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High frequency somatic embryogenesis and long-term maintenance of

embryogenic calli were obtained from scutellar tissue of diploperennial teosinte

immature zygotic embryos. The developmental stage of the embryo and the inclusion

of a strong auxin in the initiation medium were the only critical factors for success.

Embryogenic calli were comparable to those formerly described for the majority

of the Gramineae. An unusual callus type, which was never associated with soft, friable,

non-embryogenic callus, was isolated and used to establish all the regenerable cultures

used in this study. Manipulation of the carbon sources in the medium, as well as

addition of casamino acids and L-proline, enhanced the embryogenic response and

growth of the cultures that, under optimal conditions, maintained regeneration potential

for over four years.

Morphologically normal plants were routinely recovered from the callus cultures

for over two years. Regeneration of aberrant phenotypes, however, gradually became

more frequent in older cultures. At the end of three years all plants from tissue culture

were distinctly dwarf, multitillering and male sterile, displaying incomplete development

and/or feminization of the tassel. All had the normal diploid chromosome complement.

vi



The fate of the induced morphological variation was studied for the next two

years, using 100 plants each from the R0 and the Rv One hundred plants from seed

were used as a control. Combined univariate and multivariate statistical analysis of 26

morphometric traits, covering both vegetative and floral characters from the tissue

culture regenerants, their sexual progeny and control plants, revealed that all

anomalous traits in the R0 were transient in nature and faded with time, although some

persisted for a period of over 1 8 months. Gibberellin applications completely replaced

the effect of time, and led to complete phenotypic recovery to normal of the Ro plants.

Complete recovery also resulted from a passage through a single cycle of sexual

reproduction, as there were no anomalies in the Ri plants.

Isozyme analysis did not show a link between the morphological variation and

the corresponding biochemical variation that, of necessity, must precede or accompany

it. Regardless of their phenotypic differences, all tissue culture regenerants showed the

same isozyme banding patterns, which were the same as those from the controls.

vii



CHAPTER 1

INTRODUCTION

The occurrence of phenotypic variation in plants regenerated from tissue

cultures is a well documented, yet little understood phenomenon (Bayliss 1 980; Larkin

and Scowcroft 1981; D'Amato 1985; Karp and Bright 1985; Lorz and Brown 1986; Lorz

era/. 1988). Phenotypic variation is frequently associated with regeneration systems

involving an unorganized callus phase and it may affect quantitative as well as

qualitative traits. Deviations from the expected phenotypic and genetic uniformity have

been reported at the morphological, karyological, physiological, biochemical and

molecular levels (Meins 1983; Orton 1984; D'Amato 1985; Scowcroft 1985; Ahloowalia

1986; Gould 1986; Semal 1986; Lorz era/. 1988).

The theoretically unexpected but apparently widespread generation of variability

during tissue culture, recently termed "somaclonal variation" (Larkin and Scowcroft

1981), has been proposed as a potential source of unique and interesting new traits for

use in crop improvement (Larkin and Scowcroft 1981; Larkin 1985). Since the

introduction of this concept in 1981, much controversy has arisen concerning the real

prospects of somaclonal variation as a contribution to ongoing or new plant breeding

programs (Karp and Bright 1985; Ahloowalia 1986; Lorz and Brown 1986; Semal 1986;

I.K. Vasil and V. Vasil 1986; Morrish er al. 1987; I.K. Vasil 1987, 1988). Part of this

controversy is based upon the fact that, although variation may be present in the

regenerants, it is frequently transient in nature or is lost during sexual reproduction.

Moreover, limited field evaluations with diverse genotypes of putative somaclones have

shown that most somaclonal variation is either useless or has a limited applicability in

direct varietal upgrading (Ahloowalia and Sherington 1985; Ryan era/. 1987; Baillie etal.

1
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1992; Qureshi et al. 1992). Whenever heritable variation is present, the type and

frequency of variants suggest that somaclonal variation is akin to non-directed random

mutagenesis, which generates a large amount of unwanted variation often expressed in

the form of traits that either are not novel or are agronomically unfavorable (Semal 1 986;

I.K. Vasil and V. Vasil 1986; Morrish et al. 1987; I.K Vasil 1987, 1988). It is noteworthy

that, despite the rhetoric and exaggeration surrounding the issue for almost a decade,

no commercial varieties of any major crop plant have yet been produced or are grown

on a large scale as a result of using tissue-culture-generated variation.

As time gradually wore most of the original glamor out of the issue of usefulness

of the newly expressed traits, questions such as their persistence over time and across

generations, and the quest for the genetic or physiological mechanisms underlying their

origin, slowly took its place in the minds of the scientific community. There is no doubt

that some of the culture-induced variation has a genetic basis and is heritable. It has

often been argued, however, that much of the observed variability is only transient and

epigenetic, physiological or developmental in nature and therefore nonheritable and

useless in breeding (Karp and Bright 1985; I.K. Vasil and V. Vasil 1986; Morrish et al.

1987; I.K. Vasil 1987, 1988). When this is the case the plants showing variation can no

longer be thought of as potential assets to breeding; they can, however, still be usefully

incorporated in programs where genetic fidelity, rather than change, is the goal, on the

condition that the detected variation can be proven to be no more than a transient

culture-induced "carry-over" effect.

Tissue-culture-generated variation has been correlated with a variety of factors.

These include, among others, the original type and age of the explant, genotype of the

donor plant, duration of culture and regeneration pathway. In Gramineae, where two

possible regeneration pathways (embryogenic and organogenic) have been recognized

and described in detail, most of the reported occurrences of variation in tissue-culture-

derived populations have been related to regeneration from organogenic callus cultures
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(Morrish et al. 1987). Accumulating evidence seems to indicate that more stringent

selection in favor of normal cells, believed to be associated with the embryogenic

pathway of regeneration, tends to prevent the production of somaclonal variants

(I.K. Vasil and V. Vasil 1986; Kobayashi 1987; Morrish et al. 1987; I.K. Vasil 1987, 1988;

Dolezel and Binarova 1989; Gmitter et al. 1991). The selective advantage of

cytologically or genetically normal cells (diplontic selection), expressed at the very

onset of the embryogenic response in callus cultures, results in the production of

embryos that consist wholly of normal euploid cells (e.g., Cavallini et al. 1 987; Gmitter ef

al. 1991). Selection pressure can, however, be critical even at later stages, as

evidenced by the fact that developing somatic embryos with cytological or genetic

aberrations, or chimerism, often fail to differentiate into adult plants (Cavallini ef al. 1 987;

Cavallini and Natali 1989). The apparent intolerance, during embryogenesis, to

alterations of the normal genome thus effectively prevents (or greatly limits) the

transmission of anomalies to populations produced by this regeneration pathway.

Although karyological and phenotypic stability can often be correlated with the

embryogenic pathway, varying frequencies of abnormal regenerants from embryogenic

tissue cultures have also been reported in the literature. These may have resulted from

cultures where both the embryogenic and organogenic pathways coexist, as has been

described in wheat (Karp and Maddock 1984), in which case the variation reported may

result from plants being regenerated from the mixed callus via the organogenic pathway

(Maddock 1985). Variants may also be transient in nature (Larkin and Scowcroft

1983a,b; Irvine 1984), the result of epigenetic rather than genetic changes in the

regenerated plants.

There is still much to be learned about the nature and origin of the variation

found in tissue-culture-derived plants. The genetic (or epigenetic) nature of the

variation has not always been properly studied or documented in the past. In many

cases the regenerated plants are morphologically aberrant to the point of being unable



to complete a life cycle, or have their sexual expression at maturity modified or

supressed, which prevents the progeny testing that constitutes the ultimate proof of

genetic (heritable) variation (Meins 1983; Karp and Bright 1985). In such cases,

alternative ways of distinguishing between genetic and epigenetic changes have been

proposed (Meins 1983) and should be utilized whenever possible. Evidence of

epigenetic rather than heritable variation in cases involving the embryogenic pathway

would add additional support to the idea that somatic embryogenesis produces a lower

overall level of genetic variation and that it should be the regeneration method of choice

whenever maintenance of genetic fidelity, rather than variation, is the primary goal of the

investigation.

Further work is needed to determine the level of stability attained through

somatic embryogenesis in tissue cultures. The methods to employ in such studies have

been outlined in the literature (Morrish etal. 1987). They include detailed analysis of the

somatic variation present in the regenerants, as compared and contrasted to

appropriate controls, as well as its heritability. In addition to the traditional chromosome

cytology, such studies must focus on both quantitative and qualitative genetic traits

and, whenever possible, biochemical and/or molecular analyses should be used to

further assess possible alterations of the genome that may not be expressed as variant

morphological traits. Regeneration must be strictly monitored, particularly in the

species for which both possible regeneration pathways have been reported. Because

the transient nature of some epigenetic effects may be obscured by their long-term

expression, the use of a perennial (for which time is not a limiting factor) rather than an

annual species is recommended and the barriers of sexual sterility or incompatibility

must not be present, to permit a thorough analysis of the sexual progeny.

This dissertation reports the results of one such study in a perennial relative of

maize, diploperennial teosinte (Zea diploperennis litis, Doebley & Guzman). The

objectives of this research were (1) to develop a long-term efficient regeneration system



from cultures of diploperennial teosinte; (2) to characterize the morphology of the

regeneration pathway; (3) to evaluate the genetic fidelity of the tissue-culture-derived

plants through morphometric and cytological characterization of the regenerants, their

progeny and control plants; (4) to evaluate biochemically the genetic fidelity of the

tissue-culture-derived plants through electrophoretic characterization of the

regenerants; and (5) to interpret the nature of variation in regenerants and/or their

progeny, should any be detected.



*

CHAPTER 2

LITERATURE REVIEW

Introduction

Early in the sixties Morel first performed his classic experiments with the

proliferation in vitro of orchid shoot apical meristems (Morel 1960; 1963; 1964a,b;

1965a,b). His discoveries soon led to the commercial mass production of these rare

and beautiful plants and, by promoting the development of what is now known as the

aseptic method of micropropagation, initiated a major revolution in the horticultural

world. In the years that followed, extensive research expanded the realm of

micropropagation to a wide range of taxa, now covering virtually the complete spectrum

of vascular plants.

The production of tissue-culture-derived clones has been achieved in a very

large number of species, including ornamentals, vegetable crops, fruit crops, trees and

agronomic crops (Conger 1981; I.K. Vasil 1986). Based on the principle that

regeneration from cultured somatic cells faithfully reproduces the original donor plant in

potentially unlimited numbers, the system permits the large scale reproduction of elite

germplasm, providing the grower (and the consumer) with superior products at a

fraction of the cost and time needed by conventional means.

It was soon discovered, however, that not all cultures were suitable for cloning.

When plants were regenerated from adventitious buds phenotypic and genetic changes

were not uncommon, especially when a stage of unorganized cell proliferation (callus)

was involved. The consistent uniformity and trueness-to-type needed in clonal

propagation could still be achieved, as long as the cultures were based on induced

6
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axillary branching from preexisting shoot tips and lateral bud explants, an approach that

completely bypasses the presence of the undifferentiated callus phase. Observations

made on such populations of meristem-propagated plants have shown that the

frequency of variants obtained by this method is not higher than that observed when

using traditional methods of clonal propagation (Conger 1981; Beauchesne 1982).

Occasional sports are attributed to chance mutations, that occur at very low

frequencies. This phenotypic uniformity from shoot tip cultures has been attributed to

the higher level of genetic stability normally associated with shoot meristems, which act

as a safe "storage" place for the normal genetic information of the plant (D'Amato 1985;

I.K. Vasil 1987).

Long recognized as an unavoidable nuisance, the characteristic variation found

in callus cultures and their regenerates was brought to the limelight in 1 981 when Larkin

and Scowcroft proposed that such variation, which they termed "somaclonal", was an

inherent result of the plant cell culture itself and that it showed great promise as a

significant source of novel traits potentially useful for plant improvement (Larkin and

Scowcroft 1981). Under the newly coined name of "somaclonal variation" the concept

was widely adopted throughout the eighties, when a large number of publications

covered in varying detail a wide range of aberrations associated with tissue cultures,

many of them known but never publicized before. Among others, they included

numerical and gross structural chromosome changes in the cultures and their

regenerates (D'Amato 1985), cryptic alterations in the nuclear, chloroplast and

mitochondrial genomes (Hanson 1984; Lorz and Brown 1986), breakdown of chimeric

structures (Cassells 1985; Preil 1986) and changes due to the elimination of infectious

agents (Cassells 1985; Larkin and Scowcroft 1981).

The popularity of the idea is reflected in the numerous reviews that over the last

several years tried to assess the nature of somaclonal variation and its potential

contribution to plant breeding (Larkin and Scowcroft 1983b; Orton 1984; Mitra 1985;
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Evans and Sharp 1 986, 1 988; Dewald and Moore 1 987; Larkin 1 987; Sala and Biasini

1987; Larkin et al. 1989). Although specific examples of applications have been

reported (e.g., Evans 1989) there is, however, a growing opinion that somaclonal

variation has not fulfilled its initial promise as a potential source of economically

valuable germplasm. A critical analysis of the success so far achieved, now that one

decade has passed, reveals that despite massive efforts by scores of dedicated

researchers worldwide, no significant commercial varieties of any of the major crop

species have yet been developed as a result of incorporating tissue-culture-generated

genetic variation into a breeding program (I.K. Vasil 1990).

Much of the variation that has been found in cultures or their regenerates is

either not novel or has doubtful usefulness in breeding (I.K. Vasil and V. Vasil 1986;

Morrish er al. 1987; I.K. Vasil 1987, 1988). It may even be deleterious in nature. In

addition, long-term epigenetic changes, which are not unusual in tissue culture

regenerants, are often mistaken for true genetic variation (Karp and Bright 1985;

I.K. Vasil and V. Vasil 1986; Morrish er al. 1987; I.K. Vasil 1987, 1988; Karp 1989).

Epigenetic changes are, in fact, the result of directed physiological alterations on the

expression of the genome. They have been shown to be potentially reversible and, by

definition, nonheritable (Meins 1983), and are therefore useless in breeding. The

distinction between genetic and epigenetic variation may be even further complicated

by the fact that certain changes in the genetic material, such as DNA methylation (L6rz

and Brown 1986) and amplification (Cullis 1986), may be heritable under certain

conditions, but may also become reversible (Phillips etal. 1990).

In view of the failure to produce the promised boon of new traits for breeding,

somaclonal variation is again regarded today the way it had been from the very

beginning-a seemingly inevitable nuisance to most current fields of applied research

that make use of tissue cultures. Its occurrence is clearly detrimental in clonal

micropropagation (Beauchesne 1982), including the use of somatic embryogenesis and
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synthetic seed technologies as potential means of automated mass propagation

(Redenbaugh er a/. 1987; Ammirato 1989). It is also a particular concern in the newly

emerging discipline of genetic transformation through gene transfer into cultured cells, a

technique that seeks to introduce selected genes into elite lines without the co-

introduction of unwanted culture-induced variability (Lorz and Brown 1986; Goodman

etal. 1987; Lazzeri and Lorz 1988; de Klerk 1990).

It would be highly desirable to be able to control the genetic instability

associated with tissue cultures. No overall consensus exists, however, on general

applicable guidelines for such control (Karp 1989). There is a lack of information on the

underlying genetic and physiological mechanisms that are the basis of variation and the

interaction of the factors affecting them. The resolution of this problem, currently under

intense investigation, should be a greater contribution to plant science than the

proposed direct exploitation of the phenotypic variation itself (Karp and Bright 1985).

This chapter briefly summarizes the nature of the phenotypic characteristics normally

associated with somaclonal variation in Gramineae and presents the current

understanding on how such variation relates to a range of genotypic or epigenetic

changes as they affect the cultured cells in vitro.

The Nature of Tissue-culture-induced Variation

Tissue-culture-induced variation is a general phenomenon of widespread

occurrence (Bayliss 1980; Larkin and Scowcroft 1981; D'Amato 1985; Karp and Bright

1985; Lorz and Brown 1986; Lorz etal. 1988). It seemingly affects most plant species,

regardless of taxonomic position or ploidy level, including our most important crops.

It has been described in seed crops such as tobacco, tomato, and alfalfa, in

vegetatively propagated crops such as potato, in cereals and other grasses and in

ornamental plants, such as the garden geranium and petunia (Larkin and Scowcroft

1981; Karp and Bright 1985; Lorz and Brown 1986). As previously mentioned, tissue-
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culture-induced variation is directly related to regeneration systems in vitro that involve

the passage through an unorganized callus phase (Larkin and Scowcroft 1 981 ;
Karp

and Bright 1985). It is normally absent in cultures derived from proliferation of shoot

apical or axillary meristems (D'Amato 1985; Karp and Bright 1985).

Somaclonal variation can be observed at the morphological, karyological,

physiological, biochemical and molecular levels (Meins 1983; Orton 1984; D'Amato

1985; Gould 1986; Ldrz et al. 1988). It may affect quantitative as well as qualitative

traits. The phenotypic changes so produced, sometimes at an unusually high

frequency, may occur in individual plants or affect whole populations and often concern

agronomically important traits. Examples of tissue-culture-induced variation in

Gramineae are presented in Table 2.1. Variant traits are normally found in the

heterozygous form, but may also occur as homozygous as well, an intriguing

phenomenon quite characteristic of this kind of variation and for which at present there

still is no plausible explanation (Karp and Bright 1985; Karp 1989).

Not all variation found in somaclonal variants is genetic and stable. In the vast

literature dealing with the subject there are many examples of transient or temporary

phenotypic variation. These may vary from what has been loosely termed a "carry-over"

effect, like the typical shoot proliferation/root inhibition associated with the use of

cytokinins in the regeneration system, to long-term effects that may be easily confused

with stable genetic variation, if not for the fact that they are not always found in the

following generation after selfing. This variation, termed epigenetic (Meins 1983), may

be expressed at the morphological level, frequently as alterations in size or growth

habit, as well as at the physiological level, for example, as habituation or vitrification.

It has been correlated to the stress of growth under in vitro conditions and can often be

duplicated by growing plants from seed under conditions that mimic the tissue culture

environment. For example, when maize seedlings were grown from normal non-tissue-

culture-derived seeds maintained in closed containers with synthetic media, as would
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Table 2.1 Examples of tissue-culture-induced variation in Gramineae

Species

(Common Name)
Type of

Variation

References

Avena sativa

(Oat)

Bothriochloa spp.

(Old World Bluestems)

Cymbopogon winterianus

(Citronella Grass)

Festuca arundinacea

(Tall Fescue)

Hordeum vulgare

(Barley)

Lolium multiflorum

(Rye Grass)

karyological

reduced plant height

heading date

seed protein

flag leaf area

seed weight

seed number
yield

bundle weight

sterility

karyological

reduced plant height

dwarfism

foliage colour

suppression of flowering

inflorescence length

reduced fertility

isozyme banding patterns

herbage yield

oil content

Cummings et al. 1 976
McCoy era/. 1982
Dahleen 1 989

Taliaferro er al. 1 989

Mathuref al. 1988

isozyme banding patterns Dahleen and Eizenga 1 990

polyploidy

karyological

plant height

stem thickness

extra flag leaves

supernumerary spikes

chloroplast DNA
rDNA spacer fragments
hordein proteins

hordein proteins

plant height

leaf length

leaf width

spike shape
fertility

Orton 1 980

Ahloowalia 1 986

Day and Ellis 1 985
Breiman et al. 1 987b

Karp era/. 1987

Ahloowalia 1 986
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Table 2.1 (Continued)

Species
(Common Name)

Type of

Variation

References

Oryza sativa

(Rice)

Pennisetum americanum
(Pearl Millet)

Saccharum officinarum

(Sugarcane)

Secale cereale

(Rye)

Triticum aestivum

(Bread Wheat)

reduced height

reduced fertility

heading date

soluble protein

mRNA levels

plant height

dwarfism

tiller number
heading date

grain per pannicle

grain weight

chlorophyll mutations

reduced height

improved yield

improved protein

dwarfism

nuclear DNA

karyological

reversion to fertility

isozyme banding patterns

auricle length

sheath colour

pubescence
erectness

cane diameter

stalk length

stalk weight

disease resistance

cane and sugar yield

disease resistance

disease resistance

disease resistance

secalin proteins

reduced height

stem thickness

reduced fertility

heading date

chloroplast DNA

Oono 1978

Sun etal. 1979

Schaeffer 1982
Sun etal. 1983

Schaeffer ef al. 1 984

Oono 1 985
Zheng ef al. 1 987

Swedlund and Vasil 1 985
Smith ef al. 1987

Heinz and Mee 1 971

Liu era/. 1972
Lat and Lantin 1 976

Liu and Chen 1 976

Heinz et al. 1977
Larkin and Scowcroft 1 983a
Krishnamurthi 1 982

Bebeli ef al. 1 990

Ahloowalia 1 982
Maddock ef al. 1 983
Sears ef al. 1 984
Ahloowalia and Sherington 1 985
Day and Ellis 1984
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Table 2.1 (Continued)

Species
(Common Name)

Type of

Variation

References

Triticum aestivum

(Bread Wheat) (cont.)

x Triticosecale

(Triticale)

Zea mays
(Maize)

karyological

plant height

tiller number
heading date

grain and glume colour

gliadin proteins

gliadin proteins

isozyme banding patterns

cold tolerance

cold tolerance

karyological

karyological

kernel protein

prolamin banding pattern

spike length

fertility

rDNA spacer sequences

leaf shape
ear position

pollen sterility

karyological

resistance to

Helminthosporium
male sterility

mtDNA restriction pattern

lysine and threonine content
karyological

reduced height

reversion to male fertility

resistance to

Drechslera maydis
increased vigor

reduced height

altered fertility

altered maturity

altered plant and ear height

altered leaf color

increased tillering

increased ear number
ADH1 gene mutation

reduced plant height

Karp and Maddock 1 984
Larkin et al. 1 984

Cooper et al. 1 986
Davies et al. 1 986
Lazar et al. 1 988
Galiba and Sutka 1989

Armstrong er al. 1 983
Lapitan ef al. 1 984
Jordan and Larter 1 985

Brettell etal. 1986b

Green 1 977

Edallo era/. 1981

Gengenbach et al. 1 981

Hibberd and Green 1 982
McCoy and Phillips 1982
Beckert ef al. 1 983
Umbeck and Gengenbach 1 983
Umbeck and Gengenbach 1983

Hubbard ef al. 1 984

Earle and Gracen 1 985

Brettelef al. 1986a
Gobel etal. 1986
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Table 2.1 (Continued)

Species Type of References

(Common Name) Variation

Zea mays altered leaf morphology Gobel et al. 1 986
(Maize) (cont.) feminization of male flowers

suppression of anthers

reduced ears

poor germination (Ri)

early seedling death (flj)

silk emergence Zehr et al. 1 987
reduced plant height

kernel characteristics

pollen shed



15

occur during tissue culture, the resulting plants showed signs of variation identical to

those commonly described in somaclonal variants, including reduced fertility, dwarfing,

feminizaton of male flowers, etc. (Lorz er a/. 1988). The underlying reasons for this

unnatural behavior of plants derived from in vitro cultures are not currently understood

but, because the transient nature of some epigenetic effects may be obscured by their

long-term expression, progeny tests using the appropriate crosses for the variant traits

must be examined to accurately determine the extent of epigenetic variation (Meins

1983; Evans and Sharp 1988).

Unique to somaclonal variation is the peculiar combination of homozygous

changes at high frequency and the presence of whole population shifts for certain traits.

For example, when comparing the types of mutants present in the progeny of tomato

somaclones with those occurring in the progeny from chemically mutagenized plants

(Gavazzi et al. 1987), the results indicated that in vitro culture had resulted in a higher

frequency of some mutations and a different spectrum of variation, some mutants being

found exclusively in the somaclonal population.

Origin of Tissue-culture-induced Variation

There is no complete understanding of which factors induce or otherwise affect

the nature and frequency of instability in plants regenerated from tissue culture. Among

the parameters to be examined (de Klerk 1990; Orton 1983), changes in the

chromosome complement have the advantage of providing a visible measure of genetic

variation at the cellular level that can be correlated with the physical and chemical

cultural environment and the corresponding morphological variation at the plant level.

For this reason there are more extensive reports on karyological variation than on any

other form of tissue-culture-induced variation.
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Karyoloqical Variation

Numerical and structural chromosome variation in cell and tissue cultures and

their regenerates has been the subject of several excellent reviews (Bayliss 1980;

Constantin 1981; Wersuhn and Dathe 1983; D'Amato 1985; Karp and Bright 1985; Lee

and Phillips 1988). Cytogenetic instability is normally shown by the occurrence of

chromosome fragments and laggards at anaphase, multipolar spindles and the

presence of micronuclei or multinucleate cells. Numerical and structural changes are

further revealed by the study of meiotic chromosome behavior in regenerated plants.

The full range of karyotypic variation has been observed, including ploidy changes,

aneuploidy, deletions, duplications, inversions and translocations (e.g., McCoy ef al.

1 982; Johnson ef al. 1 987; Lee and Phillips 1 987; Armstrong and Phillips 1 988; Benzion

and Phillips 1988).

Origin of Chromosome Variability

The nature and extent of chromosome variability obviously depends on the

interaction of a number of exogenous and endogenous factors. In simple terms,

however, it can be stated that variation in tissue-culture-derived plants either (1) was

already present in the donor plant tissues or (2) is induced by the particular conditions

of the culture phase (Karp 1989).

Preexisting variability . When somatic cells cease to divide, in the majority of

angiosperms, at least a part of the differentiating tissues goes through one or several

additional rounds of endoreduplication of the nuclear DNA without an intervening

mitosis. This leads to a geometric increase in the DNA content of the nucleus

(4C,8C,16C. . .). Mature tissues, thus, generally exhibit varying levels of endopolyploidy

in a varying proportion of their cells, a condition termed polysomaty (cf., D'Amato 1975,

1977, 1985). When callus is initiated from polysomatic tissues, at least some of the

endopolyploid cells may be induced to divide and proliferate, and thus produce variant
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genotypes. The degree of endoreduplication is not generally uniform. It is often

dependent on the age and type of tissues and organs (cf., D'Amato 1985) and even on

the mode of plant cultivation (Pijnacker et al. 1 989). Therefore, choosing explants with a

low degree of polysomaty is one means of reducing variability. Explants comprising

meristematic or very young tissues are especially recommended for establishing

cultures (Lee and Phillips 1988; Karp 1989). Differences are also found among and

within species, demonstrating the genetic control of polysomaty; some species are non-

polysomatic altogether (D'Amato 1985).

In some plants the apical meristems, and consequently the mature tissues,

comprise a mosaic of cells with varying proportions of different aneuploid chromosome

numbers. This condition, termed aneusomaty, is transmitted to and generally enhanced

in callus cultures derived from such tissues (e.g., Heinz et al. 1969). Diplontic selection

may act during regeneration to give rise to normal or near normal plants, but

aneusomatic plants are more commonly produced from these callus cultures (e.g.,

Heinz and Mee 1971). When plants are regenerated from aneusomatic tissues and their

origin is multicellular (as suggested by the presence of chromosome number mosaics

in mixoploid regenerants), some of the regenerants may be chimeric and bear sectors

(sectorial and mericlinal chimeras) or entire histogenetic layers (periclinal chimeras) of

different chromosomal constitution. Sectorial ploidy chimeras have been detected, for

example, among regenerants in maize (McCoy and Phillips 1 982; Benzion and Phillips

1988). Most will probably remain unnoticed, however, since karyological analyses are

mostly done on root tip cells or microspore mother cells, which are derived from single

histogenic layers.

As mentioned earlier, the resolution of chimeric structures may also be a source

of tissue-culture-induced variation, particularly important in vegetatively propagated

plants (Skeene and Barlass 1983; Preil 1986). If the component histogenic layers of a

chimeral cultivar are karyotypically distinct, this can contribute to chromosome
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variability in the corresponding callus cultures and their regenerates (e.g., Skirvin and

Janick 1976). The common production of chromosomal mosaics in the regenerants is

also evidence for the multicellular origin of the in vitro regenerated shoot apices in these

cases (cf., D'Amato 1985).

Chromosome structural changes and spontaneous gene mutations may also

occur in mature tissues. The former are generally detected by aberrations observed in

the mitotic cycle. The latter, however, may escape detection, since most spontaneous

mutations are recessive and rarely have an immediate effect on the phenotype of the

heterozygous diploid (cf., D'Amato 1985). Both structural changes and gene mutations

may add an extra component to in vitro produced variation.

The acceptance that at least part of the observed somaclonal variation

originates from preexisting variation (cf., Morrish et al. 1990) has strong implications on

experimental design. To account for the possibility of this origin, it is critical that all

experiments involving the analysis of somaclonal variants have appropriate controls.

Furthermore, careful record keeping is essential as the origin and genealogy of each

regenerant must be clearly known (Karp 1989).

Tissue-culture-induced variability . In addition to the variability possibly

introduced with the explant, variant karyotypes may also arise during callus induction

and subsequent growth. The induction of variation during callus initiation and

subculture is particularly well studied in non-polysomatic plants where cultures are

initiated from uniformly diploid cell populations. In polysomatic species

culture-induced variation is revealed by variability within calli derived from single cells

or from protoplasts (e.g., Karp era/. 1982).

The most frequently reported change in culture is polyploidization; aneuploidy is

also commonly found. Polyploidy may originate through endoreduplication followed by

mitosis, by restitution nucleus formation, i.e., chromosome doubling due to spindle
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failure or by nuclear fusion in multinucleate cells. Aneuploidy may arise through

unequal chromosome segregation at mitosis or by amitotic nuclear fragmentation

followed by mitosis (cf., D'Amato 1985).

Genotype and Ploidy Level . There is reasonable evidence to believe that there

is a genotypic component to instability in tissue cultures. This has been demonstrated

in a variety of crop species, where some cultivars consistently give rise to a wider range

of somaclonal variation than others (e.g., Galiba et al. 1985; Linacero and Vazquez

1986b; Larkin 1987). The ploidy level of the starting material, for example, has been

found to be a strong determinant of the frequency of ploidy changes in culture.

In Gramineae, where comparisons have been made between polyploid and diploid

genotypes of the same species, the former tended to show higher variation in culture.

For example, 12 of 47 regenerates from two 4x ryegrass (Lolium multiflorum L.)

genotypes lost up to three chromosomes, while all the regenerants of the respective

2x genotypes retained the normal diploid chromosome number (Jackson and Dale

1988). There seems to exist a positive correlation between polyploidization and the

occurrence of aneuploidy, an indication that there is a higher tolerance to aneuploid

variation at higher ploidy levels (cf., Larkin and Scowcroft 1981 ; D'Amato 1985). Further

examples of genotypic influence on the frequency of chromosome doubling, aneuploidy

or structural changes were noted in rice (Sun etal. 1983) and oats (McCoy era/. 1982).

Chromosome structural changes have been observed in mitotic figures in callus

of varying age. They may originate from chromatid breakage and subsequent healing

or fusion of broken ends, in which case they can bring about continuing variation by

initiating a breakage-fusion-bridge cycle that can be self-perpetuating over a number of

cell generations (cf., McClintock 1978). Structural changes may occur at the diploid

level, but their incidence was also found to be higher after polyploidization (cf., D'Amato

1985).
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Media Composition and Tissue Culture Procedures . The level of chromosome

variability and its fate during culture is determined by the extent of preexisting variation,

the rate of de novo production of variant karyotypes and their relative competitive

ability. Continuing production of new karyotypes with identical chances of survival

would lead to an accumulation of variants and, consequently, a steady increase in

heterogeneity of the culture (Bayliss 1980). However, since in reality not all the variants

are equally good competitors, such cultures eventually reach an equilibrium where

variability does not increase any further. It has been shown that differences in the

competitive ability of different cell lines can be strongly influenced (to the point of

becoming reversed) simply by changing the transfer frequency or the composition of

the nutrient medium (Bayliss 1980). The result is that, after a period of rapid increase in

variability as formerly described, one or a few cell lines with a high selective advantage

gradually emerge to make up the bulk of or the whole cell population in culture. Much

attention has been devoted to the effects of medium constituents, especially growth

regulators, on chromosome variability, but data have been conflicting and difficult to

interpret (Karp and Bright 1985; Karp 1989). It is particularly difficult to separate the

roles of substances as triggers of genetic changes from agents promoting the selective

growth of specific variant cell types (Bayliss 1980; Karp 1989). Because of their

involvement in the control of cell division (cf., Skoog and Miller 1957; Furuya 1984;

Gould 1984), auxins (in particular 2,4-D) and cytokinins have been considered as prime

candidates in promoting chromosome variability through perturbations of the mitotic

process (Karp and Bright 1985; Karp 1989). While some of the data in the literature

seem to support this view, most do not. In the particular case of grasses and cereals,

where 2,4-D has been the hormone of choice for establishing embryogenic callus

cultures, there is absolutely no evidence that the auxin (or any other growth regulators)

is mutagenic at all; the choice of explant and the regeneration pathway are much more

important factors for consideration (Morrish et al. 1987). Reports of changes in ploidy
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level associated with growth regulators (e.g., Ghosh and Gadgil 1979) may be only the

result of the hormones promoting cell division at specific ploidy levels (Karp 1989).

The influence of time in culture on chromosome instability has long been

recognized (Torrey 1 967; Sacristan and Melchers 1 969; Zagorska et a/. 1 974; Jones

and Murashige 1974; D'Amato 1977; Ghosh and Gadgil 1979; Boucaud and Caultier

1 981 ; Sutter and Langhans 1 981 ; Lorz and Scowcroft 1 983; Westerhof ef a/. 1 984;

Stimart 1 986; Cassells and Morrish 1 987; Binarova and Dolezel 1 988; Lee and Phillips

1988; Karp 1989; Swartz 1991). In general, the longer explants remain in the culture

phase, the greater the chromosomal instability; variant karyotypes commonly

accumulate with increasing age of cultures. Because, as described earlier, some of the

variation found in the callus is usually transmitted to the regenerants, the relative

proportion of variant plants produced during successive passages generally also

increases. In Gramineae, an increase in regenerants displaying polyploidy, aneuploidy

or chromosome structural changes has been observed, for example, in maize (Lee and

Phillips 1987; Armstrong and Phillips 1988; Benzion and Phillips 1988), rice (Fukui

1986), oat (McCoy er a/. 1982), barley (Orton 1980) and triploid ryegrass (Ahloowalia

1983). In most of these cases, the proportion of karyotypically normal plants was 100%,

or close to 100%, during the first transfers. As a consequence, restricting the number of

callus passages in culture has been frequently recommended as an effective means of

reducing variability, whenever genetic stability is essential to the research (Karp 1989).

