 ± 157 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 10 ± 10 

29 Elemene 226 ± 101 2453 ± 331 89 ± 79 3233 ± 2571 1260 ± 337 227 ± 154 161 ± 58 48 ± 24 

30 Beta-Bisabolene 350 ± 165 943 ± 118 83 ± 102 5061 ± 3267 1403 ± 346 179 ± 135 163 ± 108 20 ± 21 

31 Z-bisabolene 2 ± 2 29 ± 8 0 ± 0 0 ± 0 2 ± 1 0 ± 0 0 ± 0 0 ± 0 

32 Beta-sesquiphellandrene 9 ± 5 221 ± 76 0 ± 0 37 ± 25 2295 ± 478 12 ± 7 214 ± 114 15 ± 8 

33 Beta-cadinene 13 ± 2 5 ± 2 0 ± 0 40 ± 29 2451 ± 519 18 ± 10 291 ± 164 22 ± 6 

34 Nerolidol 1 ± 0 867 ± 167 0 ± 0 641 ± 289 496 ± 159 66 ± 34 28 ± 20 125 ± 22 

35 tridecatetraene 250 ± 17 10659 ± 1760 573 ± 340 27054 ± 11864 23015 ± 4750 5213 ± 2765 41 ± 19 7985 ± 1414 

 Total Volatiles 25955 ± 12174 42339 ± 11629 162645 ± 45904 503997 ± 336518 114245 ± 13940 51902 ± 13922 33840 ± 8051 71685 ± 20077 

 
Figure 3-2. The average amount (ng) of each compound in volatile headspace collections of pepper varieties, eggplant, 

and nightshade hosts of pepper weevil (n=4).  Compounds highlighted in green occurred within a majority of the 
host plants analyzed and were available from natural sources or through purchase.  The β- elemene and 
elemene compounds that are highlighted in yellow were considered to be the same compound that was partially 
fractioned during GC-MS analysis.
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Figure 3-3. The average percentage of each compound in volatile headspace collections of Bell pepper (n=4).
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Figure 3-4. The average percentage of each compound in volatile headspace collections of Jalapeno pepper (n=4).
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Figure 3-5. The average percentage of each compound in volatile headspace collections of Serrano pepper (n=4).
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Figure 3-6. The average percentage of each compound in volatile headspace collections of Habanero pepper (n=4).
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Figure 3-7. The average percentage of each compound in volatile headspace collections of Tabasco pepper (n=4).
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Figure 3-8. The average percentage of each compound in volatile headspace collections of Eggplant (n=4). 
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Figure 3-9. The average percentage of each compound in volatile headspace collections of Nightshade (n=4). 
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Figure 3-10. The average percentage of each compound in volatile headspace collections of Pequin pepper (n=4)
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Figure 3-11. The average percentage of each sesquiterpene in volatile headspace collections of Bell pepper (n=4).
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Figure 3-12. The average percentage of each sesquiterpene in volatile headspace collections of Jalapeno pepper (n=4).
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Figure 3-13. The average percentage of each sesquiterpene in volatile headspace collections of Serrano pepper (n=4).
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Figure 3-14. The average percentage of each sesquiterpene in volatile headspace collections of Habanero pepper (n=4).
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Figure 3-15. The average percentage of each sesquiterpene in volatile headspace collections of Tabasco pepper (n=4).
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Figure 3-16. The average percentage of each sesquiterpene in volatile headspace collections of Pequin pepper (n=4).
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Figure 3-17. The average percentage of each sesquiterpene in volatile headspace collections of Eggplant (n=4).
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Figure 3-18. The average percentage of each sesquiterpene in volatile headspace collections of Nightshade (n=4).
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CHAPTER 4 
CONCLUSIONS  

While many volatiles were shown to be EAG active, when tested alone, they 

were not all found to be behaviorally attractive at the concentrations tested.  These 

compounds could potentially be attractive at different concentrations than were assayed 

or are effective attractants when included in blends with other compounds.  