There is also good evidence that frequent transfers, as compared to extended

subculture intervals, tend to yield more stable callus cultures (Cassells and Morrish

1987; Lee and Phillips 1988; Karp 1989).

Evolution of chromosome variability may finally be dependent on whether cells

are grown as callus masses on solid medium or in liquid medium as cell suspension

cultures. Where comparisons have been made, a higher level of variability was normally

found in the callus cultures (e.g., Singh and Harvey 1975; Ashmore and Shapcott 1989).
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Regeneration from protoplast-derived cultures is generally associated with unusually

high levels of chromosomal variation (Karp 1989). This may be a reflection of the

increased complexity and length of time in culture associated with protoplast

regeneration protocols, or it may be simply a consequence of the additional

physiological stress imposed by the removal of the cell wall.

Regeneration Pathway

Histological and morphological studies have provided evidence that plant

regeneration from callus cultures may occur by two different distinct pathways:

adventitious shoot morphogenesis (organogenesis) or somatic embryogenesis (Morrish

era/. 1987; I.K. Vasil 1987). Both morphogenic processes involve a complex sequence

of genetically controlled developmental steps. Since karyologically aberrant cells may

be impaired in their control of one or more of these steps, morphogenesis acts as a

screen that prevents a portion of the variant karyotypes from being transmitted to the

regenerated plants. This would explain the common observation that the increasing

chromosomal variability often associated with aging cultures is negatively correlated

with their regeneration potential (e.g., Murashige and Nakano 1967; Torrey 1967; Smith

and Street 1974; Zagorska era/. 1974; Orton 1985; Jha and Sen 1987). Differences in

the extent to which karyotypically variant cells are excluded from plant regeneration are

found among and within species, demonstrating that the process is under genetic

control.

Callus cultures have been mostly described as masses of dedifferentiated cells

proliferating in a random and unorganized way. Although this seems to be true for the

majority of the dicots, histological investigations have revealed that in the monocots a

different type of callus often occurs. This has been described as compact and

organized and is commonly interpreted as a mass of proliferating partially suppressed

embryos in various stages of development, rather than completely undifferentiated
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tissue. Compact calli of this nature are predominantly produced by meristematic

tissues in immature and young tissues of inflorescences, embryos and leaves (e.g.,

Hunault 1979; Dale 1980; V. Vasil and I.K. Vasil 1980, 1981a; Lu and I.K. Vasil 1981,

1 982; Wernicke er a/. 1 981 , 1 982; Hanning and Conger 1 982; Lu et al. 1 982; Thomas

and Scott 1985). Because organized compact calli are often associated with

regeneration via the embryogenic pathway they have been termed embryogenic calli.

In Gramineae, by far the most well studied group in the monocots, production of

embryogenic callus has now been reported in most cereal and other grass species,

suggesting that somatic embryogenesis may be the most common pathway of plant

regeneration in these plants (I.K. Vasil 1982, 1983a,b, 1985, 1987; I.K. Vasil and V. Vasil

1986).

In many species that regenerate from embryogenic callus cultures a strong

selective constraint seems to exist, that minimizes the amount of chromosome variation

observed in the regenerants. This was observed, for example, in cultures and

regenerants of several monocots such as daylilies (Krikorian et al. 1981), asparagus

(Becker and Reuther 1986) and most grasses, including cereals (I.K. Vasil and V. Vasil

1986a; Morrish et al. 1987). The same apparent karyological stability seems to apply

also to embryogenic cultures derived from zygotic embryos of conifers (Papes et al.

1983; Schuller era/. 1989), which are composed of masses of proliferating proembryos

rather than disorganized calli (cf., von Arnold and Wallin 1988).

The relationship between the callus growth pattern and the level of chromosome

variability is particularly evident in cultures where both embryogenic and

nonembryogenic types coexist. In Gramineae, for example, compact organized

embryogenic callus may occur together with a more dedifferentiated, friable and more

or less non-morphogenic type of callus (cf., I.K. Vasil 1985, 1987; I.K. Vasil and V. Vasil

1 986; Morrish et al. 1 987). Comparative cytogenetic data on the two types of calli (e.g.,

Scheunert et al. 1978; Swedlund and I.K. Vasil 1985; Singh 1986) show that the
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embryogenic callus generally exhibits a lower degree of karyotypic variability than that

found in other kinds of cultures (e.g., Orton 1980; Ahloowalia 1982). Since the nature of

the callus can determine both its ability to regenerate and the stability of the

regenerants (I.K. Vasil and V. Vasil 1986; Morrish et al. 1987), it is conceivable that the

primordial nature of embryogenic calli implies an organized pattern and a rate of cell

division comparable to those in meristems of intact plants (I.K. Vasil 1985, 1987). As in

meristems, these kinds of cultures would then retain a high level of karyological stability.

This higher chromosomal stability of embryogenic calli and the fact that somatic

embryogenesis per se seems to be a highly selective process which strongly favors

regeneration from normal cells, would explain why only a small portion of the

karyological variation, if any, in embryogenic cultures is recovered in the regenerants

(I.K. Vasil 1983a, 1987; Swedlund and I.K. Vasil 1985). Regenerants from embryogenic

cultures tend to be diploid, or at least euploid, even when regenerating from calli or

suspension cultures where polyploidy or aneuploidy had been formerly observed (e.g.,

Swedlund and I.K. Vasil 1985; Hahne and Hoffmann 1986; Sengupta et al. 1988;

Taniguchi and Tanaka 1989).

Based on the high level of karyotypic stability found in both the embryogenic

calli and their regenerants in several grass species (e.g., Hanna et al. 1984; Armstrong

and Green 1985; Swedlund and I.K. Vasil 1985; Rajasekaran et al. 1986), I.K. Vasil

(1983a, 1985, 1987) postulated a higher stability of embryogenic cultures compared

with organogenic ones and recommended their use whenever genetic stability and

uniformity are needed. Such generalization, however, has been the theme of debate.

Many claim that, although karyological and phenotypic stability can often be correlated

with the embryogenic pathway, varying frequencies of abnormal regenerants from

embryogenic tissue cultures have also been reported in the literature (Gobel etal. 1986;

Karp 1989). These may have resulted from cultures where both the embryogenic and

organogenic pathways coexisted, as has been described in wheat (Karp and Maddock
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1 984) where the variation reported may result from plants being regenerated from the

mixed callus via the organogenic pathway (Maddock 1985). In maize, where both

regeneration pathways also have been reported (Green and Phillips 1 975; Green 1 982;

Earle and Gracen 1985; Armstrong and Phillips 1988), a detailed analysis of maize

plants regenerated from immature embryo-derived embryogenic callus cultures and

their sexual progeny showed variation occurring at both the morphological and

molecular levels (Gobel et a/. 1986; Brown et al. 1991). However, the authors were the

first to acknowledge that ". . .although the intention was to use somatic, embryo-derived

structures for plant regeneration, it cannot be ascertained that all of the regenerants are

somatic and embryo derived "
(p. 23 in Gobel ef al. 1986). In an identical study, but

where plants were regenerated from strictly controlled embryogenic callus cultures of

Napier grass (Pennisetum purpureum K. Schum.), Shenoy and IX Vasil (1992) showed

a complete absence of variation at the morphological, biochemical (14 different isozyme

loci) and molecular (RFLP analysis of the mitochondrial, plastid and nuclear genomes)

levels. Identical results were observed for the mitochondrial, plastid and nuclear

genomes in sugarcane (Chowdhury and IX Vasil 1993) and meadow fescue (Valles et

al. 1993), lending further support to the suggestion that regeneration via somatic

embryogenesis largely avoids phenotypic and genetic instability. Finally, the variants

that have been reported may also be transient in nature (Larkin and Scowcroft 1983b;

Irvine 1984), resulting from epigenetic rather than genetic changes in the regenerated

plants.

Regardless of the final verdict on the applicability of somatic embryogenesis as

a way of obtaining stable regenerants from tissue cultures, it does have advantages as

a mode of regeneration. It imparts genetic uniformity, a consequence of the fact that

somatic embryos, like their zygotic counterparts, derive largely from single cells (cf.,

Morrish et al. 1987; IX Vasil 1987). This prevents the occurrence of mosaics and
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chimeras at the plant level (Morrish etal. 1987; I.K. Vasil 1987; Armstrong and Phillips

1988; Karp 1989).

Possible Causes of Chromosomal Variability

By emphasizing chromosomal structural rearrangements, some of the

possibilities of how culture-induced alterations of the intracellular environment could

lead to chromosomal changes have been recently detailed (Lee and Phillips 1988).

Consistent with various reports where rearrangements have been shown to involve

breakage preferably at or close to heterochromatic regions (Sacristan 1 971
;
McCoy et

al. 1 982; Lapitan et al. 1 984; Murata and Orton 1 984; Johnson er al. 1 987; Lee and

Phillips 1987; Benzion and Phillips 1988), it was speculated that late replication,

characteristic of heterochromatic chromosome segments, may be further delayed under

culture conditions, causing perturbations to DNA synthesis. If such delay lasts until

mitosis, formation of nonreplicated heterochromatin bridges, with consequent breakage

at anaphase, would be the consequence (Lee and Phillips 1988).

While breakage events within or near heterochromatin would be the primary

source of chromosome rearrangements, further variation can result from breakage-

fusion-bridge (BFB) cycles, which tend to be perpetuated through the formation of

dicentric chromosomes (Lee and Phillips 1988). Repeated breakage associated with

BFB cycles may trigger various forms of genome reorganization, from gross and minor

translocations to excision and splicing of transposable elements, affecting even

chromosomes not involved in the BFB cycle at all (McClintock 1978). Activation of

transposable elements as a result of culture-induced chromosomal changes has been

confirmed in maize (Peschke er al. 1986, 1987, 1991), for example, and it has been

speculated that transposon-mediated variability could be a general phenomenon in

callus cultures (Larkin and Scowcroft 1 981 ; Larkin et al. 1 984; Toncelli et al. 1 985; Lorz

and Brown 1986).
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Another possible component on the induction of variation, proposed from

evidence obtained from other organisms, could be the nucleotide pool imbalance

associated with nutrient depletion in plant tissue cultures. This, in turn, would cause

disturbed DNA replication and repair, which could lead to chromosome breakage,

reciprocal and nonreciprocal sister chromatid exchange and mitotic crossing-over or

somatic recombination events between nonhomologous chromosomes (Lee and

Phillips 1988). Accumulation of toxic and potentially 'automutagenic' metabolites in

ageing cultures could also have the same effect (cf., D'Amato 1985).

Phillips ef al. (1 990) attempted to define a unified theory that would encompass

in a single cause such seemingly unrelated events as single gene mutations, activation

of transposable elements, qualitative trait variation and chromosome breakage. They

postulated that the methylation status of the DNA, easily altered by the tissue culture

environment (e.g., nucleotide pool imbalance, as formerly mentioned), is at the origin of

DNA modifications that, in one way or another, could lead to all of the most frequent

disturbances that occur in plant tissue cultures. This would imply that the mechanism

of in vitro-induced variation is epigenetic rather than genetic, an interesting approach

that certainly may help explain many of the unique characteristics of somaclonal

variation, in particular its high frequency and widespread occurrence, the presence of

seemingly stable mutational events that are lost upon crossing (e.g., Oono 1985) and

the peculiar observation that some variant phenotypes are characteristic and found only

in the somaclonal populations.

Finally, and in another class by itself, the presence of an altered cytoskeleton

has also been related to tissue-culture-induced mitotic disturbances. Studies have

shown that specific microtubular arrays associated with cell division may be absent or

less distinct in callus cells than in intact meristems (cf., Seagull 1989). The

chromosome variation frequently observed in vitro could thus be caused by a

malfunctioning of the mitotic and cytokinetic apparatus. This would be particularly true
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in protoplast cultures, which are known to have a disturbed microtubular organization

(Hahne and Hoffmann. 1986).

Considerable progress has been made over the years in our perception of

tissue-culture-induced variation. The major lesson to retain, though, is that a great deal

more remains to be learned about. Gathering accurate information at the

morphological, karyological, biochemical and molecular levels is critical, but solid

theories are likely to be crafted only with careful integration of all this knowledge, an

approach that so far has been somewhat neglected.



CHAPTER 3

SOMATIC EMBRYOGENESIS AND LONG-TERM REGENERATION
IN CALLUS CULTURES OF DIPLOPERENNIAL TEOSINTE

Introduction

Diploperennial teosinte (diploid perennial teosinte, Zea diploperennis litis,

Doebley & Guzman) is a newly discovered perennial teosinte, or "wild maize", from the

highlands of Mexico (Guzman Mejia 1978; litis ef a/. 1979) (Fig. 3.1). Taxonomically a

relative of maize (Z. mays L), Z. diploperennis was described as endemic in nature to a

small localized area of the Sierra de Manantlan, a mountain range of western Mexico,

where it grows alongside small streams and, sometimes, on the edges of maize fields or

in grazed pastures.

Morphologically, diploperennial teosinte differs from perennial teosinte

[Z. perennis (Hitchcock) Reeves and Mangelsdorf], a rare tetraploid species endemic to

the same area, by the presence of dimorphic rhizomes, a more robust growth habit and

larger tassels. Specially relevant, however, is that Z. diploperennis is a diploid (2n = 2x

= 20), which permits the potential transmission of its many agriculturally useful traits to

maize. For this it has been called the "botanical find of the century" (Nault and Findley

1981).

Genetically, the species is a hybridizer's dream. Diploperennial teosinte carries

genes for immunity or tolerance to several important pests and diseases in its

germplasm (Nault 1980; Nault ef a/. 1980, 1982), together with a variety of other

agronomically important traits. Zea diploperennis produces fertile offspring when

crossed with maize and, because it retains the primitive perennial trait in a diploid

condition, it is the major potential genetic source for the production of a perennial

29



Fig. 3.1 Mature flowering plant of diploperennial teosinte, Zea diploperennis.

Fig. 3.2 Plants of diploperennial teosinte grown under greenhouse-controlled

conditions. The metal frames above the plants supported black cloth,

used to simulate short day conditions needed to force flowering out of

season.
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maize, a goal that has long eluded breeders (litis et al. 1 979; Nault and Findley 1 981

;

Crosswhite 1982). Since its introduction in the late seventies, the species has been

successfully incorporated in a number of maize breeding programs, many of them

currently undergoing evaluation and selection (Camara-Hernandez and Mangelsdorf

1981; Galinat 1981; Mangelsdorf er al. 1981; Nault and Findley 1981; Crosswhite 1982;

Findley etal. 1982; Magoja and Pischedda 1986; Magoja and Palacios 1987; Palacios

and Magoja 1987, 1988; Pischedda and Magoja 1987, 1988, 1990; Corcuera and

Magoja 1988a,b,c; Carlson and Price 1989a,b).

Other than its promising potential in breeding, diploperennial teosinte makes an

excellent choice for studies involving tissue cultures and tissue-culture-generated

variation. It is a close relative of maize, a species that is particularly well characterized

at the tissue culture level (Green and Phillips 1975; Springer etal. 1979; Green 1982; Lu

er al. 1982, 1983; Chang 1983; Novak er al. 1983; V. Vasil er al. 1983, 1984, 1985;

Holbrook and Molnar 1 984; Armstrong and Green 1 985; Duncan et al. 1 985; Lowe ef al.

1985; Radojevic 1985; Fahey etal. 1986; Hodges etal. 1986; Petolino and Jones 1986;

Rhodes et al. 1986; Suprasanna et al. 1986; V. Vasil and I.K. Vasil 1986; Close and

Ludeman 1987; Conger et al. 1987; Wang 1987; Wilkinson and Thompson 1987;

Duncan and Widholm 1988; Pescitelli etal. 1989; Pareddy and Petolino 1990; Songstad

et al. 1992) as well as at the karyological, biochemical and molecular levels and for

which somaclonal variation has been formerly reported and extensively evaluated (e.g.,

Gengenbach etal. 1981; Hibberd and Green 1982; McCoy and Phillips 1982; Umbeck

and Gengenbach 1983; Brettel er al. 1986a; Gobel er al. 1986; Lee and Phillips 1987;

Armstrong and Phillips 1988). In addition, being diploid, perennial and fully fertile,

diploperennial teosinte should produce regenerants from tissue culture that can be

analyzed over long periods of time and across generations, an absolute need when

attempting to clarify the origin and nature of somaclonal variation.
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Protocols that lead to the successful tissue culture and regeneration of

diploperennial teosinte have been published (Prioli et al. 1984, 1985; Sondahl et al.

1984; Swedlund and Locy 1988). As for other members of Gramineae (V. Vasil and I.K.

Vasil 1984a; I.K. Vasil 1985, 1987; I.K. Vasil and V. Vasil 1986; Morrish ef al. 1987),

(1) use of very young, immature explants containing mostly undifferentiated

meristematic cells, (2) addition to the media of relatively high concentrations of synthetic

auxins and (3) early recognition and selection of regenerable calli were the keys to the

successful initiation and maintenance of totipotent cultures. Reports on regeneration

from tissue cultures of diploperennial teosinte, however, are conflicting. Upon curturing

apical and lateral meristems of Zea diploperennis, Prioli ef al. (1984) reported

regeneration from a semi-friable callus from which adventitious shoots arose. Although

the morphology of regeneration was not investigated, it was claimed that typical

somatic embryogenesis did not occur (Prioli et al. 1984, 1985). Conversely, Swedlund

and Locy (1 988) reported a system much closer to that commonly described for other

species of Gramineae (V. Vasil and I.K. Vasil 1984a), with both nonembryogenic and

embryogenic calli being formed from immature zygotic embryos and shoot apices.

Regeneration occurred by somatic embryogenesis, with the embryogenic cells

described as small, densely cytoplasmic and starchy. Somatic-embryo-derived plants

did not differ in chromosome number or overall morphology from the original donor

plants (Swedlund and Locy 1988).

This chapter reports in detail the results of studies leading to the development of

a protocol for the reproducible induction of somatic embryogenesis and long-term

(several years) regeneration from callus cultures of diploperennial teosinte. In

particular, it describes the effect of using alternative compounds exhibiting auxin-like

activity and demonstrates the potential importance of L-proline and other medium

additives in optimizing the embryogenic response.
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Materials and Methods

Plant Material

Plants of diploperennial teosinte were raised from seed obtained from Professor

H.H. litis (Department of Botany, University of Wisconsin-Madison). The wild-collected

seeds, harvested near the type location in Mexico, were accompanied by the following

information:

Zea diploperennis

ex Herbarium, University of Wisconsin, Madison, Wisconsin.

Zea diploperennis litis, Doebley & Guzman.
Plants 1 5-25 dm tall in dense, many-stemmed (30 to 1 00 in each) colonies.

a) Thickets along stream bordered by Alnus trees.

b) Maize fields, and abandoned maize fields, with scattered Crataegus
mexicana.

Flat valley bottoms at Las Joyas (cf. El Chante topo-sheet), 7.8 Km W by WSW of

Rincon de Manantlan, ca. 16 Km SW of El Chante, Jalisco, Mexico, JAN1984.
1 9° 35' 50" N, 1 04° 1

7' W, Alt. ca. 1 ,900 m.

H. H. litis and R. Guzman M., No. 291 15.

Field work supported by National Science Foundation Grant No. BM S74-21 861

;

O. N. Allen Herbarium Fund; Research Committee, Graduate School, University of

Wisconsin-Madison; and Pioneer Hi-bred International.

To these were also added other accessions, obtained as vegetative

propagations from Drs. D. Pring and W. Judd (Plant Pathology and Botany

Departments, University of Florida, respectively). These plants were also derived from

seed donated by Professor litis and probably originate from the same field collection.

The fruits were planted, one caryopsis per gallon plastic container, in Metromix®

Vegetable Plug Mix amended with 20% Perlite. Germination occurred in 3-5 days and a

large number of plants were raised to maturity. These were grown at a density of 9

pots/m2 in a greenhouse (Fig. 3.2). All plants were fertilized once per growth cycle with

Osmocote®, a slow-release fertilizer (17-6-10 plus minor elements). Mean average
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daytime temperatures ranged from 20°-25°C in winter to 30°-35°C in summer. The

temperature was not allowed to fall below 16°C during cold winter nights but it often

rose well above 35°C during summer.

Because teosintes are naturally short-day plants (Emerson 1924; Mangelsdorf

1974), flowering was either induced naturally, under the influence of the short days of

winter and early spring, or was forced whenever needed by keeping the plants in

darkness for ca. 16 hours a day (Emerson 1924; Mangelsdorf 1974). Early application

of short-day treatments to specimens grown from seed, however, was best avoided, as

it consistently resulted in the production of short plants that, although physiologically

mature, flowered only rather sparsely.

Young elongating leaf bases, young tassels and mature and immature zygotic

embryos were used as explants. For both leaf bases and young developing tassels

terminal shoots were cut from the plants, washed with tap water and surface sterilized

with 90% ethanol. In a sterile laminar-flow hood the green mature outer leaves were

removed to expose the white to yellowish-green inner expanding leaves or the immature

staminate inflorescences. Sections from the region slightly below to 2 cm above the

shoot apex were sliced transversely into two millimeter thin segments that were placed

in presterilized disposable plastic Petri dishes (100 mm diameter, 15 mm high) on

approximately 25 ml of culture medium, one plant per dish. The normal polarity was

maintained for the leaf sections in culture.

Controlled pollinations were performed by bagging both the staminate and the

pistillate inflorescences before anthesis and hand-pollinating each individual ear when

pollen was available. Pollinations were carried out with pollen from a different plant or

from tillers of different physiological ages in the same plant because under our

conditions maturation of the male inflorescences preceded that of the female by several

days. Immature ears were harvested when the embryos were at the desired

developmental stage, normally between the 8th and 10th day after pollination. This was
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done except for the embryo size study, for which ears were harvested every day from

day 5 to day 15. The ears were de-husked and the green caryopses were surface

sterilized in 1 0% Clorox containing two drops of a surfactant (Tween 20) for 20 minutes,

then rinsed in several changes of sterile distilled water. The fruit cases were then

carefully removed in a sterile laminar-flow hood to expose the internal structures.

Immature embryos, ranging in size from less than one millimeter to five

millimeters, were carefully dissected and cultured as previously described for maize (Lu

era/. 1983) and diploperennial teosinte (Swedlund and Locy 1988). The embryos were

usually isolated on the same day the ear was harvested, but occasionally the ears were

refrigerated overnight and the embryos were dissected the following day. Embryos

were placed on the surface of the culture medium, embryonic axis down, in presterilized

disposable plastic Petri dishes (100 mm diameter, 15 mm high) containing

approximately 25 ml of culture medium, ten embryos per dish. Whenever possible,

pieces of the semi-solid endosperm (the stage of development between day 9 and day

1 3 after pollination) were also placed in culture following the same protocol. At very

young stages of development, when the embryo was too small to be safely dissected,

the whole dissected ovary was placed in culture.

Induction of Somatic Embrvoqenesis

The basal nutrient medium for induction of somatic embryogenesis consisted of

Murashige and Skoog's (1962) major and minor nutrients and vitamins, 100 mg/l myo-

inositol and 5% coconut milk (MSC basal medium). The following parameters were

tested for their influence on induction of somatic embryogenesis:

1. Embryo developmental stage, expressed by the length of the embryo as

measured from the base to the tip of the scutellum.

2. Auxin type and concentration: a series of four IAA conjugates, including lAAIa

(indoleacetyl-D.L-alanine), lAAsp (indoleacetyl-D,L-aspartic acid), lAGly
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(indoleacetyl-glycine) and lAPhe (indoleacetyl-D,L-phenylalanine), NAA

(naphthaleneacetic acid), 2,4-D (2,4-dichlorophenoxyacetic acid), dicamba

(3,6-dichloro-2-methoxybenzoic acid) and picloram (4-amino-3,5,6-trichloropico-

linic acid). All auxins were tested at the following concentrations: 2.5, 5.0, 10.0

and 25.0 /iM.

3. Sucrose: 3%, 6% and 1 2%.

4. L-proline: 12 mM.

All media were solidified by addition of 2 g/l Gelrite™ and pH was adjusted to 5.8

before autoclaving at 121°C for 20 minutes. L-proline and all the auxins were filter-

sterilized and added after autoclaving. The Petri dishes were sealed with Parafilm® and

cultures were incubated at 28°C in the dark.

Callus Maintenance and Multiplication

Except for the factor(s) under testing, a basal nutrient medium containing

Murashige and Skoog's major and minor nutrients and vitamins with 100 mg/l myo-

inositol, 12 mM L-proline, 500 mg/l casamino acids, 2% sucrose, 1% glucose, 10 /l/M

picloram and 2 g/l Gelrite, pH 5.8, was used in all experiments. The following

parameters were evaluated for their effect on growth rate of embryogenic calli:

1. Auxin type: 2,4-D, dicamba and picloram, at an equimolar concentration of

10pM.

2. Auxin concentration: only picloram was used, at the concentrations of 2.5, 5.0,

10.0,20.0 and 30.0 pM.

3. Carbohydrates: glucose and sucrose, in the following combinations: glucose

3%; glucose 2% + sucrose 1 %; glucose 1% + sucrose 2% and sucrose 3%.

4. Casamino acids: 500 mg/l.

5. L-proline: 1 2, 25, 50 and 1 00 mM.



38

Ten pieces of embryogenic callus were initially placed in each Petri dish. To

minimize the lag phase and avoid carry-over effects from the maintenance medium all

cultures under evaluation were subcultured twice, at 4 week intervals, in the

experimental medium. All measurements were taken on the second subculture.

Whenever a best combination of factors was determined, callus pieces from that

treatment were tested for regeneration, to assess if the factor(s) that optimized growth

in tissue culture had any effect on the expression of totipotency. This was done by

placing pieces of embryogenic callus in a regeneration medium consisting of Murashige

and Skoog's major and minor nutrients and vitamins with 100 mg/l myo-inositol, 1 fjM

picloram and 2.5 /jM kinetin and visually evaluating the potential to produce plantlets in

vitro.

Data Collection and Analysis

Induction of somatic embrvoqenesis . Immature embryos were checked for

growth every few days and scored for the presence of embryogenic or nonembryogenic

callus four weeks after culture initiation. Hard, nodular, creamy-white callus with a

convoluted surface, comparable to embryogenic calli from other grass species, was

classified as embryogenic (E). Soft, friable, translucent callus with a watery appearance

was classified as nonembryogenic (NE). No friable embryogenic (Type-ll) callus,

equivalent to that formerly described for maize (Green 1982, 1983), was produced. For

both kinds the frequency of callus formation was converted to a percentage (number of

explants showing that callus type / total number of explants in culture x 100). All

percentage data were transformed using the arc-sine transformation for proportions

(Steel and Torrie 1980) before analysis . The data presented in Tables 3.1 through 3.5

were analyzed by analysis of variance using the General Linear Models procedure of

the Statistical Analysis System (SAS) for the PC, Release 6.04. All plotting and curve
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fitting in Figs. 3.16 through 3.30 was done with Microcal Origin™, version 2.75, running

under Microsoft® Windows™ 3.1

.

Callus maintenance and proliferation . Fresh weights for all treatments were

measured every other day for twenty six days. Results were plotted as growth curves,

showing variation of fresh weight as a function of time. The data plotted in Figs. 3.21

,

3.23, 3.25, 3.27 and 3.29 are the mean values and standard errors of the mean (SE)

from the five replicates. Growth rates were calculated from the growth curves during the

exponential phase of growth (day 2 through day 26) by linear regression techniques.

The fitting function was determined by using the General Linear Models procedure of

the Statistical Analysis System (SAS) for the PC, Release 6.04 and the calculated slopes

were plotted against the variable under study. The results are shown in Tables 3.6

through 3.10 and Figs. 3.22, 3.24, 3.26, 3.28 and 3.30. All plotting and curve fitting in

Figs. 3.16 through 3.30 was done with Microcal Origin™, version 2.75, running under

Microsoft® Windows™ 3.1

.

Plant Regeneration

Cultural procedures . Plants were regenerated from embryogenic cultures by

transferring callus pieces onto MS basal medium with 0 or 1 fjM picloram, with or

without 2.5 pM of a cytokinin. Cytokinins tested included 6-furfurylaminopurine (kinetin),

N6-benzyladenine (BA), N6-(2-isopentenyl)adenine (2iP) and zeatin. Regenerating callus

pieces were exposed to a 1 6-hour photoperiod under cool white fluorescent tubes at

28°C.

Germinated somatic embryos were transferred to half strength MS salts and

vitamins with 2% sucrose in individual test tubes and kept under the same

environmental conditions for further development and rooting. After establishment of an

adequate root system, the young plants were transplanted into Conetainers™ and

gradually hardened off under high humidity until established, normally in 2-3 weeks.
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Acclimated plants were transferred to gallon plastic containers, in Metromix Vegetable

Plug Mix amended with 20% Perlite, fertilized with Osmocote® (17-6-10 plus minor

elements) and grown to maturity in a greenhouse.

Scanning electron microscopy
. Regenerating embryogenic callus pieces were

dissected and fixed for scanning electron microscopy following the protocol detailed in

V. Vasil and I.K. Vasil (1984b). Specimens were viewed with a Hitachi S-450 scanning

electron microscope and photographed using Polaroid™ Type 55 positive/negative

black-and-white film.

Results

Induction of Somatic Embrvoqenesis

Donor tissue . All tissues placed in culture responded at least partially to the

conditions of the culture medium but, regardless of the cultural conditions, embryogenic

callus could be isolated only from endosperm explants and immature embryos.

Sections from young expanding leaves started reacting as early as 4 days after being

placed in culture. Typically, there was a swelling of the cut surface in contact with the

medium after 5-7 days in culture. Some explants, mostly those originating from dark

colored (anthocyanin-rich) plants, produced relatively large amounts of phenolic

compounds that accumulated at the cut ends and diffused into and discolored the

culture medium. In such cases, to prevent the toxic effect on the tissues normally

associated with the presence of such compounds (V. Vasil and I.K. Vasil 1981), the

explants were transferred either to clear portions of medium in the same dish or to a

new dish as required until discoloration ceased, normally after 2-3 transfers. Soft friable

callus started forming at a low frequency by the end of the second week, together with

root hairs and suppressed root primordia that soon degenerated into gelatinous

masses that ceased proliferation. At the end of four weeks, the frequency of leaf
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explants responding to culture was less than 1 0% in all treatments and there was no

trace of embryogenic callus. The same overall response was found in explants

originating from immature male inflorescences, except that no roots were ever formed

and the frequency of callus formation was close to 0%. Whenever callus was produced

by these explants, it was soft, watery and nonembryogenic.

Cell proliferation was somewhat better from immature ovary explants. In most

treatments the dissected ovaries proliferated profusely at the cut bases and produced

large amounts of a soft, translucent, friable and nonembryogenic callus that could not

be maintained by subculture. Despite the variations introduced in the medium no

embryogenic callus was ever recovered from ovary cultures as well.

Forty-seven percent of the endosperm cultures, initiated in MSC basal medium

containing 3% sucrose and 1 0 2,4-D, produced embryogenic callus. This callus,

that could be maintained easily through subculture, was in all respects

undistinguishable from embryogenic calli derived from immature embryos (see below).

Regeneration from endosperm-derived embryogenic cultures has been formerly

achieved in other families of plants (e.g., Tulecke et al. 1988). The objectives of this

study, however, precluded the use of polyploidy, and there were no attempts to obtain

plants from these cultures or otherwise to make any further use of them.

Embryogenic callus was readily initiated from immature zygotic embryos. Cell

proliferation in culture was evident in both immature and mature embryos, but the

nature and time of appearance of the emerging calli varied considerably with the

chemical constitution of the medium as well as with the developmental stage of the

embryo. The appropriate developmental stages were assessed by measuring the

embryo length, a parameter that is more reliable than embryo age (measured as post-

pollination time) for the selection of competent embryos in grass tissue cultures (V.

Vasil and IX Vasil 1982).
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Under the cultural conditions of this study, a typical greenhouse-grown plant of

diploperennial teosinte produced between 8 and 12 caryopses per ear (female

inflorescence). Not all caryopses matured at the same time and embryos dissected

from different fruits within one single ear were frequently at different stages of

development even after controlled pollinations. This is either a result of the stigmas

(silks) having different lengths, the longer ones causing a delayed fertilization of the

egg, or an environmental effect, as discussed for other species of Gramineae

(V. Vasil and I.K. Vasil 1982). Since time alone could not be used to predict embryo

development, a large number of inflorescences were used to ensure that enough

embryos could be found at all the desired stages. Fig. 3.3 illustrates the relative

development of both the endosperm and embryos in the fruit, as related to post-

pollination time. It also summarizes the overall response in culture of the embryos, as

dictated by their size.

Three kinds of calli were produced in embryo cultures of diploperennial teosinte

(Fig. 3.4). As described for most other grass species (I.K. Vasil 1987), the scutellar

tissue of competent embryos in culture proliferated at the periphery, near the edges,

giving rise to a ridge of highly organized tissue that soon proliferated into a creamy-

white, compact and highly convoluted embryogenic type of callus (Fig. 3.5). A soft,

translucent, friable callus was often produced from the same explant, by proliferation of

the tissues in direct contact with the medium (Figs. 3.5 and 3.6). Such callus, which

could be formed even in the absence of the nodular type, did not show any potential for

embryogenesis.

A second type of embryogenic callus was occasionally formed from some of the

proliferating scutella. Always produced at very low frequencies, this new kind of

embryogenic callus, which was structurally undistinguishable from the more common

type, could be maintained easily through several cycles of subculture without ever

being associated with the presence of soft, friable, nonembryogenic callus, even in
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Somatic embryogenesis in diploperennial teosinte: callus production
from an immature zygotic embryo, with nodular, compact, organized
embryogenic growth (Type A embryogenic callus, top left), as well as
friable, unorganized, nonembryogenic growth (right).

Somatic embryogenesis in diploperennial teosinte: Type C
embryogenic callus. Note the highly organized nature of the
embryogenic callus and the complete absence of friable

nonembryogenic callus.
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Fig. 3.10 Somatic embryogenesis in diploperennial teosinte: scanning electron
micrograph of developing somatic embryos. At the center of a lobed
scutellum (top left) a shoot meristem has developed, now surrounded
by a coleoptilar ring (center). A somatic proembryo can also be seen
(top right).

Fig. 3.11 Somatic embryogenesis in diploperennial teosinte: atypical somatic
embryo, at the early coleoptilar stage. Note the aberrant scutellum
and the leafy appendages at the margins, covered with trichomes.
Regardless of these anomalous features, which are a result of
hormonal imbalance in culture, atypical embryos develop into normal
plants.
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Fig. 3.12 Somatic embryogenesis in diploperennial teosinte: regenerating
embryogenic callus, with a developing somatic embryo.

Fig. 3.13 Somatic embryogenesis in diploperennial teosinte: fully formed
somatic embryo, showing the white opaque scutellum, the coleoptile
and the coleorhiza, partially embedded in the callus mass.
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aging cultures. This is in sharp contrast with the type more commonly described for

species of Gramineae (I.K. Vasil 1987), including diploperennial teosinte (Swedlund and

Locy 1988). Embryogenic cultures of most grasses are actually a mix of embryogenic

and nonembryogenic cells, a consequence of a continuous conversion of the

embryogenic cells into the nonembryogenic type. To maintain the embryogenic

potential of the cultures and to ensure that plant regeneration is from somatic embryos

only, the embryogenic calli must be carefully selected and transferred every subculture

(I.K. Vasil 1987), an added burden to the already fastidious task of initiating and

maintaining such cultures.

The occurrence of more than one kind of embryogenic callus in diploperennial

teosinte embryo cultures is not unique among Gramineae. Early recognition and

isolation of appropriate callus types are becoming increasingly important in the

establishment of successful long-term regeneration protocols. In maize, for example,

regeneration from long-term embryogenic callus and suspension cultures is dependent

on the production of a soft, friable, embryogenic (Type-ll) callus. Recognition and

isolation of this particular kind of callus, first described by Green (1982, 1983), was

paramount in the production of transgenic maize plants (Fromm et al. 1 990; Gordon-

Kamm er al. 1990). Likewise, the identification of a callus type for long-term

maintenance and regeneration in wheat (Type C, Redway er al. 1 990a) was essential to

the establishment of regenerable cell suspension cultures (Redway et al. 1 990b) and

totipotent protoplasts (V. Vasil et al. 1990). Using Type C embryogenic callus as the

regeneration system was the key to the successful production of transgenic plants in

wheat (V. Vasil era/. 1992).

By analogy to the embryogenic callus types formerly described in wheat, the

more common compact callus found in diploperennial teosinte embryogenic cultures

was termed Type A. Like its wheat namesake, teosinte Type A embryogenic callus

occurred at a relatively high frequency, and always in conjunction with nonembryogenic
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growth (Fig. 3.6). The tendency to degenerate easily into nonembryogenic callus made

strict selection at every subculture essential to a problematic long-term maintenance.

Following the same terminology, the second kind of embryogenic callus found in

embryogenic cultures of diploperennial teosinte was designated Type C (Fig. 3.7).

Usually found at very low frequencies, teosinte Type C embryogenic callus was easy to

maintain in long-term cultures and regenerated freely even after several years in vitro,

characteristics that it shared with both maize Type-ll and wheat Type C embryogenic

calli. Unlike any of these, however, it was not derived from any preexisting or aged

callus; it was isolated directly from the proliferating immature embryos. Structurally

comparable to wheat, teosinte Type C callus was compact, nodular and scutellar in

nature (rather than soft and friable, like maize Type-ll). The most striking feature of

teosinte Type C callus, however, was the absence of nonembryogenic proliferation,

even in aging cultures, a trait that is not shared by either maize or wheat embryogenic

calli (Fig. 3.7).

Scanning electron microscopy revealed the compact convoluted callus to be

nothing but a large mass of continuously proliferating scutella. Provided with a well

differentiated epidermal layer, this callus spurted numerous cup-shaped structures at

the surface (Fig. 3.8), comparable to those found in other embryogenic grass cultures,

where they have been described as similar to the scutellum in both morphology and

structure (V. Vasil and I.K. Vasil 1981; Lu and I.K. Vasil 1982). Type C embryogenic

callus could be maintained indefinitely by subculture, without any further organization

taking place. When transferred to a regeneration medium, however, the cup-shaped

structures became more prominent (Fig. 3.9), and a well defined shoot apex,

surrounded by a coleoptilar ring, formed at their center (Fig. 3.10). The ring further

developed into a more or less well defined coleoptile, from which the first leaves

emerged as the newly formed embryo precociously germinated. Structures showing

aberrant morphology, an obvious consequence of the hormonal imbalance in culture,



58

were not uncommon (Fig. 3.11). Scutella were often lobed, or formed small leafy

appendages at the margins. Sometimes the whole scutellum became a leafy structure

with characteristic trichomes on the surface, or several scutella fused laterally to form

one single ridge of tissue associated with multiple embryonic apices.

Individual small segments of embryogenic callus could be separated and

transferred independently to an appropriate regeneration medium. When kept under

light they greatly enlarged, the whole fragment becoming a prominent white scutellum

with a deep red coleoptile (Figs. 3.12 and 3.13) from which the first green leaves

emerged (Figs 3.14 and 3.15). A developing primary root, protruding from a well

defined coleorhiza, was perfectly visible in these germinating somatic embryos (Fig.

3.15).

Embryo developmental stage . Embryogenic callus cultures in Gramineae are

often initiated from immature embryos, normally at a specific early stage of development

(Lu et al. 1983). Cultures have also been obtained, however, from fully mature embryos

and whole caryopses (e.g., McDaniel et al. 1982; Mehta era/. 1982; Botti and I.K. Vasil

1983; Rao et al. 1985). Since it is not predictable how any individual species will

perform in culture, an experiment was conducted to find out the particular sequential

pattern, if any, in the capacity to produce embryogenic callus from embryos of

diploperennial teosinte.

The influence of embryo length on the formation of embryogenic callus is

illustrated in Fig. 3.16. The relative frequencies of both embryogenic and

nonembryogenic calli formed, as influenced by embryo size, are shown in Table 3.1 . All

experiments were done in MSC medium with 3% sucrose and 1 0 2,4-D.

Cell proliferation resulting in the formation of calli occurred at all size ranges.

Frequencies varied from a low of 33% for the smaller embryos (0-1 mm range) to a high

of up to 90% in the upper size ranges (size ranges 2-3, 3-4 and 4-5 mm were not
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Fig. 3.16 Influence of embryo length on embryogenic callus formation from
immature embryo cultures of diploperennial teosinte.

Table 3.1 Influence of embryo length on callus formation from immature embryo
cultures of diploperennial teosinte.

Embryo length

(mm)
NE callus

only*

Type A
E callus*

Type C
E callus*

Total

E callus*

Total

callus*

0-1 33.3a 0.0a 0.0a 0.0° 33.3a

1-2 0.0b 66.7b 10.0b 76.7b 76.7b

2-3 70.0° 16.7a 0.0a 16.7a 86.7bc

3-4 80.0° 10.0a 0.0a 10.0* 90.0C

4-5 76.7C 0.0a 0.0a 0.0° 76.7bc

Percentage of immature embryos that formed calli. Each value is the mean of three replications (ten

embryos per treatment for each replicate). Values within each column marked with the same letter

are not significantly different (P < 0.05) by Duncan's Multiple Range test (Steel and Torrey, 1980).

Each medium contained:

MS basal salts and vitamins

5% coconut milk

3% sucrose

10 /jM 2,4-D.

Embryo length as tested.
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significantly different at the 95% confidence level). Production of embryogenic calli,

however, was restricted to a much narrower developmental range. Embryogenic callus

was produced at a high frequency (77%) by embryos in the 1 -2 mm length range only.

The same type of callus was also observed in embryos 2-3 and 3-4 mm long; their

frequency of formation, however, was not significantly different from zero (95%

confidence level). No embryogenic callus was ever produced by the smallest (< 1 mm)

or the largest (> 4 mm, mature) embryos.

Type C embryogenic callus was produced at a relatively low frequency (10%)

and only by embryos in the 1-2 mm size range (Fig. 3.16, Table 3.1). The occurrence of

nonembryogenic callus alone was frequent in the larger size cultures (> 2 mm) and null

in the 1 -2 mm embryos. Germination was common in all embryos larger than 2 mm and

occasional in the 1-2 mm range. Since embryos smaller than 1 mm and larger than

2mm gave mostly unsatisfactory results, they were not used in any of the subsequent

experiments.

Auxin type and concentration . Problems associated with the use of 2,4-D in

tissue culture investigations (e.g., Saunders and Bingham 1975; Collins et al. 1978;

Hangarter et al. 1 980) led some authors to look for possible substitutes that would be

more effective and less toxic in vitro. Having in view the successful use of some

alternative compounds (Vian 1976; Collins et al. 1978; Hangarter et al. 1980; Hanning

and Conger 1982; Conger er al. 1983), experiments were made to compare the effect of

2,4-D with two other herbicides with strong auxin-like properties, dicamba and picloram.

Naphthaleneacetic acid, which has been used alone or in combination with 2,4-D in

plant tissue cultures, was also studied as a possible substitute. Four commercially

available indoleacetylamino acid conjugates, considered to be more stable sources of

auxin than the labile free IAA and less toxic than the persistent synthetic auxin analogs

(Hangarter er al. 1 980) were also tested. The results are summarized in Table 3.2 and
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Fig. 3.17. All experiments were done in MSC medium with 3% sucrose, with 1-2 mm

embryos.

The frequency of embryogenic response varied considerably with both the type

and the concentration of the compound being used. No response was ever obtained in

the absence of an auxin in the medium, neither was it in the presence of the IAA

conjugates. Relatively high concentrations (25 /l/M) of naphthaleneacetic acid induced

only moderate proliferation (35%) in the explants, and the callus formed in such

conditions showed no embryogenic potential. This callus was also formed at 10 /jM,

but at a very low frequency (15%, statistically not different from zero at the 95%

confidence level). No response of any kind was obtained at any of the lower

concentrations (Table 3.2).

All three auxin herbicides (2,4-D, dicamba and picloram) promoted callus

formation at all concentrations tested, and both embryogenic and nonembryogenic calli

were produced under their influence. The results of Duncan's Multiple Range test using

the arc-sine transformed data show that the frequencies of production of

nonembryogenic callus alone were lowest at a concentration of 10 fiM, and were

significantly lower (10% and 3%, as compared to 20% for 2,4-D) in media containing

dicamba and picloram, respectively (Table 3.2). The same concentration of 10 iiM

yielded the highest frequencies of embryogenic callus production, this time significantly

higher (80% and 87%, as compared to 70% for 2,4-D) in media containing dicamba and

picloram, respectively (Table 3.2, Fig. 3.17). The capacity to minimize nonembryogenic

and maximize embryogenic callus production clearly makes this the most effective

concentration to use when initiating embryogenic callus cultures in diploperennial

teosinte. The shape of the fitting curves further demonstrates that 2,4-D is relatively less

effective at all concentrations, when compared to either dicamba and picloram

(Fig. 3.17). The frequency of response is significantly higher for both dicamba and

picloram (95% confidence level) at optimal levels, and at least comparable to 2,4-D at
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Table 3.2 Influence of auxin type and concentration on callus formation from

immature embryo cultures of diploperennial teosinte.

Auxin NE callus Type A Type C Total Total

only* E callus* E callus* E callus* callus*

0 0.0h 0.0d 0.0C 0.0h 0.0e

2.5 0.0h 0.0d 0.0C 0.0h 0.08
h 1 A ANAA 5 0.0h o.od 0.0° 0.0h o.oe

10 15.0f9h o.od o.oc 0.0h 15.0^
25 35.0bcd o.od o.oc 0.0h 35.0cd

0 0.0h o.od o.oc 0.0h 0.0e

2.5 20.0def9 o.od o.oc o.oh 20.0°de

2,4-D 5 30.0cdef 36.7b 0.0° 36.7de 66.7b

10 20.0de,9 66.7a 3.3bc 70.0b 90.0a

25 66.7a o.od 0.0° 0.0h 66.7b

0 0.0h o.od 0.0° 0.0h 0.0«

2.5 1 6jefgh 23.3bc 0.0C 23.3e,9 40.0°

Dicamba 5 40.0bc 23.3bc 20.0° 43.3d 83.3a

10 10.09h 66.7a 13.3ab 80.0° 90.0a

25 50.0b 10.0cd 0.0° 10.09h 60.0b

0 0.0h 0.0d 0.0C 0.0h 0.0*

2.5 6.79" 23.3bc 3.3bc 26.7* 33.3cd

Picloram 5 33 3cde 36.7b 20.0a 56.7C 90.0a

10 3.39h 76.7a 1 0.0abc 86.7a 90.0a

25 10.09h 16.7cd 0.0° 26.7cd

Percentage of immature embryos that formed calli. Each value is the mean of three replications (ten

embryos per treatment for each replicate). Values within each column marked with the same letter

are not significantly different (P < 0.05) by Duncan's Multiple Range test (Steel and Torrey, 1980).

Each medium contained:

MS basal salts and vitamins

5% coconut milk

3% sucrose

Auxin (and concentration) as tested.

All embryos in the 1-2 mm range.



Fig. 3.17 Influence of auxin type and concentration on embryogenic callus
formation from immature embryo cultures of diploperennial teosinte.

Light gray: Total embryogenic callus

Dark gray: Type C embryogenic callus
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sub- and supra- optimal concentrations, implying a higher overall effectiveness of both

dicamba and picloram at all concentrations (and, in particular, at the lower ones). It

also suggests a lower toxicity of both dicamba and picloram at the high end. A slightly,

but significant, better overall response to picloram, as compared to dicamba (Table 3.2)

would suggest that this is the auxin of choice for the initiation of embryogenic callus

cultures in diploperennial teosinte.

Type C embryogenic callus was induced at the optimal concentration (10 yM) by

all three auxins. It was also produced at suboptimal concentrations in the presence of

either dicamba or picloram. This would also indicate, and add further support to the

idea, that these regulators are more effective and represent an improvement over the

use of 2,4-D in the induction of somatic embryogenesis.

Osmoticum . High levels of exogenous sucrose have been found to increase the

frequency of somatic embryogenesis in tissue cultures of maize (Lu et a/. 1 983; Tomes

1986; Close and Ludeman 1987). Since there are indications that the same may apply

to diploperennial teosinte (Swedlund and Locy 1988), an experiment was conducted to

compare the effect of various levels of sucrose in the medium on the capacity to

produce embryogenic callus from immature zygotic embryos of diploperennial teosinte.

The results of these experiments are summarized in Table 3.3 and Fig. 3.18. All

experiments were done in MSC medium containing 1 0 /jM 2,4-D. All embryos were in

the 1 -2 mm range.

The concentration of sucrose in the medium had only a moderate effect on the

nature and efficiency of callus formation, although it had a marked repercussion on

both the growth rate of the newly formed calli and the germination of the embryos. The

production of nonembryogenic callus alone was significantly decreased with increasing

sucrose concentrations, to the point of being virtually nonexistent at the higher

concentrations (Table 3.3). The same general trend happened to the total callus
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Fig. 3.18 Influence of sucrose concentration on embryogenic callus formation
from immature embryo cultures of diploperennial teosinte.

Table 3.3 Influence of sucrose concentration on callus formation from immature
embryo cultures of diploperennial teosinte.

Sucrose NE callus Type A Type C Total Total

(%) only* E callus* E callus* E callus* callus*

3 16.7a 63.3a 6.7a 70.0a 86.7a

6 6.7ab 80.0a 3.3a 83.3a 90.0a

12 3.3b 66.7a 0.0a 66.7a 70.0b

Percentage of immature embryos that formed calli. Each value is the mean of three replications (ten

embryos per treatment for each replicate). Values within each column marked with the same letter

are not significantly different (P < 0.05) by Duncan's Multiple Range test (Steel and Torrey, 1980).

Each medium contained:

MS basal salts and vitamins

5% coconut milk

10/jM2,4-D

Sucrose concentration as tested.

All embryos in the 1-2 mm range.
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production, which was significantly lower at 12% than at 3% or 6%. The level of sucrose

in the medium, however, did not have as much influence on the quality and quantity of

embryogenic callus produced (Table 3.3). No significant differences (95% confidence

level) were found in the induction of embryogenic callus at the different sucrose levels,

although a trend seems to exist favoring the intermediate level of 6% (Table 3.3,

Fig. 3.18).

Embryogenic calli formed at higher sucrose concentrations were more compact

and opaque and less convoluted than those formed at the lower concentration of 3%.

They also developed at a considerably slower rate (as judged by qualitative visual

observation) than that observed at the lower concentration level. In addition, cultures

induced in high sucrose did not survive unless later subcultured to a low osmoticum

medium (3% sucrose). Embryo germination, which was normally accompanied by

nonembryogenic callus proliferation from the nodal region, was greatly reduced at the

concentration of 6% and totally suppressed at 1 2%.

L-proline. The reported stimulation of somatic embryogenesis in maize by the

addition of L-proline (Armstrong and Green 1982, 1985; Green etal. 1983) prompted an

experiment to evaluate the effect of L-proline on the induction of somatic

embryogenesis from immature zygotic embryos in diploperennial teosinte. The results

of this experiment are summarized in Table 3.4 and Fig. 3.19. All experiments were

done in MSC medium containing 3% sucrose and 10 /iM 2,4-D. All embryos were in the

1 -2 mm range.

At the single concentration (12 mM) tested no significant (95% confidence level)

improvement was found in the embryogenic response as a result of the addition of L-

proline. A trend seemed to exist, though, indicating that higher levels of L-proline might

have helped prevent nonembryogenic callus formation, and promote embryogenesis

(Table 3.4). That this might be the case is partially indicated by results obtained when

testing the influence of L-proline in long-term callus maintenance (see below).
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Fig. 3.19 Influence of proline on embryogenic callus formation from immature
embryo cultures of diploperennial teosinte.

Table 3.4 Influence of proline on callus formation

cultures of diploperennial teosinte.

from immature embryo

Proline

(mM)
NE callus

only*

Type A
E callus*

Type C
E callus*

Total

E callus*

Total

callus*

0

12

10.0a

3.3a
73.3a

56.7*

3.3a

30.0a
76.7a

86.7a
86.7°

90.0a

Percentage of immature embryos that formed calli. Each value is the mean of three replications (ten

embryos per treatment for each replicate). Values within each column marked with the same letter

are not significantly different (P < 0.05) by Duncan's Multiple Range test (Steel and Torrey, 1980).

Each medium contained:

MS basal salts and vitamins

5% coconut milk

3% sucrose

10/JM2.4-D

Proline as tested.

All embryos in the 1-2 mm range.
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Combined effects . After making these refinements in the culture conditions, a

final experiment was conducted to reexamine the effect of ail factors that had been

tested, when combined at their optimum levels, in a single medium and to compare

their integrated performance to their individual effect. The results of this experiment are

summarized in Table 3.5 and Fig. 3.20. The composite medium, hereafter referred to as

PIC1, was MSC containing 6% sucrose, 10 /l/M picloram and 12 mM L-proline. All

embryos were in the 1-2 mm range.

Combining all optimized factors in a single medium did not improve the overall

performance of the system, as compared to each optimized factor taken individually.

Total callus, Type A embryogenic callus and total embryogenic callus production

showed no significant differences (95% confidence level) in media containing the

optimized factors individually or in combination (Table 3.5).

Type C embryogenic callus was formed at a low frequency and only in the

L-proline-containing medium and in the composite medium (Table 3.5). None was

produced in the media containing sucrose or picloram at the optimal levels. This is in

apparent contradiction with what was formerly observed when testing the effect of both

sucrose and picloram (Tables 3.3 and 3.2, respectively). This unique type of callus,

however, always tended to occur at very low frequencies. This was particularly true in

the experiments that tested the individual effect of both those factors, where its

frequency was often not significantly different from zero (Tables 3.2 and 3.3). Its

production, however, might be promoted by the presence of L-proline (Tables 3.4 and

3.5).

Despite the relatively low occurrence of Type C embryogenic callus, its nature

and characteristics suggested that it would be the ideal kind for long-term culture

experiments, since it completely avoided the tedious, albeit essential, selection

associated with every subculture in the more common Type A callus (I.K. Vasil 1987).



70

100

80 -

Total Embryogenic Callus

Type C Embryogenic Callus

£ 60

CO
=>

40 -

20 -

—T—
SUCROSE

(6%)

X

L-PROLINE

(12 mM)

—J—
PICLORAM

(10 uM)

COMPOSITE

Fig. 3.20 Influence of the optimized factors, used singly or in combination, on
embryogenic callus formation from immature embryo cultures of

diploperennial teosinte.

Table 3.5 Influence of the optimized factors, used singly or in combination, on
callus formation from immature embryo cultures of diploperennial
teosinte.

Treatment NE callus

only*

Type A
E callus*

Type C
E callus*

Total

E callus*

Total

callus*

Picloram, 10/l/M 6.7a 83.3a 0.0a 83.3a 90.0a

Sucrose, 6% 6.7a 76.7a 0.0a 76.7a 83.3a

Proline, 12 mM 6.7a 70.0a 10.0b 80.0a 86.7a

Composite 6.7a 80.0° 6.7b 86.7a 93.3a

Percentage of immature embryos that formed calli. Each value is the mean of three replications (ten

embryos per treatment for each replicate). Values within each column marked with the same letter

are not significantly different (P <. 0.05) by Duncan's Multiple Range test (Steel and Torrey, 1980).

The composite medium contained:

MS basal salts and vitamins

5% coconut milk

6% sucrose

10 fjM picloram

12 mM proline

All embryos in the 1-2 mm range.



71

Therefore, all experiments reported hereafter were performed with Type C embryogenic

callus only.

Callus Maintenance

The optimized medium developed for culture initiation from immature embryos

(PIC1) also proved adequate for callus growth. In addition to examining the effect of

this medium on long-term maintenance, however, the use of other compounds known

to influence the growth rate and viability of cultures was also investigated. These

studies were prompted by the report of Duncan er a/. (1985), which indicated that an

increase in the levels of reduced nitrogen, together with the addition of glucose to the

medium (medium "D", Duncan er a/. 1985), were particularly beneficial in the initiation

and growth of maize tissue cultures.

Preliminary experiments indicated that, as with maize, such combination could

also be helpful in the long-term maintenance of regenerable callus from diploperennial

teosinte. As a result of these preliminary trials a new medium evolved that promoted

superior growth of the embryogenic callus cultures. Much like PIC1, this medium

(termed PIC2) was based on Murashige and Skoog's basal salts and vitamins and

contained both L-proline and picloram, at the same levels as before (12 mM and 10 fjM,

respectively). Coconut milk, however, was replaced by the addition of 500 mg/l

casamino acids to the medium and sucrose alone (at 6%) was substituted by a

combination of both sucrose (2%) and glucose (1%). Once the qualities of this medium

were recognized, the importance of the various components was then evaluated, to

determine their individual effect on the long-term growth of the embryogenic callus

cultures.

Auxin type and concentration . Since both dicamba and picloram had proven

superior to 2,4-D at inducing embryogenic callus cultures from immature embryos, an

experiment was performed to determine the relative efficiency of the three auxins at
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maintaining embryogenic callus growth. The results are summarized in Table 3.6 and

Figs. 3.21 and 3.22. All experiments were done using PIC2 medium, containing 1 0 ijM

of either 2,4-D, dicamba or picloram as the auxin source.

Regression analysis of the growth curves demonstrated a significant linear

relationship between fresh weight and time for the three compounds under study

(Fig. 3.21, Table 3.6). All three auxins (2,4-D, dicamba and picloram) promoted callus

growth at the concentration tested (10 jl/M). The slopes of the linear regression lines,

however, indicate that, once again, 2,4-D was relatively ineffective at sustaining growth

when compared to both dicamba and picloram (Table 3.6, Fig. 3.22). At this

concentration, callus growth rates were significantly higher for both dicamba and

picloram (95% confidence level). A significantly better response to picloram, as

compared to dicamba, suggested that this again was the best auxin source for the

regular maintenance of embryogenic callus cultures in diploperennial teosinte. In

addition to the effect on callus growth rate, supplementing the medium with either

dicamba or picloram also resulted in suppression of both differentiation and callus

browning that tended to occur towards the end of the subculture period (20-30 days)

when 2,4-D was used as the auxin source.

A second experiment was conducted to determine whether the auxin

concentration that best promoted callus initiation was also the best to support callus

growth. The results of this experiment are summarized in Table 3.7 and Figs. 3.23 and

3.24. All experiments were done using PIC2 medium, with varying picloram

concentrations.

Regression analysis of the growth curves again demonstrated a significant linear

relationship between fresh weight and time for all concentrations (Fig. 3.23, Table 3.7).

Picloram promoted callus growth at the whole range of concentrations tested. The

Gaussian fit indicated that the optimal concentration for sustained proliferation was

10 /7M (Table 3.7, Fig. 3.24). At this concentration embryogenic calli maintained the
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Fig. 3.21 Embryogenic callus growth curves (fresh weight) with various auxins.

Table 3.6 Regression analysis for growth with different auxins.

Auxin (1 0 yM) Linear Regression* R2

2,4-D 895.1 + 18.1xa 0.993
Dicamba 899.0 + 69.9xb 0.999
Picloram 847.4 + 1 55.7xc 0.999

Based on data points from five replications (ten callus pieces per treatment for each replicate).

Slopes marked with the same letter are not significantly different (P < 0.05).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

20 g/l sucrose

10 g/l glucose

10 /jM 2,4-D, dicamba or picloram, as tested

2 g/l Gelrite

pH 5.8
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Fig. 3.22 Effect of varying auxin type on embryogenic callus growth in

diploperennial teosinte (see also Table 3.7).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

20 g/l sucrose
1 0 g/l glucose

10pM 2,4-D, dicamba or picloram as tested

2 g/l Gelrite

pH 5.8

Data points represent the mean (and SE) of five replications (ten callus

pieces per treatment in each replicate).
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Fig. 3.23 Embryogenic callus growth curves (fresh weight) with various picloram
concentrations.

Table 3.7 Regression analysis for growth with various picloram concentrations.

Picloram (/l/M) Linear Regression* R2

2.5 1185.9 + 15.1 a 0.942
5 1190.8 + 66.6b 0.998
10 887.9 + 156.6° 0.999
20 1023.8 + 60.

1

d 0.998
30 1148.0 + 33.6° 0.996

Based on data points from five replications (ten callus pieces per treatment for each replicate).

Slopes marked with the same letter are not significantly different (P s 0.05).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

20 g/l sucrose

10 g/l glucose

Picloram concentrations as tested

2 g/l Gelrite

pH 5.8
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Fig. 3.24 Effect of varying picloram concentration on embryogenic callus growth
in diploperennial teosinte (see also Table 3.8).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

20 g/l sucrose
1 0 g/l glucose
Picloram concentrations as tested

2 g/l Gelrite

pH 5.8

Data points represent the mean (and SE) of five replications (ten callus
pieces per treatment in each replicate).
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characteristic creamy white color and convoluted surface and could be easily

subcultured for indefinite periods of time, without ever forming nonembryogenic friable

callus.

Both sub- and supra- optimal concentrations led to reduced callus growth. At

2.5 11M the proliferating scutella increased in size, and differentiation of leaf-like

appendages, often covered with trichomes, occurred at a low frequency. Red

pigmentation, due to anthocyanin biosynthesis, was also occasionally observed. Both

events indicated that at this concentration picloram was no longer capable of

completely supressing differentiation. At the highest concentrations growth was also

reduced. At 30 /jM callus pieces gradually changed color to a deeper shade and

eventually died.

No friable callus was ever formed at any of the concentrations tested, which

shows the peculiarity of embryogenic callus Type C. Callus proliferation was never

observed in the complete absence of auxin.

Carbohydrates . Claims that glucose, in addition to sucrose, contributed to

increased proliferation in maize embryogenic callus cultures (Duncan et al. 1 985) led to

the design of an experiment to determine the effect of different combinations of glucose

and sucrose on diploperennial teosinte callus growth. The results of this experiment are

summarized in Table 3.8 and Figs. 3.25 and 3.26. All experiments were done using

PIC2 medium, with varying sugar combinations.

As in the former experiments, regression analysis of the growth curves

confirmed a significant linear relationship between fresh weight and time for all sugar

combinations (Fig. 3.25, Table 3.8). Glucose alone (3%) was unable to support

adequate growth. In addition to the poor proliferation rate, callus pieces changed to a

darker hue and became soft, in evident contrast with the harder, healthier calli formed in

all sucrose containing media. Of these, the results of linear regression clearly indicated
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Fig. 3.25 Embryogenic callus growth curves (fresh weight) with various
carbohydrate combinations.

Table 3.8 Regression analysis for growth with different carbohydrate
combinations.

Carbohydrate(s) Linear Regression* R2

Glucose (3%) 1119.3 + 15.8xa 0.988
Glucose (2%) + Sucrose (1 %) 998.4 + 60.2xb 0.977
Glucose (1 %) + Sucrose (2%) 853.6 + 156.0xc 0.998
Sucrose (3%) 1038.1 + 86.8xd 0.997

Based on data points from five replications (ten callus pieces per treatment for each replicate).

Slopes marked with the same letter are not significantly different (P < 0.05).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

Carbohydrate combinations as tested

10 ijM picloram

2 g/l Gelrite

pH 5.8
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Fig. 3.26 Effect of varying carbohydrate combinations on embryogenic callus

growth in diploperennial teosinte (see also Table 3.9).

Each medium contained:

MS basal salts and vitamins

12 mM L-proline

500 mg/l casamino acids

Carbohydrate combinations as tested

10 /iM picloram

2 g/l Gelrite

pH 5.8

Data points represent the mean (and SE) of five replications (ten callus
pieces per treatment in each replicate).
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that the best combination for optimal growth was obtained with the addition of glucose

(1%) to sucrose (2%) (Table 3.8, Fig. 3.26). This sugar combination, the same used in

medium "D" of Duncan et a/. (1985), almost doubled the culture growth rate, when

compared to the more commonly used plain sucrose (3%) in the medium.

Other than the variation in growth rate, no other noticeable differences were

seen on the physical appearance of embryogenic calli grown in different sucrose

containing combinations. No plausible reason is currently known for the apparent

beneficial effect of the glucose-sucrose sugar combination.

Casamino acids. Substantial growth increases were reported for maize tissue

cultures when casein hydrolysate levels were increased in the media (Duncan er a/.

1985). The same promotional effect was also observed in diploperennial teosinte callus

cultures when casein hydrolysate was used as a replacement for coconut milk

(Swedlund and Locy 1988). An experiment was thus conducted to determine whether

adding or omitting casamino acids (a vitamin-free product of casein hydrolysate) from

the medium had any effect on embryogenic callus cultures of diploperennial teosinte.

The results of this experiment are summarized in Table 3.9 and Figs. 3.27 and 3.28. All

experiments were done using PIC2 medium, with or without casamino acids.

As usual, fresh weight varied linearly with time (Fig. 3.27, Table 3.9). Linear

regression of the data for the two growth curves confirmed a significant role for the

presence of casamino acids in the medium: the addition of 500 mg/l casamino acids

alone accounted for an almost doubling in the growth rate of the cultures (Table 3.9,

Fig. 3.28). The convoluted surface of the embryogenic calli was also more prominent in

the presence of casamino acids, which suggests that in addition to the quantitative

effect on proliferation and growth, the product might also have an influence on the

embryogenic process per se.
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Fig. 3.27 Embryogenic callus growth curves (fresh weight) with and without
casamino acids.

Table 3.9 Regression analysis for growth with casamino acids.

Casamino Acids (mg/l) Linear Regression* R2

0 1126.3 + 87.0xa 0.999
500 832.3 + 159.0xb 0.998

*
Based on data points from five replications (ten callus pieces per treatment for each replicate).

Slopes marked with the same letter are not significantly different (P s 0.05).

Each medium contained:

MS basal salts and vitamins

12mM L-proline

0 or 500 mg/l casamino acids, as tested

20 g/l sucrose

10 g/l glucose

^0^lM picloram

2 g/l Gelrite

pH 5.8
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CASAMINO ACIDS (mg/l)

Fig. 3.28 Effect of casamino acids on embryogenic callus growth in

diploperennial teosinte (see also Table 3.10).

Each medium contained:

MS basal salts and vitamins

12mM L-proline

0 or 500 mg/l casamino acids as tested

20 g/l sucrose

1 0 g/l glucose
1 0 /l/M picloram

2 g/l Gelrite

pH 5.8

Data points represent the mean (and SE) of five replications (ten callus
pieces per treatment in each replicate).



83

L-proline. Although not statistically supported, the greatest mean frequency of

Type C embryogenic callus production occurred when 12 mM L-proline was added to

the medium (Tables 3.4 and 3.5). Since observations suggested that had higher

concentrations been used better results might have been obtained, an experiment was

conducted to determine the effect of increasing levels of L-proline on the embryogenic

callus cultures. The results of this experiment are summarized in Table 3.10 and Figs.

3.29 and 3.30. All experiments were done using PIC2 medium, with varying L-proline

concentrations.

Again, regression analysis showed a significant linear relation between fresh

weight and time for all concentrations (Fig. 3.29, Table 3.10). L-proline was not

essential for callus growth, as moderate proliferation was obtained even when it was

completely absent from the medium. Addition of the amino acid, however, produced a

dramatic increase in the growth rate with increasing concentrations, with rates up to

four times those measured for the control (Table 3.10, Fig. 3.30). Regression analysis

of the slopes demonstrated a nonlinear increase in growth rate with increasing L-proline

concentrations. The fitting curve was suggestive of a Michaelis-Menten equation,

indicating that a factor (probably an enzyme or group of enzymes involved in membrane

transport or cellular metabolism of L-proline) became limiting at higher concentrations,

no further appreciable gain being then obtained by increasing the amino acid level in

the medium (growth rates at 50 mM and 100 mM were not significantly different at the

95% confidence level). Comparable responses were reported in maize for the initiation

of friable embryogenic callus (Armstrong and Green 1985) as well as fresh and dry

weight increases and frequency of somatic embryo formation (V. Vasil and I.K. Vasil

1986) in the presence of proline.