Acetophenone was attractive to mated female and mated male pepper weevils when 

tested alone in the Y-tube olfactometer assay.  Mated females were also shown to be 

marginally attracted to a mixture of Z-3-hexenyl acetate, Z-3-hexen-1-ol, and 

acetophenone as well as a mixture of Z-3-hexenyl acetate, Z-3-hexen-1-ol, and 1-

heptadecene when assayed in the Y-tube olfactometer.  Initial wind tunnel assays 

showed the mixture of Z-3-hexenyl acetate and Z-3-hexen-1-ol with a pheromone lure to 

be more attractive that the same mixture with the addition of acetophenone in 

combination with a pheromone lure.  In field trials, the Z-3-hexenyl acetate, Z-3-hexen-

1-ol, and 1-heptadecene in combination with the pheromone lure showed to be most 

effective in comparison to the other blends tested.  The number of weevils caught in the 

traps would need to be much larger in order to evaluate trap effectiveness, but the 

current data would support the use of the traps to be minor indicators of weevil 

movement into a field.  With the exception of Wimauma, FL in the fall 2012 field trial, in 

which the treatment of GLV, acetophenone, and pheromone caught the most weevils, 

the treatments of GLVs, 1-heptadecene, pheromone lure and the pheromone lure alone 

caught the most total number of weevils as well as the most male and female weevils. 

Over a season it may be necessary to use various blends to monitor weevil 

populations.  In the summer, when most pepper crops are dying or being plowed under, 
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female and male weevils are searching for a host for a source of food and the treatment 

of GLVs, 1-heptadecene, and pheromone was the most attractive.  However, during the 

fall, when there is typically a healthy pepper crop growing, the pheromone lure may 

work better for monitoring due to weevils searching for mates and not for a limited 

supply of host material.  It may be difficult for the host plant volatile lure to compete with 

the abundance of host plants.  Future field trials should utilize an entire growing season 

with traps being deployed two weeks or more before the first day of planting and 

maintained until the following growing season. 

There are many difficulties involved in developing synthetic volatile blends to 

assist in monitoring and trapping of agricultural pests.  With further testing altering the 

concentrations and ratios of the attractive green leaf volatiles and sesquiterpenes from 

pepper weevil host plants, a synthetic blend could be created for addition to field traps.  

The method of selecting the most attractive blend could be altered.  Research with the 

apple blossom weevil and its attractiveness to apple trees during their pre-oviposition 

stage used an elimination method of selecting the most attractive blend (Collatz and 

Dorn 2013).  A synthetic blend was created mimicking the composition of the silver tip 

stage in apple twigs and then assayed eliminating one component at a time and 

comparing the results to maintain previous attractiveness.  In this way, a six component 

blend was created that maintained the attractiveness of the original twelve component 

blend and that also reduced the cost for using the lure in the field.  This method could 

be employed with the pepper weevil and jalapeno headspace collection; however, since 

the original jalapeno headspace includes a larger number of compounds in comparison 

to the apple blend, an elimination procedure could take a long period of time.  Additional 
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compounds to consider in the final attractant blend would be TMTT, due to its 

prominence in the Jalapeno headspace collection, E-bergamotene, α-santalene, α-

curcumene, and iso-italicene, due to their presence in all host plants that were 

analyzed.  These compounds were initially considered for use; however, they will need 

to be isolated from various essential oils and other sources and then purified. 

When extracting headspace volatiles, handling of plants must be consistent.  It 

may be necessary to quantify the amount of plant material that is inserted into the glass 

cylinders and keep it the same for all host plant varieties.  The mass of each plant 

sample could be analyzed and used for comparison between the different host plant 

varieties.  Also, a control extraction should be done to determine the background odor 

within the cylinder. 

The presence of acetophenone in oviposition plugs may have an effect on the 

attraction of mated female weevils to host plant volatile blends which contain 

acetophenone.  As the blend is improved with the addition of sesquiterpenes the 

presence of acetophenone may trigger the mated female weevils to gravitate towards 

volatiles which do not indicate the presence of oviposition plugs.  This is due to mated 

female weevils attempting to locate oviposition sites and oviposition plugs have the 

potential of indicating that oviposition has already been achieved by another female 

weevil.  The presence of acetophenone may also indicate to mated female pepper 

weevils the presence of fruit in which to oviposit and would therefore attract them to the 

volatile lure.  When developing semiochemical lures it is important to consider the 

biological status of the insect in order to properly capitalize on the potential attractant 

option.
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