Noteworthy was the fact that, in this experiment, faster growth was not

correlated with a concurrent increase in embryogenic performance. Improved

embryogenesis, subjectively judged by the level of convolution (proliferating scutella) on
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Fig. 3.29 Embryogenic callus growth curves (fresh weight) with various proline

concentrations.

Table 3.10 Regression analysis for growth with proline.

Proline (mM) Linear Regression* R2

0 1147.4 + 54.0xa 0.997
12 845.2 + 147.9xb 0.998

25 923.7 + 158.9x9 0.997
50 750.7 + 186.3xd 0.997
100 640.5 + 194.0xd 0.989

Based on data points from five replications (ten callus pieces per treatment for each replicate).

Slopes marked with the same letter are not significantly different (P < 0.05).

Each medium contained:

MS basal salts and vitamins

500 mg/l casamino acids

20 g/l sucrose

10 g/l glucose

10 /jM picloram

2 g/l Gelrite

Proline concentrations as tested

pH 5.8
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Fig. 3.30 Effect of varying L-proline concentration on embryogenic callus growth

in diploperennial teosinte (see also Table 3.1 1).

Each medium contained:

MS basal salts and vitamins

500 mg/l casamino acids

20 g/l sucrose
1 0 g/l glucose

1 0 /jM picloram

2 g/l Gelrite

Proline concentrations as tested

pH 5.8

Data points represent the mean (and SE) of five replications (ten callus

pieces per treatment in each replicate).
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the callus surface and the visual appearance of the calli, both conditions that cannot be

translated in numbers, was observed with increasing concentrations of L-proline up to

25 mM, at which the best compromise between growth and embryogenesis was

attained. At 50 mM the callus turned whiter and became smoother and at 100 mM,

regardless of the superior growth rate, all calli were no more than big growing white

compact balls of tissue, without any surface features that would suggest somatic

embryogenesis. When challenged for regeneration, these otherwise healthy calli

completely failed to produce plants. The fact that callus growth and embryogenesis

were greatest at different L-proline levels indicates that the two phenomena are under

independent control, and suggests that conditions conducive to fast proliferation and

growth are not necessarily good for the attainment of an optimal embryogenic

response.

From this experiment a new medium (PIC3) arose, identical in composition to

PIC2 but containing 25 mM L-proline. This medium promoted both excellent growth

and embryogenesis in callus cultures of diploperennial teosinte. All subsequent work

involving the maintenance of these cultures was thus performed with PIC3.

Plant Regeneration

Lowering the auxin concentration or simply ommiting it from the medium is the

only basic requirement to induce regeneration from grass embryogenic callus cultures

(I.K. Vasil 1987). As formerly indicated this was done upon completion of every

experiment. Callus pieces were taken from the medium containing the best

combination of factors and tested for regeneration, to assess if the component(s) that

had optimized growth also had any effect on the expression of totipotency. This was

done by placing pieces of embryogenic callus in a regeneration medium consisting of

Murashige and Skoog's major and minor nutrients and vitamins with 100 mg/l myo-
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inositol, 1 ijM picloram and 2.5 /iM kinetin, and visually evaluating the potential to

produce plantlets in vitro.

This simple medium produced generally good results. However, because

preliminary observations suggested that the presence of either auxins or cytokinins in

the regeneration medium might not be needed at all, an additional experiment was

conducted to determine the effect, if any, of these two kinds of substances.

Plants were regenerated with comparable ease from all auxin/cytokinin

combinations, even their total absence. Over a period of 3-4 weeks the cup-shaped

structures on the callus surface increased in size and turned bright white, due to starch

accumulation. Small (3-5 mm) callus pieces often turned into single deformed scutella

from which a coleoptile soon developed. At this stage normal germination occurred,

with the first green leaves growing through the coleoptile tip and the radicle protruding

from a well developed coleorhiza. Various numbers (generally 1-10) of somatic

embryos were produced from larger callus pieces.

Presence of auxin was not needed for regeneration, and it did not influence the

average number of plantlets (normally 5-1 5) that could be obtained per dish (5 callus

pieces/dish). It did, however, delay somatic embryo germination by approximately a

week. Plantlets formed in the presence of auxin usually had fewer deformities (e.g., leaf

curling) than plantlets regenerated without it, a fact of no consequence as all plants

soon grew out of epigenetic anomalies.

The average number of plantlets formed per dish was also not affected by the

type of cytokinin employed. In the presence of BA (N6-benzyladenine), however, the

white scutella tended to become green and resembled leafy structures, often with

trichomes. This greening of the scutellum, which was particularly evident in the

absence of auxin, had no obvious effect on the morphology of the plantlets so derived.

Anthocyanin pigmentation was present in all treatments as scattered dots on the

scutellar structures or as a deep red color on the mature coleoptiles.
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Embryogenic callus cultures kept in optimized media were still regenerable after

a period of four years in vitro and, although not challenged for regeneration at that time,

were still growing vigorously six years after being placed in culture. As cultures aged,

the requirement for auxin did not change, but the need for a cytokinin in the medium

became more pronounced. BA was the most effective for that purpose. At levels that

varied from 2.5 /l/M (initial concentration for all cytokinins tested) up to 5.0 /vM (needed

in 4 year old cultures), addition of N6-benzyladenine to the regeneration medium

consistently promoted formation of plantlets from callus cultures, even when other

cytokinins no longer had an effect at comparable concentrations.

Discussion and Conclusions

Donor tissue . One of the most important success factors in the initiation of

regenerable cultures in Gramineae is the appropriate choice of the original explant. The

use of immature tissues which still maintain meristematic activity and competence has

been essential to the development of cell and tissue culture systems in this family of

plants.

Immature embryos and young inflorescences and leaves are the most

commonly used sources of explants for initiation of embryogenic cultures in the grass

family (I.K. Vasil 1987). Under the cultural conditions of this study, however, immature

leaves and inflorescences of diploperennial teosinte, although at the deemed

appropriate stages of development, failed to initiate any embryogenic callus growth,

indeed almost any kind of callus growth at all.

Production of embryogenic callus seems to be confined to particular stages of

development, even when meristematic tissues are concerned. The existence of these

temporal and developmental "competence windows" has been demonstrated in many

cases and is particularly well documented in Gramineae. For example, immature leaf
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explants containing or being close to the apical meristem, as well as older, fully

differentiated tissues, are generally unable to proliferate and give rise to embryogenic

calli. This gradual decline in embryogenic competence, that is not necessarily related

to the loss of mitotic activity (Joarder er a/. 1986; Taylor and IX Vasil 1987), has been

demonstrated in a number of cereals and other grasses (Wernicke and Brettell 1980;

Haydu and IX Vasil 1981; Lu and IX Vasil 1981; Wernicke ef a/. 1981; Hanning and

Conger 1982; Alfinetta er a/. 1983; Ho and IX Vasil 1983; Wernicke and Milkovits 1984;

Joarder ef a/. 1986; Linacero and Vazquez 1986a; Wenzler and Meins 1986;

Rajasekaran ef a/. 1987b; Pareddy and Petolino 1990; Songstad et al. 1992), including

diploperennial teosinte (Swedlund and Locy 1988).

From these and other studies it became clear that older tissues lose their

capacity to respond in culture as they differentiate and lose their meristematic potential.

However, sections containing or being close to the apical meristem will also not

proliferate, a condition somewhat more difficult to explain. As in competent explants

embryogenic calli are normally formed in association with developing vascular tissues

(I.K. Vasil 1985), it has been suggested that the transport of growth regulators through

the vascular system could be instrumental in achieving the delicate hormonal balance

that controls tissue competence and, therefore, embryogenesis. Since apical areas

lack a differentiated vascular system, endogenous regulators are transported mostly by

cell to cell diffusion and are probably partially metabolized and never reach the

adequate balance needed for the development of competence in culture (I.K. Vasil

1987). In the present study, in the few cases where any proliferation was obtained in

immature inflorescences and young leaves, that proliferation was indeed topological^

related to the location of the sectioned parallel veins. No major growth of any kind,

however, was obtained in any of the treatments, regardless of the relative position of the

explant in relation to the shoot apical meristem.



90

Accumulating evidence indicates that, assuming the developmental status of the

explant is adequate, it is possible to obtain callus and regeneration from any plants

deemed recalcitrant by basically varying the chemical and physical environment of the

explant until the right combination of factors is achieved (Morrish et al. 1 987). Relatively

simple changes in media nutrient composition and hormone levels, for example, have

led to spectacular increases in response in some otherwise recalcitrant genotypes (Lu

era/. 1983; Duncan era/. 1985; Hanzel ef al. 1985). The environmental conditions under

which donor plants are grown, however, are also critical in determining the level of

competence of the explant, no matter how adequate it might intrinsically be (V. Vasil

and I.K. Vasil 1982; Morrish et al. 1987). This is particularly true for greenhouse grown

heliophytes, or field grown crops that are subject to some kind of cultural stress during

the growing season.

The natural conditions during growth (e.g., temperature, rainfall and

photoperiod), as well as the cultural conditions (e.g., irrigation or the application of

pesticides or fertilizers), are crucial in determining the physiological condition of the

donor plant and, therefore, the response of the prospective explants in culture (Morrish

ef al. 1 987). Lu ef al. (1 983), for example, showed that embryos obtained from the same

cultivar but grown under different environmental conditions produced different

responses in culture. They reported that ". . .there was more variability in the response

of embryos from the same cultivar grown at different times than amongst embryos

obtained from different cultivars of a single planting. . .
." (Lu etal. 1983). Such variation

may be extreme to the point of the explants not responding at all.

Failure to meet in full some physiological requirement of the explants, or of the

original donor plants, would explain the setback in initiating embryogenic cultures from

immature inflorescences and young leaf explants in this study, even when preexisting

successful protocols developed for the same species (Swedlund and Locy 1 988) were
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followed. That further work is needed, however, is also indicated by the fact that these

authors, too, reported only a meager (5%) percentage of success from such explants.

To minimize the unavoidable variation in cultural conditions to which field grown

plants are exposed, the use of the controlled environment of the greenhouse has been

recommended (Lu et al. 1983; Armstrong and Green 1985). It has also been noted,

however, that greenhouse conditions may be less than ideal (Lu et al. 1983). This was

obvious in the present study, where immature embryos from plants grown in the open

yielded a much better response in culture (as judged by qualitative visual observation)

than embryos from greenhouse grown plants.

Embryo developmental stage . Many factors affect the frequency of formation of

embryogenic calli from immature embryos of diploperennial teosinte. The

developmental stage of the embryo and the presence of a strong auxin in the medium

were the most critical for success.

Diploid perennial teosinte embryos at different stages of development had a

distinct sequential pattern in the capacity to produce embryogenic callus. Very young

embryos (< 1 mm) showed no response when cultured, whereas embryos with a

differentiated scutellum that was already opaque and starting to accumulate starch

(1-2 mm) produced the best embryogenic response. This gradually tapered off in larger

embryos (2-4 mm), and completely disappeared in fully mature ones (> 4 mm).

The differences found in the embryogenic response of immature embryos of

diploperennial teosinte were identical to those recorded for other members of

Gramineae (Green and Phillips 1975; Beckert 1982; V. Vasil and IX Vasil 1982; Lu era/.

1983; Maddock etal. 1983; Armstrong and Green 1985; Morrish etal. 1987). Again they

indicate and confirm the existence of a competence window in developing embryos,

comparable in all respects to that formerly discussed for young leaf explants. How the
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expression of competence is regulated is not known, but it certainly must involve steps

of gene expression that are under developmental control.

Auxin type and concentration . As more is learned about the factors affecting

somatic embryogenesis, it becomes apparent that the type, concentration and time of

application of plant growth regulators in the medium are all particularly critical to long-

term success. In dicots, where exogenous auxin levels readily reach toxicity,

determination of the lowest effective concentrations and shortest exposure times to the

regulator has been a continuous concern (Ammirato 1989).

Indoleacetic acid, the endogenous auxin, is mostly inefficient in the initiation of

embryogenic callus cultures, probably because it is rapidly metabolized or destroyed by

enzymatic oxidation in vivo (Good et al. 1982). Amide and ester conjugates of the

native auxin have been identified in a variety of plant tissues. They seem to be involved

in the protection of IAA from destruction by peroxidases (Andreae and Good 1955;

Cohen and Bandurski 1978) and the detoxification of tissues in the presence of

excessive IAA (Andreae and Good 1955; Good et al. 1956). The fact that both kinds of

conjugates can be easily hydrolyzed under physiological conditions to release free IAA

in vivo (Hangarter and Good 1 981 )
suggested their potential use as slow-release auxin

sources for tissue cultures in vitro (Feung et al. 1 977; Hangarter et al. 1 980; Good et al.

1982; Pence and Caruso 1984). Prospective advantages of using such compounds

included a continuous supply of near physiological levels of auxin, which would

promote cell division (callus formation) without impairing future regeneration capabilities

(Good et al. 1982), a problem often found with the more stable and more powerful

synthetic analogs.

IAA alone as an auxin source, however, does not elicit embryogenic response in

most monocots, particularly in Gramineae (Rajasekaran ef al. 1987a). This would

explain why explants were not responsive to the lAA-aminoacid conjugates, even when
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considering that they are more stable sources of auxin than the labile free IAA or the

persistent synthetic IAA analogs (Hangarter ef a/. 1980). The same lack of

responsiveness to lAA-conjugates was found by Rajasekaran ef al. (1 987a) in cultured

leaf explants of Napier grass.

Tissue cultures of Gramineae are unique in that a strong auxin is often the only

growth regulator needed to elicit embryogenic response (I.K. Vasil 1987). Other than

the native auxin, indoleacetic acid, most of the weaker synthetic analogs such as NAA,

that yield better results than 2,4-D in dicot tissue cultures (e.g., Lazzeri ef al. 1987), are

also ineffective when used alone to initiate an embryogenic response in members of the

grass family. In the present experiments, only nonembryogenic callus was produced by

competent immature embryos in the presence of NAA and only when concentrations

were high. This agrees with the observation that whenever NAA is used in tissue

cultures of Gramineae, it most commonly is in combination with some of the stronger

auxins, such as 2,4-D (e.g., Haydu and I.K. Vasil 1981).

The most commonly used compound for triggering embryogenesis in the

majority of plants, and in particular Gramineae, is 2,4-D. A powerful selective herbicide

with strong auxin activity, well tolerated by most monocots, 2,4-D has been associated,

however, with toxicity and mutagenicity (Karp and Bright 1985; Karp 1989) and it is

thought to be associated with the loss of regeneration capacity in long-term cultures

(e.g., Smith and Street 1974; Saunders and Bingham 1975). Although these claims are

probably unfounded, as attested by the wide variety of Gramineae where it has been,

and it still is, successfully used to initiate and maintain stable regenerable tissue

cultures (I.K. Vasil 1987), 2,4-D has been advocated as a possible generator of

instability, and it has been indicated as good practice to limit its use in plant tissue

cultures (Karp 1989) whenever alternatives can be found.

Reports have shown that other herbicides with auxin-like properties, such as

dicamba or picloram, can be used as successful alternatives to 2,4-D in establishing
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totipotent callus lines in grasses (Dudits et al. 1975; Vian 1976; Collins ef al. 1978;

Conger era/. 1982, 1983; Hanning and Conger 1982; Irvine etal. 1983; Gray ef al. 1984;

McDonnell and Conger 1 984; Duncan ef al. 1 985; Gray and Conger 1 985; Close and

Ludeman 1 987; Hunsinger and Schauz 1 987; Papenfuss and Carman 1 987; Carman et

al. 1988; Fitch and Moore 1990) and other monocots (Beyl and Sharma 1983; Phillips

and Luteyn 1983; Zimmermann and Read 1986; Phillips and Hubstenberger 1987; Lu ef

al. 1989). In some of these studies, where comparisons were made, both compounds

had a beneficial effect over 2,4-D in the frequency of somatic embryos as well as

embryogenic callus formation over a wide range of concentrations (e.g., Close and

Ludeman 1 987; Fitch and Moore 1 990) and/or the longevity and regenerability of the

cultures (e.g., Fitch and Moore 1990).

The results of the present study indicate that both dicamba and picloram are

more effective than 2,4-D in initiating and maintaining embryogenic callus cultures from

zygotic embryos of diploperennial teosinte. Although the response curve is basically

the same for all three compounds, both dicamba and picloram outperformed 2,4-D in

initiating embryogenic cultures at suboptimal concentrations and were better tolerated

at supraoptimal levels. At all concentrations, in particular at the optimal or near optimal

concentration of 10 ^M, dicamba and picloram both promoted embryogenic callus

formation and inhibited nonembryogenic growth significantly better than 2,4-D. In

addition, both were more adequate than 2,4-D to the maintenance of continued long-

term growth.

Although basically equivalent to dicamba in the capacity to initiate

embryogenesis, picloram was significantly better at suboptimal concentrations.

Picloram also significantly outperformed all other auxins tested in maintaining long-term

embryogenic cultures of diploperennial teosinte. It should thus be the auxin of choice

whenever embryogenesis is to be studied in this grass species. Embryogenic callus

cultures kept in optimized picloram-containing media were still regenerable after a
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period of four years in vitro and are still growing vigorously six years after being placed

in culture.

Osmoticum . Elevated osmolality can affect the induction of embryogenesis, as

well as the maturation of the somatic embryos so derived. High osmotic conditions,

created by elevated levels of sucrose or addition of hexitols, such as sorbitol, to the

medium promoted both direct embryogenesis from immature zygotic embryos of

sunflower (Finer 1 987) and secondary embryogenesis from the apical region of somatic

embryos in soybean (Finer 1988). Increased sucrose concentrations promoted somatic

embryogenesis in papaya (Litz and Conover 1983), Norway spruce (von Arnold 1987),

sunflower (McCann etal. 1988), carrot (Kamada et al. 1988) and cucumber (Chee and

Tricoli 1988). High sucrose also promoted microspore embryogenesis in canola

(Dunwell and Thurling 1985) and, in combination with sorbitol and mannitol in the

medium, increased embryogenic efficiency in long-term cultures of Vigna aconitifolia

(Kumar er al. 1988). Elevated sugars also promoted more normal development of

tissue-culture-derived carrot somatic embryos (Ammirato 1983) and helped prepare

them for survival to dessication in synthetic seed production protocols (Kitto and Janick

1985). These results, and more, clearly indicate that the extracellular osmotic

environment is critical in the induction and expression of somatic embryogenesis in

plant tissue cultures.

In Gramineae, increased osmolality improved the efficiency of somatic

embryogenesis in maize embryogenic tissue cultures (Lu er al. 1983; Rapela 1984,

1985; Duncan etal. 1985; Tomes 1986; Close and Ludeman 1987). Swedlund and Locy

(1988) used an intermediate sucrose concentration of 6% in the isolation of

embryogenic callus cultures of diploperennial teosinte, which indicated that the same

promotional effect of high sucrose in the medium might apply to this species as well.

The results of the present study, however, don't support this view. Addition of up to
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1 2% sucrose to the medium did not significantly alter the frequency of 2,4-D induced

embryogenesis or the site and mode of formation of embryogenic calli. It did affect,

however, the nature of the embryogenic callus formed and its ability to grow and

regenerate. This, however, was obviously no more than the expression of a

physiological response to the osmotic stress imposed by the high sugar

concentrations. Transferring callus pieces induced at high osmotica to a medium low in

sucrose soon reestablished normal growth.

A possible interpretation for the apparent lack of effect of high sucrose levels

found in the present work is that, although the osmotic potential of the medium is an

important component in the induction of the embryogenic response, it becomes critical

only when other factors that affect the formation of embryogenic callus, such as the

developmental and physiological state of the explants at the time of excision and

culture, and the type and concentration of auxin in the medium, are not optimized.

L-proline. Nitsch (1 977) and Sozinov er al. (1 981 ) first recorded the effect of

L-proline as a specific stimulator of embryo formation, during androgenesis. Other

reports have since confirmed a promotional role for L-proline on the induction or

maintenance of embryogenesis in a number of plants (e.g., Nuti-Ronchi et al. 1984;

Stuart and Strickland 1984a,b; Meijer and Brown 1987; Chibbar et al. 1987; Lu et al.

1989), including species of Gramineae (Armstrong and Green 1982; Sheridan 1982;

Green er al. 1 983; Rapela 1 984, 1 985; Armstrong and Green 1 985; Earle and Gracen

1985; Fahey er al. 1986; V. Vasil and I.K. Vasil 1986; Trigiano and Conger 1987;

Armstrong and Phillips 1988; Pareddy and Petolino 1990; Songstad era/. 1992).

The physiological role of L-proline in plant tissue cultures is not fully understood.

L-proline (and other small organic molecules), are often present in high concentrations

in cells under certain situations of environmental stress, in particular those involving

osmoregulation (Jefferies 1980; Le Rudulier er al. 1984). In halophytes, it was
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suggested that these compounds may serve as cytoplasmic osmotica, to balance the

high vacuolar ion concentrations (Jefferies 1980). They might also help control the

solubility of proteins and other biopolymers under the conditions of low water

availability (Schobert 1977). Other possible roles suggested for L-proline are as a

storage compound for reduced nitrogen (Britikov et al. 1970), or as a source of energy

and reducing power (Stewart ef al. 1966). The fact that developing zygotic maize

embryos contain high levels of free proline, as compared to other amino acids

(Sheridan 1982), also led to the suggestion that the stimulatory influence of proline on

somatic embryogenesis in maize could be related to the creation in the medium of a

nitrogen metabolism environment similar to that found during zygotic embryogenesis in

that species (Armstrong and Green 1985).

Nuti-Ronchi et al. (1 984) reported that L-proline, when added in a wide range of

concentrations to carrot hypocotyl cultures during early callus growth in the presence of

2,4-D, extended the duration and number of mitotic divisions and significantly stimulated

the number of embryoids regenerated upon transfer to a hormone-free regeneration

medium. They concluded that the increment in mitotic index observed in the presence

of L-proline (and other additives) was connected with the formation of cells competent

for embryogenesis; proembryonic masses, rather than plain callus, were formed as a

result of mitotic divisions in the presence of the amino acid. V. Vasil and I.K. Vasil

(1986) also showed, at concentrations that ranged from 5 to 160 mM, a concurrent

beneficial effect of L-proline on growth (fresh weight, dry weight) and frequency of

somatic embryo formation in maize friable (Type-ll) embryogenic callus cultures.

As in the former reports, the results of the present study also indicated that both

callus growth and embryogenesis were stimulated by additions of L-proline to the

medium. The two processes, however, seemed to be under independent control; the

levels of L-proline that optimized embryogenesis in the callus cultures were

considerably lower than those that promoted proliferation and growth. A comparable
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effect of L-proline concentration was reported in maize for the frequency of both Type-ll

callus and somatic embryo formation (Armstrong and Green 1985), as optimal levels of

L-proline were of the same order of magnitude as those reported in the present study.

In order for cells to differentiate, changes in gene expression, and hence cell

phenotype, must occur during the cell cycle, so that new cells generated by subsequent

mitotic divisions become different from the original mother cell, rather than mere copies

of it. It seems logical to think that such a quantal cell cycle (Holtzer and Rubenstein

1977), involving the reactivation, as well as the shutting down, of specific genes whose

activities dictate the final fate of the prospective new cell, must also occur during the

onset of somatic embryogenesis. If this is so, it is conceivable that L-proline (as well as

other compounds) at appropriate concentrations might be involved in the direct or

indirect regulation of genes that contribute to the control of the embryogenic response.

The suggestion of an indirect involvement of L-proline in gene regulation is not new

(Nuti-Ronchi et al. 1984). The reason for the promotional effect on cell proliferation,

however, could be quite different, a more aspecific nutritional effect being more difficult

to rule out in this case.

It is evident that the multiplicity of hypotheses regarding the mode of action of

L-proline on tissue cultures is only a measure of our current ignorance of the system.

Further research on the mechanism through which L-proline exerts its beneficial effect

on somatic embryogenesis is obviously much needed.

Casamino acids. The presence of casein hydrolysate has long been associated

with embryogenesis, as early studies showed a strong promotional effect on growth

and embryogenic response in carrot callus and suspension cultures as a result of its

addition to the media (Syono 1965; Wetherell and Dougall 1976). The results of the

present study fully agree with those early observations, as well as more recent ones that

indicate that the same stimulatory effects also occur in grass tissue cultures (Dale et al.
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1981; Genovesi and Collins 1982; Green etal. 1983; Ozias-Akins and I.K. Vasil 1983a,b;

Gray etal. 1984; Duncan etal. 1985; Gray and Conger 1985).

The exact role of casein hydrolysate on embryogenesis is not known, although it

probably acts primarily as a major source of reduced nitrogen. Eighteen different amino

acids account for up to 73% of the total available nitrogen in casein hydrolysate (Sigma

Chemical Co. analytical data). It is no surprise, then, that several investigators have

tried to replace this preparation with some of its components, taken singly or in

combination. No systematic studies, however, have been conducted to determine

which factor, or combination of factors, would produce the same promotional effects.

Contradictory reports exist in the literature, and amino acids found in casein hydrolysate

have been variously described as promoting (e.g., L-alanine, L-glutamine, L-proline),

inhibiting (e.g., L-glutamine, histidine, leucine, methionine) or having no apparent effect

on growth and embryogenesis in a variety of plant species (Gamborg 1 970; Bailey et a/.

1972; Behrend and Mateles 1975; Wetherell and Dougall 1976; Stuart and Strickland

1984a). This suggests that different species may be responsive to different amino acids

or combinations of such and clearly indicates again that more work is needed in this

area.

Conclusions . A successful protocol was developed that allowed high frequency

induction of somatic embryogenesis and long-term maintenance of embryogenic calli

from scutellar tissue of diploperennial teosinte immature zygotic embryos. The only

critical factors for success were the developmental stage of the embryo (embryos 1 -2

mm long yielded the best results) and the inclusion of a strong auxin (at the appropriate

concentration) in the initiation medium. For this purpose 10 /;M picloram was

significantly better than all other auxin combinations tried. At the levels tested,

increased sucrose concentration or inclusion of L-proline in the medium had little or no

effect on the initiation of the embryogenic cultures, although observations indicate that
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levels of L-proline in excess of 12 mM might have a promotional effect on the induction

of embryogenesis.

Morphologically, embryogenic calli of diploperennial teosinte are comparable to

those formerly described for the majority of Gramineae (I.K. Vasil 1987). An unusual

type of embryogenic callus was isolated, though, which could be easily maintained

through several cycles of subculture without ever being associated with the presence of

soft, friable, nonembryogenic callus, even in aging cultures. These calli (termed Type C,

by analogy with wheat), which were otherwise indistinguishable from the more common

type (termed Type A, following the same terminology), were used to establish all the

regenerable cultures used in this study.

Although by no means essential, manipulation of the carbon sources in the

medium, as well as addition of casamino acids and L-proline, greatly enhanced the

embryogenic response and growth of the cultures that, under optimal conditions,

readily maintained regeneration potential for a period of over 4 years.



CHAPTER 4

PHENOTYPIC VARIATION IN TISSUE-CULTURE-DERIVED PLANTS
OF DIPLOPERENNIAL TEOSINTE

Introduction

Once long-term regenerating embryogenic cultures of diploperennial teosinte

became a practical reality, the purpose of the investigation turned to the evaluation of

the phenotypic expression of regenerants from such cultures.

This chapter reports the results of a detailed morphometric study that reflects

the morphologies of living specimens of diploperennial teosinte, regenerated from

tissue cultures through somatic embryogenesis, as they changed over time and across

the barrier of sexual reproduction. Using routine univariate and multivariate statistical

analyses, morphometric characters of the regenerants were compared and contrasted

to those recorded from control plants (raised from wild collected seed) grown under the

same cultural conditions over the same period of time. Detailed karyological

observations in the tissue-culture-derived plants were used as well, to complement at

the cytological level the results obtained from the morphometric studies.

Materials and Methods

Morphometric Analyses

Populations of 20 to 30 individuals were regenerated from somatic embryos (see

Chapter 3 for details) about every six months, for a period of three years. Only plants

that could be unquestionably identified as originating from somatic embryogenesis were

used. These were raised to maturity and visually assessed for variation.

101
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All plants derived from tissue culture during the first two years looked

phenotypically normal. At about two and a half years, the presence of dwarf

multitillering plants became increasingly frequent among the regenerants. At the end of

three years, all plants regenerated from tissue culture were grossly abnormal. At that

time, and for the next two years, the fate of morphometric variation in the regenerants

was followed in three populations: (1) a greenhouse-grown population of 100

specimens, all derived from the three-year-old cultures; (2) a control population of 100

plants derived from wild collected seed [seeds courtesy of Prof. H.H. litis (H.H. litis and

R. Guzman Accession No. 29115)]; and (3) a population of 100 plants, raised from

selfing the regenerants.

Observations and Variables

The present study is based upon examination of 1 00 mature specimens from

each of the three above mentioned populations. The plants were grown at a density of

9 pots/m2 in a greenhouse of the Department of Horticultural Sciences, University of

Florida, in Gainesville, Florida, USA, between November 1988 and November 1990.

All plants were potted in gallon plastic containers, in Metromix Vegetable Plug Mix

amended with 20% Perlite and fertilized once per growth cycle with Osmocote® (17-6-10

plus minor elements, 25 g per pot). Mean average daytime temperatures ranged from

20-25°C in winter to 30-35°C in summer. The temperature was not allowed to fall below

1 6°C during cold winter nights but it often went well above 35°C during hot dry spells in

the summer.

All measurements were made at complete maturity of the plants, just before the

articulated ears started to break apart to disperse the caryopses. All specimens

harvested for evaluation were cut at soil level and individually scored for a set of

morphometric characters that included 21 quantitative and 5 qualitative (subjectively

scored) traits, selected to provide a representative characterization of the external
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morphology of the plants (Table 4.1). They included, among others, many of the

characters used by previous workers in ecological, evolutionary and taxonomic studies

of this group of plants (Wellhausen et al. 1952; Wilkes 1967; Smith era/. 1981) as well

as traits that are often reported to be affected by in vitro culture (e.g., male fertility).

Size characters measured in centimeters were recorded to the nearest

centimeter using a measuring tape. Those measured in millimeters were recorded to

the nearest 0.1 mm using a dial caliper. Male fertility was assessed by collecting pollen

directly from shedding tassels, on the first or second day after anthesis, between 09:00

and 10:00. The pollen grains were stained either without fixation, using 1% 2,3,5-

triphenyltetrazolium chloride (TTC) in phosphate buffer, pH 7.2 (Diakonu 1 961 ; Miller

1 982) or placed in 70% ethanol for later use. In the latter case staining for viability was

done with either an iodine-potassium iodide (l2-KI) solution (Burnham 1982) or with

aceto-carmine. All three staining methods worked equally well. A small tag with the

plant identification number was always included in each pollen-containing vial.

In all cases, to determine the degree of visibly aborted pollen, a drop of stain

containing pollen grains in suspension was mounted on a microscope slide and

covered with a cover slip. Viable pollen was opaque and stained dark, whereas non-

viable pollen looked empty and did not stain. Since aborted grains tend to float to the

outside, the entire slide was counted (Pittenger anf Frolik 1950). For every plant the

results were processed to give the percentage of viable grains (number of stained

pollen grains / total number of pollen grains x 100).

All populations, with the exception of that obtained by selfing or sib-crossing the

regenerants, were evaluated three times. Measurements were made in the spring of

1989 and again in the spring of 1990, when the plants flowered naturally under the

influence of the short winter days. The last set of measurements was made in the fall of

1990, after the plants were induced to flower by being kept under artificial short-day
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Table 4.1 Characters used in the morphometric analysis of Zea diploperennis

(diploperennial teosinte) populations.

1 . Plant Height, Main Stem (cm)

2. Plant Biomass (g/plant, aerial part)

3. Number of Tillers (total tillers per plant)

4. Average Tiller Size (percent of main culm) (0 = no tillers; 1 = 1-25%;

2 = 26-50%; 3 = 51-75%; 4 = 76-100%)

5. Number of Flowered Tillers

6. Percentage of Flowered Tillers

7. Leaf Sheath Color (0 = green; 1 = light pink; 2 = medium pink; 3 = red)

8. Leaf Sheath Length (third leaf from apex, main stem, mm)

9. Leaf Blade Length (third leaf from apex, main stem, mm)

1 0. Leaf Blade Width (third leaf from apex, main stem, mm)

1 1 . Leaf Area (0.75 x leaf length x leaf width, cm2
)

12. Leaf Ratio (leaf length/leaf width, main stem)

13. Leaf Blade/Sheath Ratio (leaf blade length/leaf sheath length, main stem)

1 4. Number of Internodes (main stem)

1 5. Internode Length (third internode below apical inflorescence, main stem, mm)

16. Internode Width (third internode below apical inflorescence, main stem, mm)

17. Internode Ratio (internode length/internode width, main stem)

18. Internode/Sheath Ratio (internode length/leaf sheath length, main stem)

19. Flowering Time (1 = early; 2 = mid-season; 3 = late)

20. Number of Primary Tassel Branches

21. Attitude of Tassel Branches (0 = no branches; 1 = oblique; 2 = horizontal;

3 = drooping)

22. Sex of Tassel Flowers (0 = female; 1 = both; 2 = male)

23. Length of Central Tassel Spike (mm)

24. Length of Longest Primary Tassel Branch (mm)

25. Tassel Ratio (length of longest primary tassel branch/length of central spike)

26. Male Fertility (pollen stainability, %)
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conditions (Emerson 1924; Mangelsdorf 1974). The population raised from selfed

regenerants was evaluated only once, in the fall of 1 990.

To determine if the observed variations were permanent or transient, gradually

dissipating over time, a number of cycles of accelerated growth was induced by

severely cutting back the plants several times between evaluations, to force the

repeated production of new shoots from the thin, wiry, perennial underground rhizomes.

Terminology

In the statistical analyses that follow, the measurements made on the population

raised from wild collected seed are collectively termed W (for wild). Following the

recommendations by Chaleff (1981), measurements taken from the tissue-culture

derived plants are collectively designated Ro (for Ro generation). Measurements made

on progeny obtained by self-fertilization of the regenerated plants are termed Ri (for Ri

generation).

Statistical Analysis

For every collection simple descriptive statistics, including means, standard

deviations and coefficients of variation (CV) were calculated for each character in all of

the groups studied (IV, R0 , Ri) (Sokal and Rohlf 1969). The average coefficient of

variation for each group was also computed, to permit comparison of univariate

variability among groups. In addition, for every data set an analysis of variance was

employed to test the significance of the differences between character means.

Principal component analyses of all data sets were used to scrutinize variation

among the morphometric characters and to provide a multivariate summary of

morphological relationships among the groups. Canonical discriminant analysis was

used to recognize the linear combination of the original variables that maximized the

distances between the centroids relative to the variance within the groups, i.e., that

linear combination of characters that provided maximum separation between the a priori
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groups (e.g., IV, R0 , Ri). A stepwise discriminant analysis permitted to appraise the

relative importance of the different characters in effecting that separation. As for

principal components analysis, bivariate plots and/or histograms of the individuals'

scores on the one or two axes permitted the visual assessment of the position of any

specimen in this study. Computations were made to include in the output the average

squared canonical correlations (ASCC, a measure of the discriminatory power of the

function), the eigenvalues (representing the ratio of between-class variation to within-

class variation) and the Mahalanobis D2 (or generalized distance between pairs of

groups, a measure of the morphometric dissimilarity between the groups). Application

of this extremely powerful statistical tool reduces the non-discriminating variability within

groups while maximizing the discriminating variability among them. This absolutely

requires prior identification of the specimens belonging to each group, and combined

use of principal components analysis to define the a priori groups was occasionally

necessary.

All data processing was done using PC-SAS, version 6.04 (SAS Institute, Inc.).

Input matrices for SAS and output tables and graphs for publication were created with

Microsoft® Excel 4.0 (Microsoft Corporation) and MicroCal Origin™ 2.8 (MicroCal Inc.),

respectively, running under Microsoft® Windows™ 3.1.

Cytological Analyses

Root tip squashes were used to determine the chromosome number in 1 0 wild

type plants, the original mother plant, and all plants from the R0 and Ri generations.

Thirty five randomly selected R0 and Rt plants were additionally scrutinized for major

aberrations in chromosome morphology.

Several standard protocols for the pretreatment, fixation and staining of grass

chromosomes (Bhaduri and Ghosh 1954; Brown 1967; Chen 1968, 1969) were tested

unsuccessfully. Acceptable results were finally obtained with an adaptation of Sallee's
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(1982) original protocol for maize chromosomes, as follows: apical root meristems were

collected in March-April, between 10:00 and 1 1 :00, from greenhouse-grown plants of all

populations. Vigorously growing plants were carefully unpotted and three to four

centimeter long healthy roots were harvested, 4-5/plant, from the outside surface of the

root ball. Selection of the proper collection time was critical for success.

The root tips were immediately placed in a prefixation solution (consisting of the

supernatant of an emulsion containing five drops of mono-bromonaphthalene, four

drops of dimethylsulphoxide (DMSO) and 100 ml tap water) for one hour at room

temperature. The sequence of addition of the chemicals during the preparation of the

solution is critical (Sallee 1982). This solution is saturated in mono-bromonaphthalene,

since this compound is basically insoluble in water. Selection of mono-

bromonaphthalene and addition of DMSO were both important for the adequate

spreading of the metaphase plates. Chromosomes failed to spread adequately when

pretreated with other chemicals commonly used for the same purpose (colchicine, 8-

hydroxyquinoline) or when treated with mono-bromonaphthalene in the absence of

DMSO.

After pretreatment, the root tips were transferred into glacial acetic acid for

overnight fixation at 4°C. Use of FAA or other common fixatives containing ethanol, or

long-term storage of the root tips in 70% ethanol as recommended by Sallee (1982),

inhibited later staining of the chromosomes. Roots could be stored for unlimited

periods of time in glacial acetic acid without impairment of staining. Upon fixation the

root tips were rinsed in tap water for 1 0 minutes, hydrolyzed for 1 4 minutes in 1 N HCI at

60°C and then placed into Feulgen stain at 4°C for several hours, until an intense purple

coloration developed in the meristem. For successful staining hydrolysis time was

crucial, staining time was not.

Slides were made from root tip squashes dissociated in lacto-propiono-orcein

and covered with a cover slip. Adequate metaphase plates were examined with a Zeiss
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Photomicroscope II equipped with 1 6x and 40x Neofluar objectives and photographed

with a 100x planapochromatic objective in combination with a 1.25x Optovar. Three

root tips were examined in each specimen, until a total of 1 0 chromosome counts per

plant were obtained.

Results

Univariate Comparisons

Means, standard deviations and coefficients of variation for both the

experimental and control populations, and for the four harvesting times that constitute

the basis for the current analytical study (Spring 1 989, Spring 1 990, Fall 1 990 and Ri

generation) are presented in Tables 4.2, 4.4, 4.6 and 4.8, respectively. Likewise, the

percent difference between means, as well as the F values (used to test the significance

of the differences between character means) are shown in Tables 4.3, 4.5, 4.7 and 4.9,

respectively.

Spring 1989. Highly significant differences in both vegetative and floral traits

were encountered between the R0 and the control (W) populations during the first

flowering season following regeneration from tissue culture (Spring 1989, Tables 4.2

and 4.3). The means of R0 and W differed highly significantly in 16 of the 18 vegetative

characters and in all eight floral traits considered in this study. For five of the 16

vegetative characters, the means for the regenerants were significantly larger than for

the control, with percent increases ranging from 1 1 .4 for average tiller size to almost 300

for the total number of tillers per plant. With the exception of leaf sheath color, which in

all likelihood represents a genetically controlled trait that happened to have a value in

the clonal population different from the mean for the complex control population, all

traits showing increases (number of tillers per plant, number of flowered tillers, plant

biomass and relative tiller size) were highly correlated, changes in one affecting, or
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Table 4.2 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed

(W, 100 specimens) and derived from tissue culture (Ro, 100

specimens). Values for the Spring 1 989.

Control (W) Regenerants {R0)

Character

Mean 0 CV Mean a CV

1 178.12 31.84 17.87 64.83 9.49 14.64

2 167.26 30.85 18.44 240.59 46.54 19.35

3 8.42 2.88 34.19 33.34 7.17 21.51

4 3.59 0.55 15.38 4.00 0.00 0.00

5 7.03 2.42 34.46 18.50 5.32 28.77

6 84.87 15.23 17.95 56.34 12.97 23.02

7 1.04 0.58 56.22 2.60 0.80 30.92

8 92.05 15.83 17.20 73.22 2.44 3.33

9 310.10 61.60 19.86 186.09 35.59 19.12

10 22.30 3.59 16.08 22.25 4.53 20.38

11 51.65 12.59 24.38 31.12 9.08 29.17

12 14.36 4.17 29.05 8.72 2.45 28.13
1

T

I o O.HO n 7R OO 1 ft 0 n 4Q 1Q 70

14 8.49 1.13 13.34 6.95 0.87 12.50

15 267.02 49.66 18.60 48.41 6.55 13.53

16 2.70 0.62 23.03 2.52 0.61 24.09

17 103.84 31.01 29.87 20.25 5.19 25.64

18 2.96 0.63 21 .26 0.66 0.09 13.33

19 1.84 0.85 46.17 1.00 0.00 0.00

20 1.03 0.92 88.85 0.00 0.00

21 0.92 0.80 86.96 0.00 0.00

22 1.42 0.50 34.93 0.84 0.37 43^86

23 114.33 20.24 17.71 46.55 20.63 44.32

24 66.61 50.85 76.34 0.00 0.00

25 0.56 0.42 74.90 0.00 0.00

26 93.22 4.83 5.18 0.00 0.00

Average CV 33.09 20.71
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Table 4.3 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two
Zea diploperennis (diploperennial teosinte) populations, raised from
wild collected seed (W, 100 specimens) and derived from tissue

culture (R0 , 100 specimens). Values for the Spring 1989, sorted by
percent difference between means.

Character Mean (W) Mean (Ro) % F

3 8.42 33.34 296.0 1040.12*"

5 7.03 18.50 163.2 384.67*"

7 1.04 2.60 150.0 246.25***

2 167.26 240.59 43.8 172.46***

4 3.59 4.00 11.4 55.12***

10 22.30 22.25 -0.2 0.01

16 2.70 2.52 -6.7 4.34*

14 8.49 6.95 -18.1 116.38*"

8 92.05 73.22 -20.5 138.23***

13 3.43 2.54 -25.9 96.37***

6 84.87 56.34 -33.6 203.34***

12 14.36 8.72 -39.3 135.96***

11 51.65 31.12 -39.7 174.96***

9 310.10 186.09 -40.0 303.87***

1 178.12 64.83 -63.6 1162.83"*
18 2.96 0.66 -77.7 1309.33*"
17 103.84 20.25 -80.5 706.68***

15 267.02 48.41 -81.9 1904.93***

22 1.42 0.84 -40.8 88.10***

19 1.84 1.00 -45.7 97.78***

23 114.33 46.55 -59.3 549.92***

20 1.03 0.00 -100.0 126.68***

21 0.92 0.00 -100.0 132.25***

24 66.61 0.00 -100.0 171 .59***

25 0.56 0.00 -100.0 178.27***

26 93.22 0.00 -100.0 37320.92***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

*** P < 0.001).
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being affected by, changes in any other. Particularly impressive is the influence of the

strong multitillering habit on the total plant biomass, that more than compensates for

the negative effect of the reduced plant height found in this population (see below). For

the remaining 1 1 characters, the means for the regenerants were significantly smaller

than those for the control, with the percent decrease ranging from 18.1 , for the number

of internodes, to 81 .9, for internode length. Here, the characters showing the greatest

shrinkage (internode ratio, internode/sheath ratio, plant height) are all related to the

internode length. Of a lesser magnitude, but also highly significant are the leaf blade

length and associated traits (leaf area, leaf ratio, leaf blade/sheath ratio), the leaf sheath

length and the number of internodes. The percentage of flowered tillers was also

significantly lower than in the control as was, to a much lesser extent, the internode

width.

In addition to the differences uncovered at the vegetative level, highly significant

differences between character means were also evident in the floral expression of the

regenerants (which, as formerly pointed out, was assessed exclusively by

characteristics of the tassel). These ranged from the complete suppression of lateral

branching (and, of course, all related variables, such as the attitude of tassel branches,

length of longest tassel branch and tassel ratio) and pollen production to a reduction in

the central spike length, accompanied by an intriguing shift toward feminization of the

tassel flowers and a tendency for early flowering.

In sum, all specimens originating from tissue culture, when compared to

adequate controls of the same physiological age and grown under the same cultural

conditions, could at this time be accurately described as dwarf multitillering plants with

strongly reduced or totally suppressed male sexual expression. The reduced stature of

the plants (63.6% less than the controls) was mostly due to shorter internodes (-81 .9%)

rather than fewer internodes (-18.1%) and was associated with a corresponding

reduction in leaf length. This was considerably more pronounced on the blade (-40.0%)
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than on the sheath (-20.5%). Since neither internode nor leaf widths were significantly

affected in the regenerants, both stems and leaves were disproportionately short and

broad when compared to the controls (internode ratio: -80.5; leaf ratio: -39.3%), which

greatly accentuated the dwarf appearance of the plants. Female flowering, not

statistically assessed in this study, did not seem impaired in any way. All Ro plants, as

well as the respective controls, had a normal diploid chromosome complement of 20,

and no obvious aberrations were found (Figs. 4.1 through 4.3).

Spring 1990. After roughly a year of forced accelerated regrowth (the plants

were severely cut back four times) the same character set was measured again, in the

same two original populations. Highly significant differences in both vegetative and

floral traits were again apparent, although somewhat less pronounced, between the Ro

and the control (W) populations during this season (Spring 1990, Tables 4.4 and 4.5).

The means of Ro and W differed highly significantly in 1 5 of the 1 8 vegetative characters

and in six of the eight floral traits under assessment. As in Spring 1 989, average leaf

sheath color was significantly deeper in the regenerants than in the control population.

This is not entirely unexpected since, as discussed before, this is conceivably a genetic

trait characteristic of the regenerants that is here being contrasted to the much wider

variability for the same character found in a natural population. Puzzling, however, was

the fact that (as in Spring 1 989) there was no complete uniformity for this trait in the

plants regenerated from tissue culture, as would certainly be expected in a clonal

population for a character that is under strict genetic control.

For three of the remaining 14 vegetative characters, the means for the

regenerants were larger than for the control, at a highly significant level. AS in the

previous harvest, the total number of tillers and the number of flowered tillers were both

significantly higher in the regenerants, although to a much lesser degree than seen

before (39.4% and 31 .3% more, respectively, as compared to 296.0% and 1 63.2% in
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Table 4.4 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed

(W, 100 specimens) and derived from tissue culture (Ro, 100

specimens). Values for the Spring 1990.

Control (W) Regenerants (R0)

Character

Mean a CV Mean a CV

1 145.75 26.05 17.87 77.73 4.04 5.20

2 271 .54 40.57 14.94 196.82 37.89 19.25

3 14.77 2.98 20.16 20.59 5.14 24.98
4 3.56 0.50 14.01 3.44 0.50 14.50

5 11.61 2.87 24.76 15.24 4.76 31 .23

6 78.78 12.41 15.76 72.90 6.62 9.08

7 1.08 0.61 56.88 2.44 0.50 20.45
8 78.62 16.37 20.83 72.10 4.27 5.93
9 260.18 56.74 21 .81 201.54 40.57 20.13

10 23.11 4.59 19.86 23.01 3.98 17.29
11 44.88 12.78 28.47 34.66 8.85 25.53
12 11.80 3.94 33.39 9.07 2.69 29.61

1 o O A-id.4

1

0.91
""70

26.73 2.80 0.54 19.46
14 8.51 1.49 17.56 8.97 1.34 14.99
15 221 .54 40.57 18.31 82.10 4.27 5.21

16 2.70 0.62 23.03 2.98 0.30 10.00
17 86.23 25.60 29.69 27.83 2.92 10.50
18 2.92 0.70 23.91 1.14 0.08 6.94
19 1.98 0.83 41.85 2.00 0.00 0.00
20 1.35 1.09 80.44 0.00 0.00
21 1.37 1.09 79.46 0.00 0.00
22 1.63 0.49 29.77 1.44 0.50 34.65
23 116.24 8.85 7.62 99.59 5.14 5.16
24 70.11 43.99 62.75 0.00 0.00
25 0.60 0.38 63.19 0.00 0.00
26 94.39 3.51 3.72 24.67 13.98 56.67

Average CV 30.65 17.58
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Table 4.5 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, raised from

wild collected seed (W, 100 specimens) and derived from tissue

culture (R0 , 100 specimens). Values for the Spring 1990, sorted by

percent difference between means.

Character Mean (W) Mean (Ro) % F

7 1.08 2.44 125.9 295.34"*

3 14.77 20.59 39.4 95.92"*

5 11.61 15.24 31.3 42.63***

16 2.70 2.98 10.4 16.02***

14 8.51 8.97 5.4 5.24*

10 23.11 23.01 -0.4 0.03

4 3.56 3.44 -3.4 2.89

6 78.78 72.90 -7.5 17.48***

8 78.62 72.10 -8.3 14.84*"

13 3.41 2.80 -17.9 33.88***

9 260.18 201 .54 -22.5 70.68***

11 44.88 34.66 -22.8 43.23"*

12 11.80 9.07 -23.1 32.79***

2 271 .54 196.82 -27.5 181.18*"

1 145.75 77.73 -46.7 665.80***

18 2.92 1.14 -61 .0 640.28***

15 221.54 82.10 -62.9 1168.55"*

17 86.23 27.83 -67.7 513.70***

19 1.98 2.00 1.0 0.06
22 1.63 1.44 -11.7 7.45**

23 116.24 99.59 -14.3 264.44***

26 94.39 24.67 -73.9 2339.02***

20 1.35 0.00 -100.0 154.54"*
21 1.37 0.00 -100.0 158.39***

24 70.11 0.00 -100.0 253.97***

25 0.60 0.00 -100.0 250.46***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*" P < 0.001).
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Spring 1989). Plant biomass, however, was no longer compensated by the larger

number of tillers, neither was it by the slight increase in plant height observed in the

regenerants, being now significantly lower (-27.5%) than in the controls (see below).

The relative uniformity in tiller size found in the Ro population in Spring 1 989 was lost, as

differences for that trait were no longer significant between the two populations, and

internode width, marginally smaller for the regenerants in the former harvest, was now

significantly larger than the controls.

For the remaining 11 characters, the means for the regenerants were

significantly smaller than those for the control, with the percent decrease ranging from

7.5 for the percentage of flowered tillers to 67.7 for the internode ratio. The characters

showing the greatest reduction (internode ratio, internode/sheath ratio, plant height)

were all related to the internode length once again. This was still considerably short,

although to a lesser extent than before (62.9% shorter than the control, as compared to

81.9% in the previous spring). The same trend towards reduced dimensions was also

found for the leaf blade length and associated traits (leaf ratio, leaf area, leaf

blade/sheath ratio), the leaf sheath length and the percentage of flowered tillers. All

these characters showed mean values significantly lower than in the control, but the

differences between the two populations were all considerably less pronounced than in

the previous measurements. The number of internodes was marginally higher in the

regenerants.

At the floral level, highly significant differences between character means were

evident once again. As in the previous harvesting time, lateral tassel branches were

completely absent in the R0 population, which naturally affected the mean values for all

associated traits (tassel ratio, length of longest tassel branch and attitude of tassel

branches). Male fertility, now restored (which permitted the production of the flj), was

greatly reduced (73.9% less than the control) as was the central spike length. This

reduction in dimensions, however, was less pronounced than in the previous spring



118

(-14.3%, as compared to -59.3%), which indicates that the overall morphology of the

floral parts was following the same trend found in the vegetative body. The previously

observed shift toward feminization of the tassel flowers was still apparent, but

considerably less pronounced in this season, and the tendency for earliness was no

longer present.

In brief, all R0 specimens measured in Spring 1990 showed the same

characteristics described in Spring 1989, but in a more attenuated form. Plants were

still multitillering and of a reduced stature and showed an aberrant floral morphology,

albeit with a trend towards normality. As observed before, height reduction (plants were

now 46.7% shorter than the control, as compared to 63.6% in Spring 1989) was again

associated with a decrease in internode length (now 62.9% less in the Ro than in the

control, as compared to 81.9% in the previous harvesting time) rather than fewer

internodes; the number of internodes was now marginally higher in the R0 than in the

controls. As before, too, reductions in length were found in both the leaf blade and the

leaf sheath in the R0 \ those on the blade (-22.5%) were more pronounced than in the

sheath (-8.3%). Both differences, however, were considerably less than those found the

previous year (-40.0% and -20.5%, respectively). In addition, both internodes and

leaves showed less distortion (internode ratio: -67.7%; leaf ratio: -23.1%, as compared

to -80.5% and -39.3% in Spring 1 989) and male fertility, completely suppressed before,

was now partially restored. The shift towards feminization of tassel flowers in the tissue

culture regenerants, although still significant, was less pronounced than in Spring 1989,

and the entire population did flower uniformly during the mid-season, rather than early

in the season the year before.

Fall 1990. During the late spring and summer of 1 990 it became evident that a

considerable recovery to normality was taking place in the tissue-culture-derived plants.

Under the influence of the seasonable long days and good cultural practice, strong
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healthy growth was produced by all plants, that were additionally cut back twice before

being artificially induced to flower in the fall. Then, roughly a year and a half after

regeneration from tissue culture, the same two original populations were appraised one

last time for the same character set.

Not surprisingly, the dissimilarities between the R0 and the control (W)

population had decreased considerably over the summer months. Many of the

vegetative traits (including number of internodes, plant biomass, leaf blade/sheath ratio,

plant height, relative tiller size and number of tillers) or floral traits (such as length of the

longest primary tassel branch and tassel ratio) that had shown significant differences to

the controls in previous harvesting times, were now only marginally significant or not

significant at all (Tables 4.6 and 4.7, Fall 1990). For these characters, tissue-culture-

induced change apparently ceased, or became imperceptibly small after a period of 18

months in cultivation.

Highly significant differences between the means of Ro and W were encountered

in 1 1 of the 1 8 vegetative characters and in five of the eight floral traits. Among the

differences in vegetative traits, the most dramatic was leaf sheath color. For the first

time ever, every single specimen in the whole population of tissue-culture-derived plants

showed an absolutely uniform solid purple leaf sheath color, even on the plants that

had not shown such coloration in previous harvesting times. This would further suggest

that purple is the natural color for that organ in the clonal R0 population. The full

expression of the controlling genes probably was partially suppressed in some of the

plants during the previous seasons.

Four of the remaining 1 0 vegetative characters showed means that were larger

in the regenerants than in the control at a highly significant level. Unlike in the two

previous seasons, however, these were no longer related to the number of tillers or

associated traits, such as the number of flowered tillers, which were now significantly

smaller in the R0 than in the controls (see below). Means significantly higher than those
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Table 4.6 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed

(W, 100 specimens) and derived from tissue culture (Ro, 100
specimens). Values for the Fall 1990.

Control (W) Regenerants (R0)

Character

Mean o CV Mean a CV

1 1 49.56 30.21 20.20 150.81 7.28 4.83

2 289.43 30.41 10.51 297.71 27.22 9.14

3 16.29 2.71 16.65 15.22 3.30 21.67
4 3.50 0.50 14.36 3.44 0.50 14.50

5 13.44 2.64 19.62
A r\ r\r\
10.80 3.35 30.98

6 82.74 10.33 12.49 69.66 8.29 11.90
7 1 .08 0.61 56.88 3.00 0.00 0.00
o
8

o r\ A A
80.1

1

-4 ~~r f~~\o
17.23 21 .50 89.28 8.29 9.28

9 250.1

8

56.74 22.68 288.62 16.37 5.67
10 27.29 2.44 8.95 25.39 1.37 5.41

11 51.11 11.99 23.47 54.95 4.06 7.38
12 9.27 2.39 25.83 11.40 0.95 8.37
13 3.23 0.90 27.82 3.26 0.31 9.45
14 8.92 1.37 15.34 9.35 1.09 11.61

15 216.82 37.89 17.48 174.97 18.29 10.46
16 2.91 0.49 16.67 3.19 0.14 4.29
17 76.23 17.47 22.92 54.87 6.01 10.96
18 2.81 0.68 24.06 1.97 0.24 12.28
19 1.97 0.81 41.10 2.00 0.00 0.00
20 1.53 0.92 59.81 2.44 0.50 20.45
21 1.67 0.91 54.53 1.00 0.00 0.00
22 1.44 0.50 34.65 2.00 0.00 0.00
23 116.69 9.69 8.31 122.38 6.77 5.54
24 84.33 28.34 33.61 92.03 5.35 5.81
25 0.73 0.25 34.82 0.75 0.05 6.75
26 95.12 3.63 3.81 92.40 4.66 5.05

Average CV 24.93 8.91
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Table 4.7 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, raised from

wild collected seed (W, 100 specimens) and derived from tissue

culture {R0 , 100 specimens). Values for the Fall 1990, sorted by

percent difference between means.

Character Mean (W) Mean (Ro) % F

7 1.08 3.00 177.8 976.86"*

12 9.27 11.40 23.0 68.61***

9 250.18 288.62 15.4 42.37***

8 80.11 89.28 11.4 23.01***

16 2.91 3.19 9.6 30.35***

11 51.11 54.95 7.5 9.20**

14 8.92 9.35 4.8 6.06*

2 289.43 297.71 2.9 4.12*

13 3.23 3.26 0.9 0.08

1 149.56 1 50.81 0.8 0.16
4 3.50 3.44 -1.7 0.72

3 16.29 15.22 -6.6 6.28*

10 27.29 25.39 -7.0 46.25***

6 82.74 69.66 -15.8 97.50***

15 216.82 174.97 -19.3 98.92***

5 13.44 10.80 -19.6 38.40***

17 76.23 54.87 -28.0 133.61***

18 2.81 1.97 -29.9 136.53***

20 1.53 2.44 59.5 76.23***

22 1.44 2.00 38.9 126.00***

24 84.33 92.03 9.1 7.13"
23 116.69 122.38 4.9 23.15"*

25 0.73 0.75 2.7 0.84
19 1.97 2.00 1.5 0.14
26 95.12 92.40 -2.9 21.19***

21 1.67 1.00 -40.1 54.12*"

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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in the controls were found for leaf blade length (1 5.4% longer than the control) and the

associated leaf ratio (+23.0%) and leaf area (+7.5%), as well as for leaf sheath length

(+11.4%). Mean internode width was also significantly larger in the regenerants, in

good accordance with the observations from the previous spring.

Means for the regenerants were significantly smaller than those for the control

for the remaining six characters, with the percent decrease ranging from 7.0 for the leaf

blade width to 29.9 for the internode/sheath ratio. The characters showing the greatest

reduction, internode/sheath ratio (-29.9%) and internode ratio(-28.0%), were again

associated with the internode length (that was 19.3% shorter than the control).

Differences for the number of flowered tillers and leaf blade width were somewhat less

pronounced (albeit significant), but contrasted sharply with the values from the previous

seasons when no reductions were found. The number of internodes and plant biomass

were marginally larger and the number of tillers marginally smaller in the tissue-culture-

derived plants than in the control.

The most dramatic differences, however, were found in the tassel. Highly

significant differences were found for five of the eigth character means being compared.

Of these, the means for the number and length of the primary tassel branches

(produced for the first time in this season) as well as the means of the length of the

primary tassel branch were significantly higher than the means for the control, in very

sharp contrast with the values for all the previous harvesting times. In addition, all

tassels produced exclusively male flowers, all traces of feminization having completely

disappeared (female florets could still be found in some of the control specimens).

Of the remaining traits, the attitude of the tassel branches was significantly

different from the control, probably reflecting again a character under strict genetic

control (there was absolute uniformity for the expression of this trait in the entire R0

population). Male fertility was significantly lower than the control (but only by 2.9%) and
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the tassel ratio showed no significant differences. All Ro plants flowered uniformly

during mid-season.

In summary, the trend towards normality apparently suggested by the values

measured during Spring 1990 was basically fully realized during Fall 1990, after a

summer of exceptionally good growth. Ro specimens measured in Fall 1990 were

normal or nearly normal (not significantly different from the control) for most vegetative

and floral traits. For the first time since regeneration from tissue cultures, this now

highly uniform population (average CV = 8.91, as compared to 20.71 and 17.58 for the

previous two harvest seasons) could no longer be described as composed of dwarf,

multitillering plants with an altered sexual male expression, but rather as a perfectly

normal population whose main difference from the seed raised control resided in its

greater uniformity in size, color and sexual expression.

With plant height, leaf morphology and normal sexuality basically restored,

differences, if any, pointed to a superior performance from the clone. Internode length,

and its associated internode ratio and internode/sheath ratio, however, were still

moderatly (but significantly) trailing behind the control.

The Ri Population . The production of viable pollen by the R0 plants during

Spring 1 990 permitted for the first time the development of an R 1 (selfed regenerants)

population. This new group of 100 plants was grown alongside with the original

populations and was evaluated, in Fall 1990, for all the traits in the usual character set.

A new control population of 1 00 individuals raised from wild collected seed was also

grown, to ensure that the R 1 plants would be compared to controls of the same

physiological age.

A number of highly significant differences were still found between the R 1 and

the control populations. Again, both vegetative and floral traits were affected ( Tables

4.8 and 4.9). The means of the R1 and the control differed highly significantly in eight of
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Table 4.8 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed
(IV, 100 specimens) and seed from selfed tissue culture regenerants

(flj, 100 specimens).

Control (W) Selfed Regenerants (fir)

Character

Mean o CV Mean a CV

1 187.51 41.75 22.27 188.77 42.32 22.42

2 244.38 54.27 22.21 251 .36 60.82 24.20

3 10.71 2.94 27.47 9.18 2.19 23.91

4 2.98 0.83 27.80 3.44 0.50 14.50

5 8.79 2.61 29.65 8.31 2.00 24.11

6 82.43 12.00 14.55 90.93 8.20 9.02

7 1.35 1.09 80.44 1.87 0.79 42.08

8 93.78 20.96 22.35 90.83 17.41 19.17

9 340.35 78.74 23.14 314.62 60.04 19.08

10 26.70 4.09 15.32 30.01 5.08 16.93

11 67.85 18.08 26.64 70.54 17.17 24.34
12 13.12 4.00 30.52 10.84 3.07 28.30
13 3.76 1.08 28.75 3.56 0.84 23.71

14 8.92 1.37 15.34 9.39 1.09 11.62

15 279.84 60.47 21.61 248.09 34.80 14.03
16 2.98 0.86 28.74 3.13 0.76 24.42
17 101.97 37.22 36.50 83.90 23.13 27.57
18 3.10 0.83 26.66 2.82 0.58 20.65
19 1.87 0.81 43.43 1.44 0.50 34.65
20 1.35 1.05 77.64 1.55 1.17 75.27
21 1.35 1.05 77.64 1.13 0.79 69.64
22 1.56 0.50 31.98 1.45 0.50 34.48
23 118.14 24.76 20.95 120.33 12.49 10.38
24 66.23 40.32 60.88 68.82 41.21 59.88
25 0.54 0.34 62.70 0.56 0.34 60.05
26 93.22 4.83 5.18 94.02 3.41 3.62

Average CV 33.86 28.39
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Table 4.9 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, raised from

wild collected seed (W, 1 00 specimens) and seed from selfed tissue

culture regenerants (Ri, 100 specimens). Values sorted by percent

difference between means.

Character Mean (W) Mean (Ri) % F

7 1.35 1.87 38.5 15.03*"

4 2.98 3.44 15.4 22.62***

10 26.70 30.01 12.4 25.77***

6 82.43 90.93 10.3 34.22***

14 8.92 9.39 5.3 7.21"

16 2.98 3.13 5.0 1.80

11 67.85 70.54 4.0 1.16

2 244.38 251 .36 2.9 0.73

1 187.51 188.77 0.7 0.04

8 93.78 90.83 -3.1 1.17

13 3.76 3.56 -5.3 2.29

5 8.79 8.31 -5.5 2.13
9 340.35 314.62 -7.6 6.75*

18 3.10 2.82 -9.0 8.03**

15 279.84 248.09 -11.3 20.71***

3 10.71 9.18 -14.3 17.38"*

12 13.12 10.84 -17.4 20.43***

17 101.97 83.90 -17.7 17.00***

20 1.35 1.55 14.8 1.63

24 66.23 68.82 3.9 0.20
25 0.54 0.56 3.7 0.30
23 118.14 120.33 1.9 0.62
26 93.22 94.02 0.9 1.83
22 1.56 1.45 -7.1 2.43
21 1.35 1.13 -16.3 2.82
19 1.87 1.44 -23.0 20.35***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*" P < 0.001).
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the 18 vegetative characters, and only in one of the eight floral traits. The selfed

regenerants, now highly heterogeneous as a result of genetic recombination, showed

an average deeper color than the wild types. Not completely unexpected, this is

probably a consequence of genetic drift, since the Ro mother plants from which the Ri

originated were very dark colored.

Of the remaining seven vegetative characters showing highly significant

differences, three (relative tiller size, leaf blade width and percentage of flowered tillers)

had means that were larger in the R 1 than in the control, with percent increases of

1 5.4%, 1 2.4% and 1 0.3%, respectively. The number of internodes was also marginally

larger in the Ri than in the controls (+5.3%).

Characters showing significantly lower means could be grouped in three

classes: (1) one involving internode related dimensions, such as internode ratio

(-17.7%), internode length (-11.3%) and internode/sheath ratio (-9.0%); (2) one involving

leaf related dimensions, such as leaf ratio (-17.4%) and leaf blade length (-7.6%); and

(3) the number of tillers (-14.3%). Of the floral traits only one, flowering time, was

significantly different between the populations: specimens of the Ri tended to flower

somewhat earlier than the controls. This is probably another consequence of genetic

drift. Comparison of the average coefficients of variation for each group (Tables 4.2,

4.4, 4.6 and 4.8) also showed that the variability in the R1 was within the limits found in

seed-derived controls (average CV = 28.39, Table 4.8), an expected consequence of

the population no longer being a clone. Hence, the R1 can be described as a

fundamentally normal population; the means for most vegetative characters and all

floral morphological traits previously shown to diverge significantly between the R0 and

the control no longer differed significantly in the selfed regenerants. Just as for the R0 ,

all plants of the ftj, as well as the respective controls, had the normal diploid

chromosome complement for the species (2n = 2x = 20, litis ef a/. 1979), without any

visible aberrations (Fig. 4.4).
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The results from previous harvests showed that, in general, the effect of time

was apparently to reduce the magnitude of the differences between the tissue-culture-

derived plants and the corresponding controls. In more than one instance such

differences were completely obliterated as a result of time alone. For those characters

that time did not normalize in the R0 , tissue-culture-induced change ceased in this

generation (Ri). This further indicates that the variation previously found in the Ro is

transient in nature and fails to be transmitted sexually. Differences affecting both

internode and leaf length, however, seem to have somehow prevailed through the cycle

of meiosis and syngamy. Although the differences found for these traits were now

greatly attenuated, their apparent persistence in the Ri may indicate the existence of a

condition that can be transmitted to the sexual progeny.

Multivariate Comparisons

Principal Components Analysis

In using the exploratory capacities of principal components analysis, three

approaches are of interest. First, it can be asked if there are any detectable differences

between the component scores of R0 (or fy) and their respective controls (W) for the

four harvesting times, when the corresponding data sets are pooled and analyzed as a

single group. Second, it can be asked to what extent the passage of time (or a sexual

cycle) induces changes in the components themselves, by analyzing the four harvests

separately and comparing the corresponding eigenvectors (factor loadings) and

eigenvalues (expressed as percents of trace). Last, and because results from the

univariate analysis apparently suggest a certain level of heterogeneity in the clonal

population from tissue culture, it can be asked to what extent, if any, such heterogeneity

does indeed exist, and what factor(s) are most involved in causing it.
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Analysis as a single group . Ordination on the first two principal components of

individuals of Ro (or and W, when all harvesting times are analyzed as a single

group, is shown in Fig. 4.5. The associated factor loadings and percents of trace are

given in Table 4.10. Table 4.11 details both the vegetative and floral traits that load

most significantly (P < 0.005) on the first two components, in decreasing order of

magnitude. Mean scores for the first two principal components of individuals of R0

(or Ri) and W are compared in Table 4.12, covering all harvesting times.

Sixteen of the 26 variables are significantly loaded on PC I, which subsumes

39.2% of the variation in the data (Table 4.10). Among the most significant, and of like

sign, are male fertility, internode length and plant height, denoting a positive correlation

between male fertility and vegetative size, under the conditions of this analysis (Table

4.11). All other vegetative characters of like sign that load significantly on PC I are size

factors, associated with either internode length (internode/sheath ratio and internode

ratio) or leaf blade length (leaf blade length, leaf area and leaf blade/sheath ratio).

Tassel-related traits, including the length of the central tassel spike, length of the

longest primary tassel branch, tassel ratio and the number and attitude of the primary

tassel branches also load significantly on PC I and are of like sign, indicating a positive

correlation between vegetative size and degree of male expression (Table 4.11). The

number of tillers and associated traits (number of flowered tillers), also significantly

represented, have loadings with a negative sign implying a negative correlation between

the number of tillers and both the size and fertility of the plants (Table 4.11). PC I,

therefore, ordinates individuals on the basis of plant size, tassel differentiation and male

fertility.

Leaf sheath color, internode width and plant biomass load moderately heavily on

the second principal component, as do the number of primary tassel branches, sex of

tassel flowers, length of longest primary tassel branch and tassel ratio (Table 4.11).
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Table 4.10 Factor loadings and percents of trace from principal components
analysis of Zea diploperennis (diploperennial teosinte) populations,

raised from wild-collected seed (W, 1 00 specimens) and derived from

tissue culture (Ro or Ru 100 specimens each). Data sets from all

harvesting seasons, analyzed as a single group.

Principal Component

Character

I II III

1

.

Plant Height 0.271 -0.045 0.040

2. Plant Biomass 0.039 0.243 0.266

3.
k 1 I _ _ r -r~" 1 1 _Number of Tillers -0.262 0.130 0.038

4. Relative Tiller Size -0.109 -0.018 0.030
5. Number of Flowered Tillers -0.216** 0.063 0.124
6. Percentage of Flowered Tillers 0.173* -0.224 0.113
7. Leaf Sheath Color -0.125 0.305 -0.059

8. Leaf Sheath Length 0.147 0.206** -0.169*

9. Leaf Blade Length 0.236** 0.007 -0.396***

\ u. Leal Diaae wiain U. 1 1 o 0.145
11. Leaf Area 0.233** 0.086 -0.190*

12. Leaf Ratio 0.142 -0.089 -0.473***

13. Leaf Blade/Sheath Ratio 0.159* -0.171 -0.283***

14. Number of Internodes 0.112 -0.004 0.250***

15. Internode Length 0.278*** -0.172 0.020
16. Internode Width 0.093 0.290*** -0.328***

17. Internode Ratio 0.214** -0.330 0.171*

18. Internode/Sheath Ratio 0.244** -0.284 0.118
19. Flowering Time 0.078 -0.128 0.159*

20. Number of Primary Tassel Branches 0.205** 0.344*** 0.062
21. Attitude of Tassel Branches 0.199** 0.177* 0.118
22. Sex of Tassel Flowers 0.143 0.264*** 0.007
23. Length of Central Tassel Spike 0.243** 0.090 0.138
24. Length of Longest Primary Tassel Branch 0.237** 0.253*** 0.117
25. Tassel Ratio 0.231" 0.234** 0.125
26. Male Fertility 0.285*** -0.041 0.116

Percent of trace 39.2 10.0 8.5

Marked entries show variables that are significantly represented
in each principal component

(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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Table 4.1 1 Characters most significantly represented (P < 0.005) in the first two

axes of a principal components analysis of Zea diploperennis

(diploperennial teosinte) populations, raised from wild-collected seed

(W, 100 specimens) and derived from tissue culture (Ro or ftj,

100 specimens each). Data sets from all harvesting seasons,

analyzed as a single group.

Component Character Loading

PC I

(39.2%)

Internode Length
Plant Height
Number of Tillers

Internode/Sheath Ratio
Leaf Blade Length
Leaf Area
Number of Flowered Tillers

Internode Ratio

0.278
0.271
-0.262
0.244
0.236
0.233
-0.216
0.214

Male Fertility

Length of Central Tassel Spike
Length of Longest Primary Tassel Branch
Tassel Ratio

0 285
0.243
0.237
0.231

PC II

(10.0%)

Leaf Sheath Color
Internode Width
Plant Biomass

0.305
0.290
0.243

Number of Primary Tassel Branches
Sex of Tassel Flowers
Length of Longest Primary Tassel Branch
Tassel Ratio

0.344
0.264
0.253
0.234
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Table 4.12 Statistics of location and dispersion and results of analysis of variance

comparing PC I and PC II scores in Zea diploperennis (diploperennial

teosinte) populations, raised from wild collected seed (IV, 100
specimens) and derived from tissue culture (Ro or Ri, 100 specimens
each). Data sets from all harvesting seasons, analyzed as a single

group.

Season
Control Regenerants

Mean o Mean a

Spring PCI 1.89 1.44 -6.20 0.55 2753.05***

1989 PC II -1.65 1.63 0.43 0.65 140.12***

Spring PC I 0.92 1.32 -3.74 0.70 968.15***

1990 PC II -0.49 1.58 -0.11 0.48 5.18*

Fall PCI 1.08 1.04 1.03 0.40 0.18
1990 PC II 0.25 1.28 2.16 0.33 208.64***

Selfed PC I 2.68 1.55 2.34 1.28 2.84
Regenerants PC II -0.62 1.75 0.02 1.45 7.91"

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*" P < 0.001).



134

PC II, that subsumes 1 0.0% of the variation in the data, thus ordinates individuals on the

basis of those traits.

A number of observations of biological relevance emerge from the analysis of

both the tabulated data and the graphic modeling of the different plant populations.

First, there is a distinct difference in statistical dispersion between the Ro population and

the corresponding wild-type controls at all three harvesting times, no doubt a

consequence of the clonal nature of the Ro, that becomes more pronounced as the

population ages (Table 4.12, Fig. 4.5; cf., average coefficients of variation in Tables 4.2,

4.4 and 4.6). Confirming this interpretation is the fact that variability is fully restored to

normal values in the R 1 (Table 4.12, Fig. 4.5; cf., average coefficients of variation in

Table 4.8). Noteworthy, however, is the fact that a number of Ro plants stray from the

pack during the first cultural season (Spring 1989). These plants diverge from the main

R0 group along both principal components axes, indicating that they would be different

in size, color and/or male sex expression. This assumption, already hinted by

observations of the univariate analysis (cf., Table 4.2), was fully confirmed by

multivariate analysis of the R0 plants alone (see below), which also permitted the

physical identification of the variant plants.

A second observation of biological pertinence is the fact that in all populations

(including the controls) mean values for the morphometric characters drifted with time

(Fig. 4.5). Significant differences were found between harvesting times in the mean PC I

and PC II scores for the seed-derived population (W) (ANOVA: 13.06 < F < 73.16,

P < 0.001 for all; mean PC I scores for Spring 1990 and Fall 1990 were not significantly

different). This is not completely unexpected, and it represents the variation of a natural

population as it gradually changes with both age and season. Similar significant

seasonal differences were also found in the mean PC I and PC II scores for the tissue-

culture-derived populations (R0 , Ri). These differences, however, were considerably

more pronounced than those found in the controls (ANOVA: 44.80 < F < 3514.16,
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P < 0.001 for all). Tissue-culture-derived plants, thus, changed considerably more over

time and across generations than would be expected on the basis of the performance

of the controls (Fig. 4.5).

The most striking observations of this study, however, become apparent when

mean PC I and PC II scores for the tissue-culture-derived plants and the respective

controls are compared pairwise for every harvest time (Table 4.12, Fig. 4.5). Differences

in mean PC I scores between tissue culture regenerants and control plants were highly

significant on the first two harvests, the magnitude of the difference being much greater

for Spring 1989 than for Spring 1990 (Table 4.12). At both times mean PC I scores were

much lower for the tissue-culture-derived plants than for the seed-derived controls.

Such prominent differences, however, could no longer be identified either on the last

harvest that involved the R0 generation (Fall 1990) or on the R 1 (Table 4.12), a

conclusion confirmed by inspection of Fig. 4.5. This, once again, distinguishes the

original R0 individuals as anomalous multitillering plants of reduced stature and fertility,

with unusually short and broad stems and leaves, and modified tassel morphology. It

also shows, beyond any doubt, that such anomalies become increasingly attenuated

with time, completely disappearing in the sexual progeny. Evidently, one effect of time

(or a sexual cycle) is to reduce the magnitude of the morphological dimorphism

detected on PC I, a multivariate recapitulation of the previous univariate findings.

Significant differences were also found, at all harvesting times, between

regenerants and control plants with respect to their PC II scores. These differences

were particularly pronounced in the third harvest season (Table 4.12, Fig. 4.5). The

higher values of the mean PC II scores normally associated with the R0 certainly do

reflect the influence of leaf sheath color on the second principal component. This

variable becomes increasingly important as differences in the quantitative morphometric

characters gradually dissipate over time. Its weight becomes maximal during Fall 1 990
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when R0 plants, then basically morphologically normal, turned out for the first time

uniformly dark colored (highest score for the variable).

Analysis as separate groups . Ordination on the first two principal components

of individuals of Ro (or Ri) and W, analyzed as separate groups, is shown for all the

harvesting times in Fig. 4.6. Comparison of factor loadings and percents of trace

associated with the separate principal components analyses for each harvest time are

presented in Table 4.13. Table 4.14 details both the vegetative and floral traits that load

most significantly (P < 0.005) on the first two components, in decreasing order of

magnitude. Mean scores for the first two principal components of individuals of Ro (or

Ri) and W are compared in Table 4.15, covering all harvest times.

For each principal component, considerable differences exist in the values of

both character loadings and percents of trace for the four harvest times (Table 4.13).

Seasonal variation in the most significant PC I and PC II eigenvectors (Table 4.14)

reveals that the variables used to describe variation change with the passage of time,

an indication that different characters change at different rates, over time and across

generations. Size, fertility and tassel differentiation, which dominate the descriptive

ability of PC I in the first two harvest seasons, become gradually less important, while

other characters, such as color, come to dominate later in time (Table 4.14).

Decreasing PC I eigenvalues, paralleled by increasing values for PC II and PC III

indicate a progressive decline in total variation with the passage of time (or a sexual

cycle). This, and the decreasing differences in mean PC I scores between tissue culture

regenerants and control plants (Table 4.15, Fig. 4.6), clearly reflect an extensive

convergence of traits between the R0 and the seed-derived controls. Significantly

different mean PC II scores between the R 1 and the controls reveal, however, that a

slight (PC II accounts for only 12.1% of the total variation), but detectable, variation still

remains in the selfed regenerants (Table 4.15). In good agreement with previous
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Table 4.13 Comparison of factor loadings and percents of trace from principal

components analyses of Zea diploperennis (diploperennial teosinte)

populations, raised from wild-collected seed (W, 1 00 specimens) and
derived from tissue culture (Ro or R1t 100 specimens each). Data sets

from all harvesting seasons, analyzed as separate groups.

PC I

S89 S90 F90 Ri

1. Plant Height 0.244" 0.277*** 0.032 0.126
2. Plant Biomass -0.186* 0.204** 0.030 -0.068

3. Number of Tillers -0.242" -0.202** -0.131 -0.189*

4. Relative Tiller Size -0.134 0.023 -0.027 -0.069

5. Number of Flowered Tillers -0.215" -0.158* -0.222** -0.213"
6. Percentage of Flowered Tillers 0.184* 0.078 -0.255*** -0.040

7. Leaf Sheath Color -0.198" -0.229** 0.304*** 0.059
8. Leaf Sheath Length 0.178* 0.099 0.213" 0.215"
9. Leaf Blade Length 0.226** 0.204** 0.279*** 0.252***

10. Leaf Blade Width 0.007 0.024 -0.135 0.100
11. Leaf Area 0.202** 0.179* 0.216" 0.274***

i_t?di naiiu (J.loo 0.141 0.279 0.136
13. Leaf Blade/Sheath Ratio 0.170* 0.150* 0.040 0.033
14. Number of Internodes 0.159* -0.056 0.017 -0.040
15. Internode Length 0.249*** 0.285*** -0.204** 0.010
16. Internode Width 0.070 -0.044 0.266*** 0.314***

17. Internode Ratio 0.222** 0.248*** -0.306*** -0.251***

18. Internode/Sheath Ratio 0.239** 0.262*** -0.293*** -0.165*

19. Flowering Time 0.146 -0.011 -0.035 -0.092
20. Number of Primary Tassel Branches 0.197" 0.243** 0.259*** 0.333***

21. Attitude of Tassel Branches 0.191* 0.240" -0.100 0.262***

22. Sex of Tassel Flowers 0.157* 0.101 0.289*** 0.193*
23. Length of Central Tassel Spike 0.224** 0.253*** 0.108 0.271*"
24. Length of Longest Primary Tassel Branch 0.211" 0.267*** 0.138 0.326***

25. Tassel Ratio 0.211" 0.264*** 0.093 0.282***

26. Male Fertility 0.252*** 0.287*** -0.110 0.007

Percent of trace 55.5 39.8 25.1 17.3

(continued)
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PC II

Character

S89 S90 F90

1. Plant Height 0.047 -0.053 0.267*** 0.015
2. Plant Biomass 0.255*" -0.148 0.006 0.042
3. Number of Tillers 0.177* -0.131 -0.109 0.237**

4. Relative Tiller Size 0.018 -0.145 0.034 -0.164*

5. Number of Flowered Tillers 0.151* -0.229** -0.029 0.201"
6. Percentage of Flowered Tillers -0.116 -0.296*** 0.125 -0.063

7. Leaf Sheath Color 0.284*** 0.153* -0.180* -0.059

8. Leaf Sheath Length 0.089 0.270*** 0.095 -0.066

9. Leaf Blade Length -0.104 0.280*** 0.234** 0.373***

10. Leaf Blade Width 0.194* 0.174* 0.189* -0.339***

11. Leaf Area -0.002 0.337*** 0.323*** 0.068
12. Leaf Ratio -0.161* 0.109 0.125 0.469***

13. Leaf Blade/Sheath Ratio -0.206** 0.077 0.149* 0.381***

14. Number of Internodes 0.015 -0.132 -0.095 -0.105

15. Internode Length -0.038 -0.105 0.369*** 0.259***

l b. internode wiatn -0.196 0.462 0.155* 0.028
17. Internode Ratio -0.054 -0.280*** 0.185* 0.150*

18. Internode/Sheath Ratio -0.079 -0.223** 0.186* 0.275***

19. Flowering Time -0.182* -0.177* 0.019 0.192*

20. Number of Primary Tassel Branches 0.324*** 0.079 0.083 0.016
21. Attitude of Tassel Branches 0.271*** 0.034 0.320*** 0.071
22. Sex of Tassel Flowers 0.414*** 0.201** 0.010 0.003
23. Length of Central Tassel Spike 0.203** 0.016 -0.231** -0.112
24. Length of Longest Primary Tassel Branch 0.311*** 0.030 0.299*** 0.035
25. Tassel Ratio 0.293*** 0.018 0.360*** 0.061
26. Male Fertility -0.050 -0.097 0.070 -0.038

Percent of trace 8.2 10.5 10.9 12.1

(continued)



141

Table 4. 1 3 (Continued)

PC III

Character

S90 F90 fl,

1. Plant Height 0.160* -0.064 0.011 0.190*

2. Plant Biomass 0.129 -0.077 -0.086 0.036
3. Number of Tillers 0.005 0.247*** 0.042 -0.278***

4. Relative Tiller Size -0.058 -0.106 0.038 0.057
5. Number of Flowered Tillers 0.065 0.280*** 0.061 -0.231**

6. Percentage of Flowered Tillers 0.191* 0.148 0.057 0.100
7. Leaf Sheath Color 0.084 0.021 0.026 0.053
8. Leaf Sheath Length -0.097 -0.080 -0.200** 0.043
9. Leaf Blade Length -0.176* 0.321

*** 0.324*** 0.237**

10. Leaf Blade Width 0.230** -0.493*** -0.139 0.246**

11. Leaf Area -0.039 -0.067 0.266*** 0.374***

12. Leaf Ratio -0.267** 0 530*** 0 31
7***

0 021

13. Leaf Blade/Sheath Ratio -0.133 0.370*** 0.479*** 0.175*

14. Number of Internodes 0.290*** -0.125 -0.052 -0.019

15. Internode Length 0.129 -0.004 0.099 0.173*

16. Internode Width -0.493*** 0.096 0.046 0.199**

17. Internode Ratio 0.282*** -0.034 0.047 -0.084
18. Internode/Sheath Ratio 0.187* 0.037 0.222** 0.097
19. Flowering Time 0.304*** 0.044 0.067 0.030
20. Number of Primary Tassel Branches -0.202** 0.006 -0.178* -0.263***

21. Attitude of Tassel Branches -0.182* -0.033 -0.234** -0.319***

22. Sex of Tassel Flowers 0.031 0.022 -0.035 0.109
23. Length of Central Tassel Spike 0.142 -0.095 -0.006 -0.098
24. Length of Longest Primary Tassel Branch -0.184* -0.009 -0.366*** -0.344***

25. Tassel Ratio -0.176* -0.002 -0.351*** -0.359***

26. Male Fertility 0.112 -0.044 -0.039 -0.003

Percent of trace 7.5 9.0 10.0 10.7

Marked entries show variables that are significantly represented in each
principal component (* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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Table 4.14 Characters most significantly represented (P < 0.005) in the first two

axes of a principal components analysis of Zea diploperennis

(diploperennial teosinte) populations, raised from wild-collected seed

(W, 100 specimens) and derived from tissue culture (Ro or Ru 100

specimens).

nnmnonent Character Loading

PC 1*

(55.5%)

Internode Length
Plant Height
Number of Tillers

Internode/Sheath Ratio

Leaf Blade Length
Internode Ratio

Number of Flowered Tillers

0.249
0.244
-0.242
0.239
0.226
0.222
-0.215

Male Fertility

Length of Central Tassel Spike
0.252
0.224

PC ll
a

(8.2%)

Leaf Sheath Color
Plant Biomass

0.284
0.255

Sex of Tassel Flowers
Number of Primary Tassel Branches
Length of Longest Primary Tassel Branch
Tassel Ratio
Attitude of Tassel Branches

0.414
0.324
0.311
0.293
0.271

(continued)
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Table 4.14 (Continued)

Component Character Loading

PC l
b Internode Length 0.285

Plant Height 0.277

(39.8%) Internode/Sheath Ratio 0.262
Internode Ratio 0.248
Leaf Sheath Color -0.229

Male Fertility 0.287
Length of Longest Primary Tassel Branch 0.267
Tassel Ratio 0.264
Length of Central Tassel Spike 0.253
Number of Primary Tassel Branches 0.243
Attitude of Tassel Branches 0.240

PC ll
b Internode Width 0.462

Leaf Area 0.337

(1 0.5%) Percentage of Flowered Tillers -0.296

Leaf Blade Length 0.280
Internode Ratio -0.280

Leaf Sheath Length 0.270
Number of Flowered Tillers -0.229

Internode/Sheath Ratio -0.223

(continued)
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Table 4.14 (Continued)

Component Character Loading

PC l
c

(25.1%)

Internode Ratio

Leaf Sheath Color
Internode/Sheath Ratio

Leaf Blade Length
Leaf Ratio

Internode Width
Percentage of Flowered Tillers

Number of Flowered Tillers

Leaf Area
Leaf Sheath Length

-0.306

0.304
-0.293
0.279
0.279
0.266
-0.255
-0.222

0.216
0.213

Sex of Tassel Flowers
Number of Primary Tassel Branches

0.289
0.259

PC ll
c

(10.9%)

Internode Length
Leaf Area
Plant Height
Leaf Blade Length

0.369
0.323
0.267
0.234

Tassel Ratio
Attitude of Tassel Branches
Length of Longest Primary Tassel Branch
Length of Central Tassel Spike

0.360
0.320
0.299
-0.231

(continued)
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Table 4.14 (Continued)

Component onaracter LUdUII iy

PC l

d

(17.3%)

Internode Width
Leaf Area
Leaf Blade Length
Internode Ratio

Leaf Sheath Length
Number of Flowered Tillers

0.314
0.274
0.252
-0.251

0.215
-0.213

Number of Primary Tassel Branches
Tassel Ratio

Length of Central Tassel Spike
Attitude of Tassel Branches

0.333
0.282
0.271
0.262

PC ll
d

(12.1%)

Leaf Ratio
Leaf Blade/Sheath Ratio

Leaf Blade Length
Leaf Blade Width
Internode/Sheath Ratio
Internode Length
Number of Tillers

0.469
0.381
0.373
-0.339

0.275
0.259
0.237

a Data sets from Spring 1 989 {W,R0)
b Data sets from Spring 1 990 (W, R0)

c Data sets from Fall 1 990 (W,R0)

d Data sets from Selfed Regenerants (W,Ri)
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Table 4.15 Statistics of location and dispersion and results of analysis of variance

comparing PC I and PC II scores in Zea diploperennis (diploperennial

teosinte) populations, raised from wild collected seed (W, 100

specimens) and derived from tissue culture {Ro or R 1t 100 specimens
each). Data sets from all harvesting seasons, analyzed as separate

groups.

Season
Control Regenerants

Mean o Mean o

Spring PC I 3.64 1.39 -3.64 0.58 2321 .76

1989 PC II -0.10 1.62 0.10 1.27 0.98

Spring PC I 3.01 1.42 -3.01 0.71 1423.96

1990 PC II -0.33 1.96 0.33 1.20 8.22

Fall PC I -2.03 2.05 2.03 0.77 345.14

1990 PC II 0.54 2.18 -0.54 0.58 22.85

Selfed PC I -0.16 2.29 0.16 1.94 1.20

Regenerants PC II 0.80 1.77 -0.80 1.39 50.48

Marked entries indicate significant differences between means
(** 0.01 > P > 0.001 ;

"* P < 0.001).
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univariate findings, the differences found in the Ri plants involve leaf related characters

(leaf length and width, the associated leaf ratio, and leaf blade/sheath ratio), internode

length related traits (internode length, internode/sheath ratio) and the number of tillers.

The plants were otherwise virtually undistinguishable from the controls (Table 4.14).

Analysis of the Ro. A number of characters, both vegetative and floral, in the R0

showed higher coefficients of dispersion than would be expected from a population of

strictly clonal origin. This effect, particularly noticeable in the first harvest season (cf.,

Table 4.2), suggested that a certain level of heterogeneity might exist among the

regenerants, indicating that more than one variant phenotype could be present in the

tissue-culture-derived plants. Application of principal components analysis to the data

sets from the R0 confirmed the univariate assumptions, and permitted the identification

and characterization of the variants.

Ordination on the first two principal components of the individuals of Ro, with all

harvest times analyzed as a single group, is shown in Fig. 4.7. The associated factor

loadings and percents of trace are given in Table 4.16. The presence, in Spring 1989,

of two independent groups of tissue-culture-derived plants is undeniable. These

segregate on the second component axis (Figs. 4.7, 4.8), revealing the existence of

differences in plant biomass, leaf sheath color and internode width (Table 4.16). The

two groups converge in a single one during the Spring and Fall of 1 990, as they both

evolve along the first component, increasing in size and fertility with the passage of time

(Fig. 4.7, Table 4.16).

Figure 4.9 illustrates the ordination on the first two principal components of the

individuals of Ro, when the four harvest times are analyzed as separate groups.

Comparison of factor loadings and percents of trace associated with the individual

analyses for each harvest time are presented in Table 4.17. Analyzing the populations

for the different harvest seasons as separate groups makes direct comparison of the
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Table 4.16 Factor loadings and percents of trace from principal components
analysis of a Zea diploperennis (diploperennial teosinte) population

derived from tissue culture (R0 , 100 specimens). Data sets from all

harvesting seasons, analyzed as a single group.

Principal Component

Character

I II III

1
I .

Plant I—lairthtridiii ntJiyru n 1 1 qU. I I » 0 CtOA

otL. Plant DiArrtQee U. I *to U.OC7C7 0 007
r>
o. iNUiiiuei ui i nicio \J, 1 uu o on
A -n 1 no -0 1 ftO

O. -o 1 riU. I O 1 U. IU I

0 OOfi

U.UOH -O 970*

7 Leaf Shpath Color 0 090
1 paf Shpflth 1 pnnthl—^Cll Ul l^Oll 1 L_d lull 1

0 901 0 147 -O 10Q
q 1 paf Rlfldp 1 pnnthLCGI LCI IUU 1 U.UUU -O 971 *

10. Leaf Blade Width 0.101 0.099 0.177
11. Leaf Area 0.221 0.017 -0.130

12. Leaf Ratio 0.133 -0.125 -0.379***

13. Leaf Blade/Sheath Ratio 0.158 -0.176 -0.302**

14. Number of Internodes 0.147 -0.156 0.318**

15. Internode Length 0.252* 0.035 0.028
16. Internode Width 0.139 -0.373*** -0.197

17. Internode Ratio 0.242* 0.110 0.078
18. Internode/Sheath Ratio 0.245* -0.014 0.079
19. Flowering Time 0.183 -0.291* 0.290*

20. Number of Primary Tassel Branches 0.237* 0.129 -0.083

21. Attitude of Tassel Branches 0.243* 0.128 -0.085
22. Sex of Tassel Flowers 0.205 0.026 0.218
23. Length of Central Tassel Spike 0.214 -0.073 0.303**

24. Length of Longest Primary Tassel Branch 0.243* 0.128 -0.083
25. Tassel Ratio 0.242* 0.127 -0.084
26. Male Fertility 0.250* 0.017 0.020

Percent of trace 58.3 10.9 7.7

Marked entries show variables that are significantly represented in each
principal component (* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).



Fig. 4.8 Histograms of the scores of specimens of a Zea diploperennis

(diploperennial teosinte) population derived from tissue culture (Ro,

1 00 specimens) on the first two principal components extracted from a

matrix of correlation coefficients between twenty six morphometric
variables. Data sets from all harvesting seasons, analyzed as a single

group.

All score frequencies follow a normal (Gaussian) distribution except

for the PC II scores in the Spring 1989, which show a bimodal
frequency distribution, and reveal the presence of two discrete groups
of plants in the Ro, at that harvest time.
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Table 4.17 Comparison of factor loadings and percents of trace from principal

components analyses of Zea diploperennis (diploperennial teosinte)

populations derived from tissue culture (Ro or flj, 100 specimens

each). Data sets from all harvesting seasons, analyzed as separate

groups.

PC

Character

S89 S90 F90

1. Plant Height 0.333" 0.173 0.343** 0.110

2. Plant Biomass 0.278* -0.029 0.160 -0.096

3. Number of Tillers 0.314" -0.251* -0.347** -0.210

4. Relative Tiller Size 0.000 -0.061 -0.026 -0.109

5. Number of Flowered Tillers 0.229* -0.271
* -0.360" -0.214

6. Percentage of Flowered Tillers -0.033 -0.265* -0.321
**

0.002

7. Leaf Sheath Color 0.327** -0.007 0.000 0.000

8 l paf Sheath Lencrth 0.030 0.220 0.145 0.200

9. Leaf Blade Length -0.138 0.344** 0.154 0.246*

10. Leaf Blade Width 0.070 0.137 0.308** 0.107

11. Leaf Area -0.046 0.363** 0.342** 0.264*

12. Leaf Ratio -0.134 0.163 -0.092 0.116

13. Leaf Blade/Sheath Ratio -0.143 0.290* -0.049 0.037

14. Number of Internodes 0.076 -0.041 0.112 -0.072

15. Internode Length 0.226 0.076 0.256* 0.012

16. Internode Width -0.306** 0.350** 0.187 0.300**

17. Internode Ratio 0.314" -0.292* 0.173 -0.267*

18. Internode/Sheath Ratio 0.223 -0.128 0.107 -0.169

19. Flowering Time 0.000 0.000 0.000 -0.067

20. Number of Primary Tassel Branches 0.000 0.000 0.010 0.339**

21. Attitude of Tassel Branches 0.000 0.000 0.000 0.273*

22. Sex of Tassel Flowers 0.311" 0.158 0.000 0.149

23. Length of Central Tassel Spike 0.304** 0.197 0.218 0.231*

24. Length of Longest Primary Tassel Branch 0.000 0.000 0.151 0.342**

25. Tassel Ratio 0.000 0.000 -0.044 0.313"
26. Male Fertility 0.000 0.188 -0.094 -0.005

Percent of trace 43.5 22.1 17.4 17.9

(continued)
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Table 4.17 (Continued)

PC II

Character

S89 S90 F90 Ri

1. Plant Height 0.040 -0.175 0.245* -0.186

2. Plant Biomass 0.041 -0.256* 0.241
*

0.063

3. Number of Tillers 0.011 0.278* 0.220 0.400***

4. Relative Tiller Size 0.000 -0.106 -0.034 -0.035

5. Number of Flowered Tillers 0.070 0.273* 0.222 0.380***

6. Percentage of Flowered Tillers 0.089 0.192 0.186 -0.044

7. Leaf Sheath Color 0.023 0.070 0.000 0.015

8. Leaf Sheath Length 0.089 0.002 -0.120 0.025

9. Leaf Blade Length 0.526*" 0.323** -0.114 0.025

10. Leaf Blade Width 0.194 -0.369** -0.084 -0.384***

11. Leaf Area 0.484"* -0.011 -0.157 -0.262*

12. Leaf Ratio 0.221 0.459*** -0.019 0.269*

13. Leaf Blade/Sheath Ratio 0.512"* 0.339** 0.047 -0.003

14. Number of Intemodes -0.101 -0.171 0.148 -0.122

15. Internode Length 0.218 -0.001 0.402*** -0.112

lb. Internode Width u.uoy

17. Internode Ratio 0.063 -0.076 0.465*** -0.022

18. Internode/Sheath Ratio 0.198 0.003 0.427*** -0.094

19. Flowering Time 0.000 0.000 0.000 -0.050

20. Number of Primary Tassel Branches 0.000 0.000 0.198 0.222

21. Attitude of Tassel Branches 0.000 0.000 0.000 0.228*

22. Sex of Tassel Flowers 0.072 0.037 0.000 -0.339**

23. Length of Central Tassel Spike 0.076 -0.212 -0.061 -0.025

24. Length of Longest Primary Tassel Branch 0.000 0.000 0.091 0.220

25. Tassel Ratio 0.000 0.000 0.128 0.243*

26. Male Fertility 0.000 -0.212 -0.016 -0.025

Percent of trace 14.7 15.6 14.3 12.0

(continued)
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Table 4.17 (Continued)

PC III

onaracter

S89 S90 F90 Ri

1. Plant Height -0.029 0.450*** 0.060 0.052

2. Plant Biomass -0.021 0.289* -0.180 0.067

3. Number of Tillers 0.055 0.172 0.136 0.056

4. Relative Tiller Size 0.000 -0.058 -0.173 -0.091

5. Number of Flowered Tillers 0.177 0.208 0.133 0.074

6. Percentage of Flowered Tillers 0.163 0.265* 0.114 0.060

7. Leaf Sheath Color 0.003 0.086 0.000 0.032

8. Leaf Sheath Length -0.179 0.009 0.164 -0.061

9. Leaf Blade Length 0.087 0.090 0.532
_ . mm***
0.466

10. Leaf Blade Width -0.612"* 0.001 -0.250* -0.173

11. Leaf Area -0.387*** 0.061 0.222 0.235*

12. Leaf Ratio 0.532*** 0.084 0.531*** 0.431
***

13. Leaf Blade/Sheath Ratio 0.119 0.096 0.161 0.449***

14. Number of Internodes 0.002 0.182 -0.157 -0.128

15. Internode Length 0.152 0.488*** 0.189 0.210

16. Internode Widthill l\s ill vy \s w v M %i -0.008 -0.001 0.283* 0.188

17. Internode Ratio 0.110 0.241* 0.071 -0.054

18. Internode/Sheath Ratio 0.194 0.355** 0.044 0.206

19. Flowering Time 0.000 0.000 0.000 0.109

20. Number of Primary Tassel Branches 0.000 0.000 -0.004 -0.131

21. Attitude of Tassel Branches 0.000 0.000 0.000 -0.145

22. Sex of Tassel Flowers -0.027 0.146 0.000 0.000

23. Length of Central Tassel Spike -0.046 0.174 -0.026 -0.154

24. Length of Longest Primary Tassel Branch 0.000 0.000 -0.073 -0.180

25. Tassel Ratio 0.000 0.000 -0.040 -0.172

26. Male Fertility 0.000 0.158 -0.025 -0.035

Percent of trace 10.9 12.5 12.6 11.0

Marked entries show variables that are significantly represented in each
principal component (* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*" P < 0.001).
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seasonal differences more difficult, as both eigenvalues and eigenvectors for the

individual principal components change with the passage of time (Table 4.17). Doing it,

however, increases analytical resolution for each particular season, as fewer data sets

are evaluated and the principal components are scaled to best fit the factors prevailing

in each specific season. The enhanced analytical ability of the procedure, in turn,

makes it simpler to identify critically the individual plants belonging to each group and,

hence, to compare them.

The results from these analyses fully confirm the presence of two discrete

groups of plants (hereafter designated Type A and B Regenerants) in Spring 1 989 (Figs.

4.10 and 4.11). The two groups, whose elements can be individually located by the

graphic model (Fig. 4.9), have highly significant differences in mean PC I scores, a

pattern that is not, however, repeated in subsequent harvest seasons (Fig. 4.12, Table

4.18). Type A Regenerants comprise a group of 80 specimens that basically conform to

the morphological archetype formerly established for Spring 1989 Ro plants. In brief,

they can be described as multitillering plants of reduced stature and fertility, with

atypical proportions and poorly developed (short and unbranched) tassels. Type B

Regenerants, in turn, are a smaller group of 20 plants that, although still fitting the same

overall definition, differ significantly from the former group in having fewer tillers (and,

consequently, fewer flowered tillers), an even shorter plant height, wider internodes (and

a correspondingly smaller internode ratio) and a lighter color (Table 4.17). In addition,

the relatively stouter stems only partially compensate for the combined reduction in

both number of tillers and plant height, which results in a reduced plant biomass.

Differences are also significant at the floral level, where an otherwise even shorter tassel

spike is, in many plants, completely replaced by an ear (all plants where this was

observed fall in this group). This is an extreme expression of the feminization of the

male inflorescence already mentioned previously.



Fig. 4.10

Fig. 4.11

Vegetative and floral morphology in diploperennial teosinte.

Center: seed-derived control

Right: tissue-culture-derived plant (type A)

Left: tissue-culture-derived plant (type B)

Vegetative and floral morphology in diploperennial teosinte.

Left: tissue-culture-derived plant (type A)

Right: tissue-culture-derived plant (type B)

The plant in the center is morphologically intermediate between the

two extremes.
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Fig. 4.12 Histograms of the scores of specimens of a Zea diploperennis

(diploperennial teosinte) population derived from tissue culture (Ro or

Ri, 100 specimens each) on the first two principal components
extracted from a matrix of correlation coefficients between twenty six

morphometric variables. Data sets from all harvesting seasons,
analyzed as separate groups.

All score frequencies follow a normal (Gaussian) distribution except
for the PC I scores in the Spring 1989, which show a bimodal
frequency distribution, and reveal the presence of two discrete groups
of plants in the R0 , at that harvest time.



PC I SCORES PC II SCORES
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Table 4.18 Statistics of location and dispersion and results of analysis of variance

comparing PC I and PC II scores for the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (flo) derived from tissue culture.

Data sets from all harvesting seasons, analyzed as separate groups.

Type A regenerants Type B regenerants

Season F

Mean o Mean a

Spring

1989
PCI
PC II

1.34

0.03

0.89

1.66

-5.37

-0.13

1.34

1.78

737.45*

0.15

Spring

1990
PCI
PC II

-0.18

-0.02

2.18

1.82

0.72

0.06

1.90

1.81

2.87

0.03

Fall

1990
PC I

PC II

-0.05

0.12

1.93

1.85

0.20
-0.50

2.12

1.36

0.25

2.00

Marked entries indicate significant differences between means
(***P < 0.001).
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The exact identification by the graphic model of all individual Type B plants (Fig.

4.9) permitted the application of the methods of univariate analysis to the two Ro sub-

populations. The results from these fully support all the previous conclusions, and

permit their quantification (Tables 4.19 through 4.24). They also add to those

conclusions by revealing, for example, that the reduced height found in Type B plants

(31 .9% less than Type A) is due to a highly significant shorter internode length (1 6.6%

shorter than Type A) rather than fewer internodes, which also results in a highly

significant smaller internode/sheath ratio (16.2% less than Type A). Type B plants also

have significantly longer leaf blades (+14.2%) as well as a correspondingly greater leaf

ratio (+19.8%) and leaf blade/sheath ratio (+15.0%). The exact identification of the

individual Type B specimens also revealed that these plants did not randomly originate

in culture, as all 20 plants were derived from one callus line.

The facts that (1 ) both groups evolve concurrently in the same direction [they

become virtually identical by Spring 1990 (Figs. 4.7 and 4.9, Table 4.18)], and that (2)

there are no aberrant traits in the Ri (Fig. 4.12) indicate that the differences found

between the two morphological types are, once again, transient in nature and not

sexually transmitted. Genetically homologous, the two plant groups gradually develop

to become indistinguishable, before growing fully normal later in time. Hence, Type B

represents nothing but an extreme in the expression of the tissue-culture-induced

epigenetic variation manifested by all the plants that were the object of this study.

Canonical Discriminant Analysis

Because univariate analyses demonstrated significant differences for many

morphometric characters between tissue-culture-derived plants and the seed-derived

controls, as well as within the tissue culture regenerants themselves, calculation of a

discriminant function designed to maximize group differences should reveal substantial
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Table 4.19 Statistics of location and dispersion for the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population {R0) derived from tissue culture.

Values for the Spring 1 989.

Type A Regenerants Type B Regenerants

Character —
Mean o CV Mean o CV

1 69.25 1.52 2.20 47.15 6.96 14.76

2 258.09 26.49 10.26 1 70.60
A O O ~f
43.87

AC 7^
25.71

3 36.63 2.41 6.58 20.20 4.07 20.1 b

4 4.00 0.00 0.00 4.00 0.00 0.00

5 20.04 4.56 22.74 12.35 0.0» df .4b

6 55.00 12.74 23.16 51 .70 i O Qi On T7

7 3.00 0.00 0.00
h r\r\
1 .00 0.00 U.UU

8 73.35 2.40 3.28 d.DO

9 1 80.95 34.07 18.83
one cc20b.bo o4.oo 1 Dot)

10 22.59 4.69 20.74 20.90 3.66 17.52

11 30.69 8.86 28.88 32.85 9.94 30.27

12 8.39 2.51 29.90 10.05 1.70 16.89

13 2.47 0.46 18.58 2.84 0.50 17.70

14 7.03 0.84 11.98 6.65 0.93 14.04

15 50.08 6.21 12.40 41 .75 2.27 5.43

16 2.26 0.18 8.09 3.57 0.58 16.11

17 22.33 3.31 14.83 11.95 2.06 17.27

18 0.68 0.08 12.25 0.57 0.04 6.30

19 1.00 0.00 0.00 1.00 0.00 0.00

20 0.00 0.00 0.00 0.00

21 0.00 0.00 0.00 0.00

22 1.00 0.00 0.00 0.20 0.41 205^20

23 55.19 3.13 5.67 12.00 24.63 205.21

24 0.00 0.00 0.00 0.00

25 0.00 0.00 0.00 0.00

26 0.00 0.00 0.00 0.00
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Table 4.20 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in the

two morphological types (A, 80 specimens; B, 20 specimens) found in

a Zea diploperennis (diploperennial teosinte) population (A?o) derived

from tissue culture. Values for the Spring 1989, sorted by percent

difference between means.

Character Mean (A) Mean (B) % F

16 2.26 3.57 58.0 302.90***

12 8.39 10.05 19.8 7.86**

13 2.47 2.84 15.0 10.18"

9 1 80.95 206.65 14.2 9.02"

6 55.00 61.70 12.2 4.42*

1

1

30.69 32.85 7.0 0.91

4 4.00 4.00 0.0

8 73.35 72.70 -0.9 1.14

14 7.03 6.65 -5.4 3.04

10 22.59 20.90 -7.5 2.26

18 0.68 0.57 -16.2 32.42***

15 50.08 41.75 -16.6 34.59***

1 69.25 47.15 -31.9 693.97"*

2 258.09 170.60 -33.9 130.45***

5 20.04 12.35 -38.4 49.84***

3 36.63 20.20 -44.9 546.57"*

17 22.33 11.95 -46.5 178.32***

7 3.00 1.00 -66.7 00
***

20 0.00 0.00 •

21 0.00 0.00

24 0.00 0.00

25 0.00 0.00

26 0.00 0.00

19 1.00 1.00 0.0

23 55.19 12.00 -78.3 237.88***

22 1.00 0.20 -80.0 313.60***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P £ 0.001).
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Table 4.21 Statistics of location and dispersion for the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (R0) derived from tissue culture.

Values for the Spring 1 990.

Type A Regenerants Type B Regenerants

Mean a CV Mean a CV

1 77.68 4.09 5.26 77.95 3.95 5.07

2 199.43 38.54 19.32 186.40 34.13 18.31

3 20.50 5.39 26.30 20.95 4.10 19.56

4 3.44 0.50 14.52 3.45 0.51 14.79

5 15.21 5.02 32.99 15.35 3.65 23.75

6 72.93 6.79 9.31 72.80 6.03 8.29

7 2.39 0.49 20.53 2.65 0.49 18.47

8 72.14 4.20 5.82 71 .95 4.67 6.50

9 199.63 41 .65 20.87 209.20 35.82 17.12

10 22.91 3.94 17.21 23.44 4.20 17.91

11 34.23 9.07 26.51 36.40 7.86 21 .58

12 9.02 2.67 29.57 9.31 2.83 30.37

13 2.77 0.56 20.29 2.91 0.46 15.90

14 9.11 1.36 14.92 8.40 1.14 13.60

15 82.21 4.31 5.24 81.65 4.22 5.17

16 2.97 0.31 10.34 3.02 0.26 8.69

17 27.95 3.11 11.14 27.35 1.98 7.24

18 1.14 0.08 7.07 1.14 0.07 6.54

19 2.00 0.00 0.00 2.00 0.00 0.00

20 0.00 0.00 0.00 0.00

21 0.00 0.00 0.00 0.00

22 1.34 0.48 35.58 1.85 0.37 19.80

23 98.66 5.08 5.15 103.30 3.54 3.43

24 0.00 0.00 0.00 0.00

25 0.00 0.00 0.00 0.00

26 22.23 13.97 62.87 34.45 8.99 26.09
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Table 4.22 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in the

two morphological types (A, 80 specimens; B, 20 specimens) found in

a Zea diploperennis (diploperennial teosinte) population (Ro) derived

from tissue culture. Values for the Spring 1990, sorted by percent

difference between means.

Character Mean (A) Mean (B) % F

7 2.39 2.65 10.9 4.59*

11 34.23 36.40 6.3 0.97

13 2.77 2.91 5.1 1.05

9 199.63 209.20 4.8 0.89

12 9.02 9.31 3.2 0.18

10 22.91 23.44 2.3 0.29

3 20.50 20.95 2.2 0.12

16 2.97 3.02 1.7 0.40

5 15.21 15.35 0.9 0.01

1 77.68 77.95 0.3 0.07

4 3.44 3.45 0.3 0.01

18 1.14 1.14 0.0 0.08

6 72.93 72.80 -0.2 0.01

8 72.14 71.95 -0.3 0.03

15 82.21 81.65 -0.7 0.28

17 27.95 27.35 -2.1 0.67

2 199.43 186.40 -6.5 1.91

14 9.11 8.40 -7.8 4.66*

26 22.23 34.45 55.0 13.82***

22 1.34 1.85 38.1 20.15***

23 98.66 103.30 4.7 14.83***

19 2.00 2.00 0.0

20 0.00 0.00

21 0.00 0.00

24 0.00 0.00 •

25 0.00 0.00

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

*** P < 0.001).
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Table 4.23 Statistics of location and dispersion for the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (R0) derived from tissue culture.

Values for the Fall 1990.

Type A Regenerants Type B Regenerants

Mean a CV Mean o CV

1 1 50.73 7.39 4.91 151.15 6.97 4.61

2 299.58 27.67 9.24 290.25 24.57 8.46

3 15.18 3.45 22.73 15.40 2.68 17.42

4 3.44 0.50 14.52 3.45 0.51 14.79

5 10.83 3.50 32.30 10.70 2.74 25.57

6 69.96 8.45 12.07 68.45 7.70 11.25

7 3.00 0.00 0.00 3.00 0.00 0.00

8 89.35 8.09 9.05 89.00 9.26 10.40

9 287.84 16.81 5.84 291 .75 14.48 4.96

10 25.35 1.36 5.38 25.54 1.44 5.64

11 54.74 4.15 7.58 55.80 3.62 6.49

12 11.39 0.95 8.34 11.46 1.00 8.69

13 3.24 0.31 9.42 3.31 0.32 9.67

14 9.45 1.10 11.65 8.95 0.94 10.55

15 175.48 18.41 10.49 172.95 18.14 10.49

16 3.19 0.14 4.39 3.20 0.13 3.93

17 55.09 6.26 11.36 54.00 4.95 9.17

18 1.98 0.25 12.55 1.96 0.22 11.37

19 2.00 0.00 0.00 2.00 0.00 0.00

20 2.46 0.50 20.38 2.35 0.49 20.82

21 1.00 0.00 0.00 1.00 0.00 0.00

22 2.00 0.00 0.00 2.00 0.00 0.00

23 121.18 6.71 5.54 127.20 4.63 3.64

24 92.08 5.33 5.79 91.85 5.57 6.06

25 0.76 0.05 6.84 0.72 0.03 4.18

26 92.21 4.70 5.09 93.15 4.57 4.90
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Table 4.24 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in the

two morphological types (A, 80 specimens; B, 20 specimens) found in

a Zea diploperennis (diploperennial teosinte) population (Ro) derived

from tissue culture. Values for the Fall 1990, sorted by percent

difference between means.

Character Mean (A) Mean (B) % F

13 3.24 3.31 2.2 0.66

1

1

54.74 55.80 1.9 1.10

3 15.18 15.40 1.4 0.07

9 287.84 291 .75 1.4 0.91

10 25.35 25.54 0.7 0.29

1 ? 11.39 11.46 0.6 0.09

1 150.73 151.15 0.3 0.05

4 3.44 3.45 0.3 0.01

16 3.19 3.20 0.3 0.08

7 3.00 3.00 0.0

8 89.35 89.00 -0.4 0.03

18 1.98 1.96 -1.0 0.11

5 10.83 10.70 -1 .2 0.02

15 175.48 172.95 -1 .4 0.30

17 55.09 54.00 -2.0 0.52

6 69.96 68.45 -2.2 0.53

2 299.58 290.25 -3.1 1.90

14 9.45 8.95 -5.3 3.48

23 121.18 127.20 5.0 14.36"*

26 92.21 93.15 1.0 0.64

19 2.00 2.00 0.0

21 1.00 1.00 0.0

22 2.00 2.00 0.0

24 92.08 91.85 -0.2 0.03

20 2.46 2.35 -4.5 0.81

25 0.76 0.72 -5.3 10.38"

Marked entries indicate significant differences between means
(" 0.01 > P > 0.001 ;

*" P < 0.001).
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separation between these a priori groups. The following results show that this

expectation is indeed realized.

Analysis of all data sets as a single group . Projection on the first two canonical

variables of individuals of R0 (or fl r ) and W, when all harvesting times are analyzed as a

single group, is shown in Fig. 4.13. Table 4.25 displays the associated standardized

canonical coefficients and shows the cumulative average squared canonical

correlations (ASCC) from the step-wise discriminant analysis, and details in descending

order the unique contribution of the various morphometric traits to the discriminatory

capability of the model. Generalized distances between group centroids are given for

all groups in Table 4.26. Mean scores for the two canonical variables of individuals of

Ro (or Ri) and W are compared in Table 4.27, covering all harvesting times.

In the step-wise discriminant analysis male fertility is entered first, followed by

plant biomass, internode length and leaf sheath color, in basic agreement with results

from previous analyses. In all, 25 of the 26 variables are significantly involved in the

definition of the discriminant function, which shows the difficulty of the model to

discriminate concurrently all the populations from all harvest seasons (total

ASCC = 0.559). With these 25 variables included, there is significant heterogeneity

between the group centroids of the tissue-culture-derived population and the seed-

derived control for all but the last harvest season (Tables 4.26 and 4.27). The model,

then, successfully discriminates the Ro from the wild types during Spring 1989, Spring

1 990 and Fall 1 990. It also clearly renders the attenuation, with time, of the differences

among those populations, to the point of finally being unable to discriminate the R 1 and

the corresponding control (Fig. 4.13, Table 4.27).

Analysis of all data sets as separate groups. Frequency distributions of the

discriminant scores on the first canonical variable of individuals of Ro (or fl?) and W,

when all harvesting times are analyzed as separate groups, is shown in Fig. 4.14.
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Table 4.25 Standardized canonical coefficients and cumulative average squared

canonical correlations (ASCC) from a step-wise discriminant analysis

calculated to discriminate two Zea diploperennis (diploperennial

teosinte) populations, raised from wild-collected seed

(W, 100 specimens) and derived from tissue culture {R0 or Ru
100 specimens each). Data sets from all harvesting seasons,

analyzed as a single group.

Canonical Variable

Step Character ASCC8

***

***

***

1 Male Fertility 4.652 1.946 0.139

2 Plant Biomass 0.008 0.418 0.205

3 Internode Length -0.663 -1.526 0.249

4 Leaf Sheath Color -0.116 -0.100 0.299

5 Number of Tillers -1.474 2.597 0.333

6 Length of Central Tassel Spike 0.801 -2.528 0.366

7 Flowering Time 0.016 -0.417 0.390

8 Leaf Blade Width -0.222 0.067 0.415*"

9 Number of Flowered Tillers 0.578 -1.325 0.433

10 Percentage of Flowered Tillers -0.147 0.468 0.454

1 1 Length of Longest Primary Tassel Branch -1 .682 5.21 3 0.464

12 Tassel Ratio 1.600 -4.451 0.481

13 Attitude of Tassel Branches 0.114 0.081 0.493

14 Relative Tiller Size -0.008 0.164 0.504

15 Internode/Sheath Ratio 2.041 1.796 0.510

16 Internode Width -0.405 -0.463 0.515
17 Leaf Area -0.052 0.291 0.524"*

18 Sex of Tassel Flowers -0.108 -0.202 0.530***

19 Plant Height -0.058 0.651 0.535***

20 Internode Ratio -0.480 -0.420 0.538***

21 Leaf Sheath Length 0.803 0.421 0.539***

22 Number of Primary Tassel Branches 0.039 0.006 0.542***

23 Leaf Ratio -0.260 0.021 0.544***

24 Leaf Blade Length 0.682 0.489 0.556
25 Number of Internodes 0.067 -0.183 0.558
26 Leaf Blade/Sheath Ratio -0.293 -0.506 0.559

***

***

***

***

***

***

***

***

***

The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

Marked entries show variables that significantly contribute to the
discriminatory capability of the model (** 0.01 >P>0.001; ***

P<0.001).
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Table 4.26 Mahalanobis' distances8 between group centroids from a canonical

discriminant analysis calculated to discriminate two lea diploperennis

(diploperennial teosinte) populations, raised from wild-collected seed

(W, 100 specimens) and derived from tissue culture (Ro or Ru 100

specimens each). Comparative results for all harvesting periods,

when all data sets are pooled together and analyzed as a single

group.

To group

From

group W(S89) fl0(S89) W(S90) fl0(S90) W(F90) fl0(F90) IV(flf) fl*(fl,)

W(S89) 0.0 402.4 16.3 199.2 25.4 42.7 10.5 16.9

flo(S89) 0.0 369.8 99.9 369.4 337.8 395.0 386.5

W(S90) 0.0 180.0 3.7 20.8 9.8 14.2

flo(S90) 0.0 185.1 160.1 196.6 193.8

W(F90) 0.0 21.6 12.8 14.4

fl0(F90) 0.0 29.4 26.5

W(Ri) 0.0 7.6

Ri(Ri) 0.0

8 The Mahalanobis' D2 (or generalized distance between two groups) is

a measure of the morphometric dissimilarity between the groups.

The entries in bold show distances between the centroids of Ro (or Ri)

and the corresponding controls for the four harvest seasons.
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Table 4.27 Statistics of location and dispersion and results of analysis of variance

comparing CAN I and CAN II scores in Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed

(W, 100 specimens) and derived from tissue culture (Ro or Ri, 100

specimens each). Data sets from all harvesting seasons, analyzed as

a single group.

Season
Control Regenerants

Mean o Mean o

Spring

1989
CAN I

CAN II

4.51

-0.33

0.84

1.00

-15.08

2.96

0.63

1.50

35008.07*"
333.32***

Spring

1990
CAN I

CAN II

3.86

0.35

0.69

0.87

-8.52

-4.54

2.00

0.65

3410.12"*
2015.63***

Fall

1990
CAN I

CAN II

3.84

0.81

0.74

0.88

2.59

0.06

0.68

0.54

154.80***

52.50***

Selfed

Regenerants
CAN I

CAN II

4.53

0.22

0.99

1.27

4.28

0.45

0.65

0.95

4.46

2.08

Marked entries indicate significant differences between means (*** P < 0.001).
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Table 4.28 displays, for every harvest season, the standardized canonical coefficients

associated with each separate analysis and shows the cumulative average squared

canonical correlations (ASCC) from the step-wise discriminant analyses detailing, in

descending order, the morphometric traits that, in each season, significantly contributed

to the discriminatory capability of the model. Average squared canonical correlations,

eigenvalues and generalized distances between group centroids are given for all

harvests in Table 4.29. Mean scores for the first canonical variable of individuals of Ro

(or fir) and W are compared in Table 4.30, covering all harvesting times.

As was the case with principal components analysis, the increased analytical

power attained by processing separately the four harvest seasons improved the

resolution of the models; tissue-culture-derived populations and respective controls

were now discriminated at all harvest seasons, including the Rl Doing so, however,

considerably narrowed the descriptive value of the method as, by their very own nature

and unlike principal components analyses, discriminant analyses tend to

overemphasize the discriminant value of single (or just a few) characters, in detriment to

other equally or even more important (in biological terms) discriminant traits.

Discrimination of the Ro from the respective control, in Spring 1 989, is based

almost entirely on male fertility (ASCC = 0.995, Table 4.28). Other entries that

significantly contribute to the discriminatory power of the model include plant height,

number of tillers, length of central tassel spike and, to a lesser extent, internode ratio.

The model is not further improved with the incorporation of any additional variables

(Table 4.28). With these five variables included, there is a highly significant

heterogeneity among the group centroids. The model clearly discriminates the R0

plants from the seed-derived controls (Fig. 4.14, Tables 4.29 and 4.30).

Discrimination is still strongly based on male fertility (ASCC = 0.922, Table 4.28)

in Spring 1990. Other contributing variables include internode length, leaf sheath color,

tassel ratio and sex of tassel flowers and, to a lesser extent, internode width, internode
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Table 4.28 Standardized coefficients from a canonical discriminant analysis and

cumulative average squared canonical correlations (ASCC) from a

step-wise discriminant analysis calculated to discriminate two Zea

diploperennis (diploperennial teosinte) populations, raised from wild-

collected seed (W, 1 00 specimens) and derived from tissue culture (Ro

or ft j, 100 specimens).

Step Character CAN l

a ASCC

i
i .

Malp Fprtilitv 12.939 0.995"*

2 Plant Heiaht 0.383 0.995"

o. Mi imhpr nf Tillprc -1 .367 0.995"

4 lci i^u i vji vwi luai i aooci v_/^ji r\C/ 1.062 0.995"
Ro. IntprnnHp Ratio -0.035 0.996*

6 Leaf Ratio -0.175 0.996

7 Intprnodp WidthII 1 lv 1 1 1 w V V IVl 11 1 -0.304 0.996

8. Lenath of Lonaest Primarv Tassel Branch -1 .820 0.996

9. Attitude of Tassel Branches 0.400 0.996

10. Number of Primary Tassel Branches 0.386 0.996

11. Tassel Ratio 0.961 0.996

12. Average Tiller Size 0.105 0.996

13. Internode/Sheath Ratio 2.947 0.996

14. Percentage of Flowered Tillers -0.045 0.996

15. Leaf Sheath Length 0.422 0.996
16. Internode Length -2.356 0.996
17. Leaf Blade/Sheath Ratio -0.851 0.996
18. Leaf Blade Length 1.555 0.996
19. Leaf Blade Width -0.106 0.996
20. Sex of Tassel Flowers -0.112 0.996
21. Plant Biomass -0.071 0.996
22. Flowering Time -0.053 0.996
23. Leaf Sheath Color -0.061 0.996
24. Number of Internodes 0.032 0.996
25. Leaf Area -0.201 0.996
26. Number of Flowered Tillers -0.016 0.996

(continued)
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Table 4.28 (Continued)

Step Character CAN l
b ASCC

1

.

Male Fertilitv 4.610 0.922***

2 Internode Lenath -0.216 0.947***

3. Leaf Sheath Color -0.381 0.952***

4 Taccol Ratio -9.444 0.955***

5 Sex of Tassel Flowers -0.212 0.958***

6. Internode Width -0.636 0.959**

7. Internode Ratio -1.008 0.961**

8. Plant Heiaht 0.629 0.962*

9. Lenath of Central Tassel Soike -2.034 0.963*

10. Lenath of Lonaest Primarv Tassel Branch 10.292 0.969*

11. Internode/Sheath Ratio 2.254 0.970*

12. Leaf Sheath Length 0.754 0.971*

13. Number of Internodes -0.061 0.971

14. Leaf Blade Width -0.565 0.971

15. Number of Tillers -1 .219 0.971

16. Plant Biomass 0.108 0.971

17. Leaf Area -0.042 0.972

18. Leaf Ratio -0.897 0.972

19. Average Tiller Size 0.053 0.972

20. Number of Primary Tassel Branches 0.155 0.972

21. Leaf Blade Length 0.873 0.972

22. Number of Flowered Tillers 1.225 0.972
23. Percentage of Flowered Tillers -0.419 0.973

24. Flowering Time -0.025 0.973
25. Leaf Blade/Sheath Ratio -0.098 0.973
26. Attitude of Tassel Branches -0.007 0.973

(continued)
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Table 4.28 (Continued)

CtonOlfc!p f>harar*tprWllCUCtWlHI CAN l
c ASCC

1
1 .

I paf Sheath Color -2.21

7

0.831*"

O IntprnnHp 1 pnnth
II IICI 1 HJLJt! LCI IUU 1

0.575 0.853***

3w\ 1 paf Ratio 2.246 0.861***

4 Plant Rinmac;<5 -0.21

5

0.869***

5w\ 1 pnnth of I onoest Primarv Tassel BranchLvl lull 1 vl Lvl IUvvl 1 1 11 1 IUI y 1 -w> \_> \_/ l ui Ml IWI I 1.149 0.874*

Attiti iHp nf Taccpl RrannhPQrAllllUUC VJI 1 uOOCl Ul Ol Iwl ICO 0.502 0.889*

7 Pprppntanp of Flowprpri Tillprs 0.172 0.893*

8 1 paf Area 2.690 0.895

9w

.

Avpranp Tillpr Si7PnVCI uUw 1 lllwl UILC 0.143 0.896

I u. Mi imhcr of TillprcINUIIIUcl Ul IIIIUlo -0 066w. \S\J\J 0 898

I I .

-0 094w. ww^T 0 899W .Www
19 1 paf RlaHp 1 pnnthLeal Diauc i_ci lyu I

-5 282 0 900
1 ^
I o. Plant Wpinht

i lain nciyi u -0 223 0 900
1 A Coy of Taccpl FlnwprcOca kji I aojci rivjwciw 0 194w. 1 w"T 0 901W . 1

1 fi Mnmhor of Priman/ Taccpl RrannhPQINUI 1 lUcl \J\ i 1 II l Id! y I aoocl Dl al iwl ico -0 131w. 1 \J 1 0 901w.ww 1

Malp Fprtilitwiviaic i ciLiiiiy 0 070w \J 1 w 0 902
17
1 # •

1 pnnth of Central Ta*^pl SnikpLCI IMU 1 vl vvl HI dl I aooci UUIrXv -0.588 0.902

18. Tassel Ratio -1 .691 0.904

19. Leaf Sheath Length 0.692 0.904

20. Leaf Blade/Sheath Ratio 0.612 0.905

21. Number of Internodes 0.052 0.905

22. Internode Width 0.009 0.905

23. Number of Flowered Tillers 0.210 0.905

24. Leaf Blade Width -0.109 0.906

25. Internode/Sheath Ratio 0.102 0.906

26. Internode Ratio -0.087 0.906

(continued)
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Table 4.28 (Continued)

oiep

============^==========
v^rididoici CAN l

d ASCC

i

.

r oTOciudyc ui nuwcicu iiiicio 0 614 0.147***

o
c. IntornnHo I onnth -0.237 0.273***

3 I paf Sheath Color 0.216 0.345***

4 1 paf Rlarip Width 0.793 0.404***

c Flnworinn Tlmpnuwciiiiy ihmc -0.564 0.443***

eo. Plant RinmaGG
l ten ii uiuiiiaoo 0.242 0.458*

7 Mi imhpr nf IntPrnnHPG 0.176 0.471
*

Q Av/pranp Tillpr Si7Pnvci aye i mci wiz.c 0.210 0.480

q£3. INUIIIUCI w 1 IIIICIO 0.020 0.487
TpcqpI Ratio 1 .827 0.490

I I

.

1 annth r\f 1 onnoet Primarw Taccol RranohLUIiylll Ul LUliyWoL r 1 III Idly 1 doom Did) loll -2 050 0 499
1 9 Mumhpr of Primarv Ta^cpl RranohpGINLil 1 IUCI \Jl l 1 II 1 IOI y 1 QOOvl LJ 1 C*l Iwl IvQ 0.404 0.507

I O. Oca Ul 1 doocl rlUWcio U, 1 uu 0 51

1

A+titi iHo nf Taccol Rranph^Q/AllllUUC Ul l aoocl Dl CSI IUI ICO -0 173 0 514

HIlClllUUC VVIVJIM 0 365 0 517
16 1 paf Shpath 1 pnnth -0.785 0.518
17 IntprnorJp/Shpath Ratio -0.757 0.519

18. Plant Height o!l93 0^522

19. Internode Ratio 0.319 0.523

20. Length of Central Tassel Spike 0.157 0.524

21. Leaf Ratio 1.945 0.525

22. Leaf Blade Length -2.185 0.535

23. Leaf Area 0.961 0.536

24. Male Fertility 0.047 0.537

25. Number of Flowered Tillers -0.281 0.537

26. Leaf Blade/Sheath Ratio -0.012 0.537

a Data sets from Spring 1989 (W,R0)

b Data sets from Spring 1 990 (W, R0)

c Data sets from Fall 1 990 (W,R0)

d Data sets from Selfed Regenerants (\N,Ri)

The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

Marked entries show variables that significantly contribute to the
discriminatory capability of the model (* 0.05>P>0.01 ;

** 0.01 >P>0.001

;

***P<0.001).
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Table 4.29 Comparison of average squared canonical correlations, eigenvalues

for the first canonical variable and Mahalanobis' generalized (D2)

distances between groups from canonical discriminant analyses

calculated to discriminate two lea diploperennis (diploperennial

teosinte) populations, raised from wild-collected seed (W, 100

specimens) and derived from tissue culture (Ro or Ri, 100 specimens

each). Data sets from all harvesting seasons, analyzed as separate

groups.

Data Set ASCO Eigenvalue6 D2 *

Spring 1 989
(W,R0)

Spring 1990
(W,R0)

Fall 1990
(W,R0)

Selfed Regenerants
(W,fl T )

8 The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

b The eigenvalue represents the ratio of between-class variation to within-

class variation for the canonical variable.

0 The Mahalanobis' D2 (or generalized distance between two groups) is a
measure of the morphometric dissimilarity between the groups.

0.996 272.4 1079.0

0.973 35.4 140.3

0.906 9.6 38.0

0.537 1 .2 4.6
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Table 4.30 Statistics of location and dispersion and results of analysis of variance

comparing CAN I scores in two Zea diploperennis (diploperennial

teosinte) populations, raised from wild collected seed {W, 100

specimens) and derived from tissue culture {Ro or Ri, 100 specimens

each). Data sets from all harvesting seasons, analyzed as separate

groups.

Season
Control Regenerants

Mean a Mean a

Spring 1 989 16.42 1.36 -16.42 0.39 53932.08"*

Spring 1 990 5.92 1.06 -5.92 0.94 7013.83*"

Fall 1990 3.08 1.34 -3.08 0.46 1897.76***

Selfed Regenerants -1.07 1.10 1.07 0.89 229.70***

Marked entries indicate significant differences between means (*** P < 0.001).
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ratio, plant height, length of central tassel spike, length of longest primary tassel branch,

internode/sheath ratio and leaf sheath length (Table 4.28). With these 12 variables

combined, the model again shows a highly significant separation between groups, while

also revealing a much shorter distance between them (Fig. 4.14, Tables 4.29 and 4.30).

For the first time in Fall 1990 male fertility was no longer an important

component of the discriminating function. This showed that the R0 was now normal (or

nearly so) for that trait. Group separation was now strongly influenced by differences in

leaf sheath color (ASCC = 0.831 , Table 4.28), together with internode length, leaf ratio,

plant biomass and, to a much lesser extent, the length of the longest primary tassel

branch, the attitude of tassel branches and the percentage of flowered tillers (Table

4.28). With these seven variables alone segregation between the centroids of the two

groups was again highly significant. The discriminating model also revealed, however,

an additional reduction in the gap separating them (Fig. 4.14, Tables 4.29 and 4.30).

In sharp contrast with the previous harvest seasons, where the discriminating

model was strongly dominated by a single trait, definition of the discriminant function for

the selfed regenerants and the respective controls was based on a number of weakly

represented variables, including the percentage of flowered tillers, internode length, leaf

sheath color, leaf blade width, flowering time, plant biomass and number of internodes

(Table 4.28). The resulting model was correspondingly much weaker than any of those

from previous seasons (total ASCC = 0.537, Table 4.29). While still able to significantly

discriminate between groups, the discriminant function revealed that the variability

between groups was now of the same order of magnitude as the variability within the

groups (eigenvalue = 1 .2, Table 4.29). There is ample overlapping between the

individuals of the two groups (Fig. 4.14, Tables 4.29 and 4.30).

In sum, the use of multiple discriminant analysis, while of a considerably less

descriptive value than the previous methods, leads by and large to the same overall

conclusions. Differences between the Ro and seed-derived control plants are
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substantial, and based mostly on male fertility and plant size. They are also greatly

attenuated with the passage of time. Differences between the R 1 and the respective

controls are much less pronounced and of a more diffuse nature, dominated by a

shorter stature of the tissue-culture-derived plants and by a more intense average

coloration and an earlier flowering time (both traits that, as previously discussed, could

be the result of genetic drift in the Ri).

Analysis of the Ro. The results of univariate analysis suggested the presence of

more than one distinct group in the R0 population (in particular in Spring 1989), an

assumption that was fully confirmed by the subsequent principal components analysis

of the Ro data sets. The techniques of multiple discriminant analysis were also applied

to the same data sets (Type A and Type B regenerants being the newly defined a priori

groups) to further confirm (or otherwise refute) the reality of the existence of such

groups.

Projection on the first three canonical variables of the individuals of R0 , with the

data sets from all harvest times analyzed as a single group and Type A and Type B

regenerants defined as the a priori groups, is shown in Figs. 4.15 and 4.16. Table 4.31

displays the standardized canonical coefficients and the cumulative average squared

canonical correlations (ASCC) from the step-wise discriminant analysis showing, in

descending order, the morphometric traits that most significantly contributed to the

discrimination of the two regenerant types. The generalized distances between group

centroids are given for all groups in Table 4.32, and the mean scores of Type A and

Type B individuals are compared, for the three canonical variables, in Table 4.33

covering all harvesting times.

The magnitude of the differences found in the evolving R0 population, as it

changed over time, was much greater than that found between the two regenerant

types within each harvest season, as shown in Figs. 4.15 and 4.16. The three harvest



Fig. 4.15 Relative similarity of specimens from the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (Ro) derived from tissue culture,

as shown by their projection on the first three canonical variables from
a multiple discriminant function analysis calculated to discriminate the

two regenerant types. Data sets from all harvesting seasons,

analyzed as a single group.

The specimens from each harvest season are discriminated on the

plane of the first two canonical variables. The two regenerant types
are resolved, in each season, on the third canonical variable (see

Fig. 4.16).

Solid circles: Type A Regenerants
Open circles: Type B Regenerants
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Fig. 4.16 Histograms of the scores of specimens of the two morphological

types (A, 80 specimens; B, 20 specimens) found in a Zea
diploperennis (diploperennial teosinte) population (flo) derived from

tissue culture, on the third canonical variable from a multiple

discriminant function analysis calculated to discriminate the two
regenerant types. Data sets from all harvesting seasons, analyzed as
a single group.

Light Gray: Type A Regenerants
Dark Gray: Type B Regenerants
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Table 4.31 Standardized canonical coefficients and cumulative average squared

canonical correlations (ASCC) from a step-wise discriminant analysis

calculated to discriminate the two morphological types

(A, 80 specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (R0) derived from tissue culture.

Data sets from all harvesting seasons, analyzed as a single group.

Canonical Variable

Step Character ASCC»

I II III

1 Flowering Time -0.51

4

1.034 -0.857 0.200

2 Attitude of Tassel Branches 1.152 -0.072 -2.246 0.400

3 Leaf Sheath Color 0.000 0.000 1.159 n CA-r***0.547

4 Length of Central Tassel Spike 0.000 0.000 2.893 0.568

5 Internode Width 0.000 0.000 -1 .524
r\ CQO***

6 Sex of Tassel Flowers 0.000 0.000 -0.232 O.bOo

7 Male Fertility 0.000 0.000 -0.207 0.D21

8 Tassel Ratio 0.000 0.000 5.097 0.637"*

9 Length of Longest Primary Tassel Branch n nnnu.uuu n nnnu.uuu -o.o 1 D

10 Plant Height 0.000 0.000 2.134 0.652"*

11 Number of Tillers 0.000 0.000 0.784 0.654***

12 Percentage of Flowered Tillers 0.000 0.000 -0.353 0.656***

13 Number of Internodes 0.000 0.000 -0.195 0.660*

14 Internode Ratio 0.000 0.000 -2.481 0.661

15 Plant Biomass 0.000 0.000 0.123 0.663

16 Leaf Sheath Length 0.000 0.000 0.845 0.666

17 Internode/Sheath Ratio 0.000 0.000 2.886 0.667

18 Internode Length 0.000 0.000 -0.835 0.668

19 Number of Primary Tassel Branches 0.000 0.000 -0.143 0.669

20 Leaf Ratio 0.000 0.000 0.529 0.669

21 Leaf Blade Width 0.000 0.000 0.068 0.670

22 Number of Flowered Tillers 0.000 0.000 0.056 0.670

23 Leaf Blade Length 0.000 0.000 -0.662 0.670

24 Leaf Area 0.000 0.000 0.577 0.670

25 Leaf Blade/Sheath Ratio 0.000 0.000 -0.129 0.670

26 Relative Tiller Size 0.000 0.000 -0.028 0.670

a The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

Marked entries show variables that significantly contribute to the

discriminatory capability of the model (* 0.05>P>0.01 ;

***
P<0.001).
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Table 4.32 Mahalanobis' distances8 between group centroids from a canonical

discriminant analysis calculated to discriminate the two morphological

types (A, 80 specimens; B, 20 specimens) found in a lea

diploperennis (diploperennial teosinte) population (Ro) derived from

tissue culture. Comparative results for all harvesting periods, when all

data sets are pooled together and analyzed as a single group.

To group

From

group A(S89) B(S89) A(S90) B(S90) A(F90) B(F90)

A(S89) 0.0 173.9 1.5 X109 1.5 x10s 2.9 x10s 2.9 x10s

B(S89) 0.0 1.5x10s 1.5x10s 2.9x10s 2.9x10s

A(S90) 0.0 7.2 1.5 x10s 1.5 x10s

B(S90) 0.0 1.5 x10s 1.5 x10s

A(F90) 0.0 4.1

B(F90) 0.0

a The Mahalanobis' D2 (or generalized distance between two groups) is

a measure of the morphometric dissimilarity between the groups.

The entries in bold show distances between the centroids of Type A and
Type B regenerants for the three harvest seasons.
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Table 4.33 Statistics of location and dispersion and results of analysis of variance

comparing CAN I, CAN II and CAN III scores for the two morphological

types (A, 80 specimens; B, 20 specimens) found in a Zea

diploperennis (diploperennial teosinte) population (Ro) derived from

tissue culture. Data sets from all harvesting seasons, analyzed as a

single group.

Season
Type A regenerants Type B regenerants

Mean a Mean a

Spring CAN I -0.09 0.00 -0.09 0.00

1989 CAN II -1.41 0.00 -1.41 0.00

CAN III 2.64 0.54 -10.55 2.63 1772.38"*

Spring CAN I -1.18 0.00 -1.18 0.00

1990 CAN II 0.78 0.00 0.78 0.00

CAN III -0.14 1.15 0.55 1.10 5!88*

Fall CAN I 1.26 0.00 1.26 0.00

1990 CAN II 0.63 0.00 0.63 0.00

CAN III -0.03 0.37 0.13 0.31 3^26

Marked entries indicate significant differences between means

C 0.05 > P > 0.01 ;

*** P < 0.001).
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times for the R0 are separated on the plane of the first two canonical variables, based

exclusively on the unique contributions of two discriminant variables (Table 4.31),

flowering time (the plants flowering earlier in Spring 1989 and Spring 1990 than in Fall

1 990) and the attitude of the tassel branches (there is a progressive branching of the

tassels with the passage of time). The two regenerant populations (Type A and Type B)

are resolved, in each season, on the third canonical variable (Fig. 4.16). Widely different

in Spring 1989, the two morphological types gradually merge together over the next two

harvest seasons, and are virtually indistinguishable in Fall 1990 (Fig. 4.16, Tables 4.32

and 4.33). The morphometric traits that are significantly involved in the discrimination of

Type A and Type B regenerants include primarily leaf sheath color (more intense in

Type A), plant height and number of tillers (greater in Type A, in Spring 1989),

percentage of flowered tillers and internode width (greater in Type B, in the same

harvest season) and, to a much lesser extent, the number of internodes. Significant

characteristics of the tassel in the discriminant model include sex of tassel flowers, male

fertility, length of the central tassel spike and of the longest primary tassel branch-as

well as the corresponding tassel ratio, which reflects the pronounced reduction in

development of the tassel and the sex reversal found in Type B regenerants (in Spring

1989). The results of the discriminant analysis, thus, reinforce the validity of the

previous assumptions and fully confirm the findings of the univariate and principal

components analyses.

Application of the discriminant function to the R0 data sets, analyzed as separate

groups, leads basically to the same conclusions. Separation of the two regenerant

types is complete (ASCC = 1) in Spring 1989 (Fig. 4.17, Tables 4.35 and 4.36), based

solely on differences in leaf sheath color (Table 4.34). Segregation of the two

populations is considerably less efficient in subsequent seasons (Fig. 4.17, Tables 4.35

and 4.36). The eigenvalues reveal that in both the Spring and Fall 1990 the differences

between the two groups are of the same or a lesser order of magnitude than those
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Table 4.34 Standardized coefficients from a canonical discriminant analysis and

cumulative average squared canonical correlations (ASCC) from a

step-wise discriminant analysis calculated to discriminate the two

morphological types (A, 80 specimens; B, 20 specimens) found in a

Zea diploperennis (diploperennial teosinte) population (R0) derived

from tissue culture.

Step Character CAN l

a ASCC

1

.

Leaf Sheath Color 1.000 1
.000"*

2. Plant Height 0.000 1.000

3. Plant Biomass 0.000 1.000

4. Number of Tillers 0.000 1.000

5. Relative Tiller Size 0.000 1.000

6. Number of Flowered Tillers 0.000 1.000

7. Percentage of Flowered Tillers 0.000 1.000

8. Leaf Sheath Length 0.000 1.000

9. Leaf Blade Length 0.000 1.000

10. Leaf Blade Width 0.000 1.000

11. Leaf Area 0.000 1.000

12. Leaf Ratio 0.000 1.000

13. Leaf Blade/Sheath Ratio 0.000 1.000

14. Number of Internodes 0.000 1.000

15. Internode Length 0.000 1.000

16. Internode Width 0.000 1.000

17. Internode Ratio 0.000 1.000

18. Internode/Sheath Ratio 0.000 1.000

19. Flowering Time 0.000 1.000

20. Number of Primary Tassel Branches 0.000 1.000

21. Attitude of Tassel Branches 0.000 1.000

22. Sex of Tassel Flowers 0.000 1.000

23. Length of Central Tassel Spike 0.000 1.000

24. Length of Longest Primary Tassel Branch 0.000 1.000

25. Tassel Ratio 0.000 1.000

26. Male Fertility 0.000 1.000

(continued)
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Table 4.34 (Continued)

Step Character CAN l

b ASCC

1

.

Sex of Tassel Flowers 0.475 0.171"*

2. Male Fertility 0.289 0.225*

3, Number of Internodes -0.534 0.262*

4. Leaf Sheath Color 0.357 0.295*

5. Leaf Sheath Lenath -2.644 0.317

6. Internode/Sheath Ratio -2.741 0.323

7. Leaf Area -1 .299 0.326

8. Number of Tillers 5.667 0.334

9. Internode RatioII IIVI 1 IV\JV 1 IV*H 1.080 0.336

10. Number of Flowered Tillers -6.909 0.339

11. Percentage of Flowered Tillers 1.868 0.367

12. Internode Width 0.942 0.372

13. Plant Height 0.158 0.375

14. Internode Length 1.239 0.377

15. Plant Biomass -0.027 0.377

16. Leaf Blade/Sheath Ratio -0.164 0.378

17. Leaf Blade Width 0.814 0.381

18. Leaf Blade Length 1.623 0.382

19. Length of Central Tassel Spike 0.324 0.382

20. Leaf Ratio -0.371 0.382

21. Average Tiller Size 0.022 0.382

22. Flowering Time 0.000 0.225

23. Number of Primary Tassel Branches 0.000 0.225

24. Attitude of Tassel Branches 0.000 0.225

25. Length of Longest Primary Tassel Branch 0.000 0.225

26. Tassel Ratio 0.000 0.225

(continued)
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Table 4.34 (Continued)

Step Character CAN l
c ASCC

1. Length of Central Tassel Spike -4.786 0.128"*

2. Number of Internodes 0.432 0.178*

3. Leaf Blade/Sheath Ratio -2.386 0.202

4. Number of Tillers -1.075 0.212

5. Number of Flowered Tillers 0.693 0.225

6. Length of Longest Primary Tassel Branch 4.233 0.235

7. Tassel Ratio -4.547 0.248

8. Plant Biomass 0.159 0.254

9. Leaf Blade Width -1 .491 0.258

10. Internode Width 1.625 0.263

11. Internode/Sheath Ratio 1.312 0.268

12. Plant Height -0.254 0.274

13. Leaf Area 1.514 0.276

14. Internode Length -4.362 0.283

15. Internode Ratio 3.692 0.292

16. Leaf Sheath Length -1.114 0.294

17. Number of Primary Tassel Branches 0.077 0.294

18. Male Fertility -0.053 0.295

1 9. Average Tiller Size 0.019 0.295

20. Percentage of Flowered Tillers 0.106 0.295

21. Leaf Ratio -0.416 0.295

22. Leaf Blade Length 0.336 0.295

23. Leaf Sheath Color 0.000 0.295

24. Flowering Time 0.000 0.295

25. Attitude of Tassel Branches 0.000 0.295

26. Sex of Tassel Flowers 0.000 0.295

a Data sets from Spring 1 989 {W,R0)
b Data sets from Spring 1 990 {W, R0)

c Data sets from Fall 1 990 (W,R0)

The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

Marked entries show variables that significantly contribute to the

discriminatory capability of the model (* 0.05>P>0.01 ;

*** P<0.001).
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Table 4.35 Comparison of average squared canonical correlations, eigenvalues

for the first canonical variable and Mahalanobis' generalized (D2
)

distances between groups from canonical discriminant analyses

calculated to discriminate the two morphological types (A, 80

specimens; B, 20 specimens) found in a lea diploperennis

(diploperennial teosinte) population (R0) derived from tissue culture.

Data sets from all harvesting seasons, analyzed as separate groups.

Data Set ASCCa Eigenvalue6 [)2c

Spring 1 989 1.000 9.4 x10s

Spring 1 990 0.382 0.6 3.8

Fall 1990 0.295 0.4 2.6

a The Average Squared Canonical Correlation (ASCC) can vary between

0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

b The eigenvalue represents the ratio of between-class variation to within-

class variation for the canonical variable.

0 The Mahalanobis' D2 (or generalized distance between two groups) is a

measure of the morphometric dissimilarity between the groups.
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Table 4.36 Statistics of location and dispersion and results of analysis of variance

comparing CAN I scores for the two morphological types (A, 80

specimens; B, 20 specimens) found in a Zea diploperennis

(diploperennial teosinte) population (Ro) derived from tissue culture.

Data sets from all harvesting seasons, analyzed as separate groups.

Season
Type A regenerants Type B regenerants

Mean o Mean o

Spring 1 989 0.50 0.00 -1.99 0.00 00
"*

Spring 1990 -0.39 1.00 1.56 1.01 60.70*"

Fall 1990 0.32 1.04 -1 .28 0.80 41 .00"*

Marked entries indicate significant differences between means (*** P < 0.001).
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found within a single group (Table 4.35). The morphometric traits used to discriminate

the two morphological types are the sex of the tassel flowers (and, to a much lesser

extent, male fertility, number of internodes and leaf sheath color) in Spring 1 990 (Table

4.34), and the length of the central tassel spike (and the number of internodes) in Fall

1990 (Table 4.34).

The Effect of Gibberellic Acid

Mutants are known in maize that produce a reduced stature in the plant. In

many such mutants, this characteristic may also be associated with morphological

changes in the tassel (Coe and Poethig 1982). The fact that some of these aberrant

plants can be normalized by applications of gibberellic acid, an endogenous plant

growth regulator that is known to influence both cell elongation and sex expression in

maize, prompted an experiment to evaluate the effect of gibberellic acid applications on

the expression of the abnormal traits in tissue-culture-derived plants.

A group of ten plants was selected among both the Ro and the control (W)

populations, and the individual clumps were split and potted into separate gallon

containers. This provided for an experimental and control subsample of the original

populations, constituted by individuals of exactly the same genotype. Type B

specimens were selected in the R0 , since they represented the most extreme expression

of the aberrant phenotype. The plants were grown for a month, cut back and allowed to

sprout again under standard cultural conditions. The two groups of plants (10

specimens each) of both the R0 and W were then sprayed with either a 1
0"4 M solution

of GA3 or plain deionized water, as a control. Plants were sprayed to run off, and no

attempt was made to quantify the exact amount of chemical absorbed. A surfactant

was added to the solutions, in order to facilitate absorption of the growth regulator by

the leaves. Spray applications were done twice a week for four weeks. The plants were

then allowed to grow to maturity, when they were assessed for the usual set of 26
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morphometry traits. The experiment was repeated and similar results were obtained

both times.

Univariate comparisons. Means, standard deviations and coefficients of

variation for the control and treated populations (both IV and R0), are presented in

Tables 4.37 and 4.38, respectively. The percent difference between means, as well as

the F values (used to test the significance of the differences between character means)

are shown, for all paired populations, in Tables 4.39 through 4.43.

Considerable differences are found in most vegetative and floral (tassel)

morphometric traits between the untreated tissue-culture-derived plants and the seed-

derived controls (Table 4.39). Not unexpectedly, these basically follow, with minor

variations, the pattern previously described for those two populations in Spring 1989

(Table 4.3). Significant differences are also found between the untreated and the GA3-

treated Ro plants (Table 4.40), the hormonal treatment affecting, one way or another,

most of the vegetative and floral traits under assessment. What was unanticipated,

however, was that these differences were comparable, for most morphometric traits, to

those found between the R0 and the control (cf., Tables 4.39 and 4.40). This indicates

that the dwarf sterile regenerants tend to become virtually identical to the seed-derived

controls as a result of the GA3 treatment, a conclusion that is fully substantiated by

pairwise comparisons of the treated R0 plants and the untreated and treated controls

(Tables 4.41 and 4.42, respectively). The most significant differences found between

the GA3-treated R0 and the seed-derived plants involve leaf sheath color, average tiller

size and the attitude of the tassel branches (all characters likely to be genetically

different in the two populations) as well as the tassel ratio, most other traits being

statistically identical in the two populations. The univariate analyses indicate little effect

from the GA3 application on the seed-derived controls (Table 4.43). Normalization at

both the vegetative and floral levels is thus almost complete as a result of gibberellin
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Table 4.37 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) control populations (20 specimens each),

raised from wild collected seed, that were either left untreated or were

treated with a 10"4 M solution of gibberellic acid (GA3) as a foliar

spray.

Untreated Controls GA3-Treated Controls

Character

Mean 0 CV Mean 0 CV

1 1 88.40 39.56 21.00 198.35 56.03 28.25

2 200.55 54.84 27.35 233.75 58.30 24.94

3 13.05 3.75 28.72 10.70 3.16 29.57

4 3.70 0.47 12.71 3.30 0.47 14.25

5 9.90 3.23 32.59 9.30 3.13 33.66

6 76.10 12.39 16.28 86.75 12.20 14.06

7 1.60 1.05 65.39 1.60 1.05 65.39

8 101.15 23.64 23.37 103.80 28.12 27.09

9 344.45 93.88 27.25 355.70 98.52 27.70

10 23.21 4.71 20.28 23.99 4.86 20.25

11 60.35 21 .93 36.34 64.20 23.42 36.47

1 iL i o.4y 0.0b o~7 on0/.0U i o.4y R OKo.yo 00.4o
13 3.49 0.96 27.50 3.55 0.98 27.68

14 8.50 1.15 13.50 8.45 1.05 12.43

15 283.40 70.52 24.88 31 1 .45 83.59 26.84

16 3.29 1.05 31.89 2.81 1.01 36.14

17 96.00 42.67 44.45 127.85 64.72 50.62

18 2.91 0.86 29.55 3.17 1.08 34.04

19 2.05 0.76 37.03 2.10 0.72 34.20

20 2.05 0.76 37.03 2.20 0.77 34.90

21 2.05 0.76 37.03 2.05 0.76 37.03
22 2.00 0.00 0.00 2.00 0.00 0.00

23 131.75 35.50 26.94 139.15 36.80 26.45
24 91.15 23.64 25.94 105.90 20.82 19.66
25 0.73 0.24 32.47 0.80 0.24 29.36
26 92.75 4.66 5.02 91.00 4.98 5.48

Average CV 27.78 28.27
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Table 4.38 Statistics of location and dispersion for two Zea diploperennis

(diploperennial teosinte) populations derived from tissue culture

(Ro, 20 specimens each) that were either left untreated or were treated

with a 1

0

4 M solution of gibberellic acid (GA3) as a foliar spray.

Untreated Regenerants (R0) G/VrTreated Regenerants

Character

Mean 0 cv Mean O CV

1 57.65 11.44 19.85 179.05 10.76 6.01

2 176.85 38.32 21.67 184.15 36.80 19.99

3 18.25 4.33 23.71 9.60 2.74 28.56

4 4.00 0.00 0.00 3.00 0.00 0.00

5 14.55 6.17 42.40 7.60 2.80 36.82

6 77.95 22.05 28.29 79.55 17.17 21.59

7 1.00 0.00 0.00 3.00 0.00 0.00

8 72.65 4.82 6.63 100.75 14.93 14.82

9 192.05 41 .27 21 .49 351 .45 83.59 23.78

10 21.71 4.42 20.37 21 .71 4.13 19.01

11 32.05 11.69 36.48 58.60 21 .86 37.31

12 8.98 1.73 19.31 16.33 3.29 20.17

13 2.66 0.64 24.00 3.60 1.14 31.81

14 7.20 0.95 13.21 7.45 0.94 12.68

15 55.15 6.12 11.10 244.05 27.21 11.15

16 2.94 0.67 22.98 2.88 0.73 25.45

17 19.85 5.82 29.30 91.00 30.66 33.69

18 0.76 0.09 12.09 2.46 0.39 15.68

19 2.00 0.00 0.00 2.00 0.00 0.00

20 0.00 0.00 2.45 0.51 20.83

21 0.00 0.00 1.00 0.00 0.00

22 1.00 0.00 o!oo 2.00 0.00 0.00

23 47.85 10.47 21.89 131 .40 29.60 22.53
24 0.00 0.00 110.80 17.91 16.17
25 0.00 0.00 0.26 0.41 157.47

26 0.00 0.00 91.70 5.19 5.66

Average CV 17.85 22.35
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Table 4.39 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, one raised

from wild collected seed (W, 20 specimens) and one derived from

tissue culture (Ro, 20 specimens). Values sorted by percent difference

between means.

Character Mean (W) Mean (Ro) % F

5 9.90 14.55 47.0 8.92**

3 13.05 18.25 39.8 16.50***

4 3.70 4.00 8.1 8.14"

6 76.10 77.95 2.4 0.11

10 23.21 21 .71 -6.5 1.08

16 3.29 2.94 -10.6 1.58

2 200.55 176.85 -11.8 2.51

14 8.50 7.20 -15.3 1
5.22***

13 3.49 2.66 -23.8 10.32"

8 101.15 72.65 -28.2 27.91***

7 1.60 1.00 -37.5 6.58*

12 15.49 8.98 -42.0 22.71***

9 344.45 1 92.05 -44.2 44.1 r**
11 60.35 32.05 -46.9 25.93***

1 188.40 57.65 -69.4 201 .64***

18 2.91 0.76 -73.9 123.28***

17 96.00 19.85 -79.3 62.54***

15 283.40 55.15 -80.5 207.93***

19 2.05 2.00 -2.4 0.09
22 2.00 1.00 -50.0 00

*"

23 131.75 47.85 -63.7 102.78"*

20 2.05 0.00 -100.0 145.84*"

21 2.05 0.00 -100.0 145.84*"

25 0.73 0.00 -100.0 189.67*"

24 91.15 0.00 -100.0 297.33***

26 92.75 0.00 -100.0 7939.22***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

"* P < 0.001).
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Table 4.40 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations derived from

tissue culture (Ro, 20 specimens each) that were either left untreated

or were treated with a 1Q4 M solution of gibberellic acid (GA3) as a

foliar spray.

Character Mean (Ro/Gfi*) Mean (Ro) % F

5 7.60 14.55 91.4 21 .06"*

3 9.60 18.25 90.1 57.03"*

4 3.00 4.00 33.3
***

00

16 2.88 2.94 2.1 0.05

10 21 .71 21.71 0.0 0.00

6 79.55 77.95 -2.0 0.07

14 7.45 7.20 -3.4 0.70*

2 184.15 176.85 -4.0 0.38

13 3.60 2.66 -26.1 10.12"

8 100.75 72.65 -27.9 64.14***

12 16.33 8.98 -45.0 77.93***

11 58.60 32.05 -45.3 22.94***

9 351 .45 192.05 -45.4 58.48***

7 3.00 1.00 -66.7 00
"*

1 179.05 57.65 -67.8 1194.76***

18 2.46 0.76 -69.1 367.12***

15 244.05 55.15 -77.4 917.34***

17 91.00 19.85 -78.2 103.99***

19 2.00 2.00 0.0

22 2.00 1.00 -50.0 00
"*

23 131.40 47.85 -63.6 141.61***

25 0.26 0.00 -100.0 8.07**

20 2.45 0.00 -100.0 460.80***

24 110.80 0.00 -100.0 765.13***

26 91.70 0.00 -100.0 6238.54***

21 1.00 0.00 -100.0 00
—

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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Table 4.41 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, one raised

from wild collected seed (IV, 20 specimens) and one derived from

tissue culture and treated with a 1
0"4 M solution of gibberellic acid as

a foliar spray (Ro/Gf^). Values sorted by percent difference between

means.

Character Mean (W) Mean {Ro/Gfi*) % F

7 1.60 3.00 87.5 35.81*"

12 15.49 16.33 5.4 0.31

6 76.10 79.55 4.5 0.53

13 3.49 3.60 3.2 0.10

9 344.45 351 .45 2.0 0.06

8 101.15 100.75 -0.4 0.00

11 60.35 58.60 -2.9 0.06

1 188.40 179.05 -5.0 1.04

17 96.00 91.00 -5.2 0.18

10 23.21 21.71 -6.5 1.16

2 200.55 184.15 -8.2 1.23

14 8.50 7.45 -12.4 9.99"

16 3.29 2.88 -12.5 1.96

15 283.40 244.05 -13.9 5.42*

18 2.91 2.46 -15.5 4.46*

4 3.70 3.00 -18.9 44.33***

5 9.90 7.60 -23.2 5.80*

3 13.05 9.60 -26.4 11.04"

24 91.15 110.80 21.6 8.78

20 2.05 2.45 19.5 3.82

22 2.00 2.00 0.0

23 131.75 131.40 -0.3 0.00
26 92.75 91.70 -1.1 0.45
19 2.05 2.00 -2.4 0.09
21 2.05 1.00 -51 .2 38.26***

25 0.73 0.26 -64.4 1
9.89***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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Table 4.42 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) populations, one raised

from wild collected seed (W/GA3) and one derived from tissue culture

(R0/GA3), treated with a 10"4 M solution of gibberellic acid (GA3) as a

foliar spray. Values sorted by percent difference between means.

Character Mean (W/GA3) Mean (R0/GA3) % F

7 1.60 3.00 87.5 35.81"*

12 15.49 16.33 5.4 0.31

16 2.81 2.88 2.8 0.08

13 3.55 3.60 1.4 0.02

9 355.70 351 .45 -1 .2 0.02

8 103.80 100.75 -2.9 0.18

6 86.75 79.55 -8.3 2.34

11 64.20 58.60 -8.7 0.61

4 3.30 3.00 -9.1 8.14"

10 23.99 21.71 -9.5 2.56

1 198.35 179.05 -9.7 2.29

3 10.70 9.60 -10.3 1.38

14 8.45 7.45 -11.8 10.03"

5 9.30 7.60 -18.3 3.28

2 233.75 184.15 -21 .2 10.35"

15 31 1 .45 244.05 -21.6 1 1 .76"

18 3.17 2.46 -22.3 7.60"

17 127.85 91 .00 -28.8 5.30*

20 2.20 2.45 11.4 1.47

24 105.90 110.80 4.6 0.64

26 91.00 91.70 0.8 0.19

22 2.00 2.00 0.0

19 2.10 2.00 -4.8 0.39
23 139.15 131.40 -5.6 0.54
21 2.05 1.00 -51 .2 38.26***

25 0.80 0.26 -67.8 26.88***

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001 ;

*** P < 0.001).
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Table 4.43 Means, percent difference between means, and results of analysis of

variance comparing vegetative (top) and floral (bottom) traits in two

Zea diploperennis (diploperennial teosinte) control populations raised

from wild collected seed, that were either left untreated (IV, 20

specimens) or were treated with a 1

0

4 M solution of gibberellic acid

(GA3) as a foliar spray (W/GA3, 20 specimens). Values sorted by

percent difference between means.

Character Mean (W) Mean (W/GA3) % F

17 96.00 127.85 33.2 3.38

2 200.55 233.75 16.6 3.44

6 76.10 86.75 14.0 7.51**

15 283.40 31 1 .45 9.9 1.32

18 2.91 3.17 8.9 0.72

11 60.35 64.20 6.4 0.29

1 188.40 198.35 5.3 0.42

10 23.21 23.99 3.4 0.26

9 344.45 355.70 3.3 0.14

8 101.15 103.80 2.6 0.10

13 3.49 3.55 1.7 0.03

7 1.60 1.60 0.0 0.00

12 15.49 15.49 0.0 0.00

14 8.50 8.45 -0.6 0.02

5 9.90 9.30 -6.1 0.36

4 3.70 3.30 -10.8 7.24

16 3.29 2.81 -14.6 2.17

3 13.05 10.70 -18.0 4.59*

24 91.15 105.90 16.2 4.38

25 0.73 0.80 9.6 1.04

20 2.05 2.20 7.3 0.39

23 131 .75 139.15 5.6 0.42

19 2.05 2.10 2.4 0.05

21 2.05 2.05 0.0 0.00

22 2.00 2.00 0.0

26 92.75 91.00 -1.9 1.32

Marked entries indicate significant differences between means
(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001).
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application, demonstrating that the previously found effects of time (and passage

through a sexual cycle) can be replaced simply by a hormonal treatment of the

anomalous plants (Figs. 4.1 8 through 4.21).

The effect of GA3 treatment seems to be permanent on the tissue-culture-derived

plants. Repeatedly cutting these back after the original treatment consistently yielded

normal plants at every new cycle of regrowth.

Principal components analysis . Ordination on the first two principal components

of individuals of both treated and untreated R0 and controls is shown in Fig. 4.22. The

associated factor loadings and percents of trace are given in Table 4.44, and Table 4.45

details both the vegetative and floral traits that load most significantly (P < 0.005) on the

first two components, in decreasing order of magnitude. Mean scores for the first two

principal components of individuals of all populations are compared in Table 4.46.

The results of the univariate analysis are fully confirmed by the principal

components analysis, whose graphical output clearly illustrates the fading of the

differences between the tissue-culture-derived plants and the controls as a result of

hormonal treatment (Fig. 4.22). There are no significant differences between the treated

and untreated controls, as well as between both these and the treated regenerants, with

respect to their PC I scores (Table 4.46). Neither are there significant differences in

mean PC II scores among any of the populations under study (Table 4.46). The

untreated regenerants, however, differ from all the other populations in their mean PC I

scores at a highly significant level (Table 4.46). PC I, therefore, is the discriminating

component in the analysis, revealing a common multivariate identity among the treated

R0 and the treated and untreated controls. A graphical depiction of the fate of the

individual quantitative traits that load most significantly on PC I (those that contribute

the most to the anomalous phenotype of the R0 , Table 4.45) is shown, as they change

in response to GA3 applications, in Figs. 4.23 through 4.31 . The trend is obvious.



Fig. 4.22 Ordination of individuals from Zea diploperennis (diploperennial

teosinte) populations, raised from wild-collected seed (IV,

20 specimens) and derived from tissue culture {Ro, 20 specimens),

before and after application of gibberellin (GA3 ) as a foliar spray, on
the first two principal components extracted from a matrix of

correlation coefficients between twenty six morphometric variables.

Data sets from all populations, analyzed as a single group.

Dark Gray: Untreated controls

Light Gray: GA3-treated controls

Black: Untreated regenerants

White: GA3-treated regenerants
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Table 4.44 Factor loadings and percent of trace from principal components

analysis of Zea diploperennis (diploperennial teosinte) populations,

raised from wild-collected seed {W, 20 specimens) and regenerated

from tissue culture (Ro, 20 specimens), that were either left untreated

or were treated with a 104 M solution of gibberellic acid (GA3) as a

foliar spray.

Principal Component

Character

I II III

1

.

Plant Height 0.266 0.038 0.091

2. Plant Biomass 0.088 0.280 0.212

3. Number of Tillers -0.177 0.267 0.228

4. Average Tiller Size -0.173 0.1 47 U.UlD

5. Number of Flowered Tillers -0.1 OO c\ 000** U.ooU

6. Percentage of Flowered Tillers 0.039 -0.01

0

0.353

7. Leaf Sheath Color 0.149* 0.033 -0.228**

8. Leaf Sheath Length 0.167* 0.317** 0.199*

9. Leat Blade Lengtn 0.<24l
f\ 007** -0. 1 Oo

10. Leaf Blade Width 0.080 -0.173* -0.195*

11. Leaf Area 0.217** 0.086 -0.181*

12. Leaf Ratio 0.183* 0.353** 0.022

13. Leaf Blade/Sheath Ratio 0.163* -0.056 -0.269**

14. Number of Internodes 0.129 -0.145 -0.001

15. Internode Length 0.265** 0.052 0.127
16. Internode Width 0.028 0.441** -0.257**

17. Internode Ratio 0.193* -0.263** 0.282**

18. Internode/Sheath Ratio 0.235** -0.192* 0.053

19. Flowering Time -0.014** -0.344** 0.272"
20. Number of Primary Tassel Branches 0.257** 0.013 -0.010

21. Attitude of Tassel Branches 0.224** -0.008 0.128
22. Sex of Tassel Flowers 0.275** -0.053 0.061

23. Length of Central Tassel Spike 0.252** -0.029 -0.125

24. Length of Longest Primary Tassel Branch 0.274** 0.017 -0.057*

25. Tassel Ratio 0.176* 0.033 0.338"
26. Male Fertility 0.277" -0.045 0.044

Percent of trace 44.8 10.4 7.8

Marked entries show variables that are significantly represented
in each principal component

(* 0.05 > P > 0.01 ;

**
0.01 > P > 0.001).
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Table 4.45 Characters most significantly represented (P < 0.005) in the first two

axes of a principal components analysis of Zea diploperennis

(diploperennial teosinte) populations, raised from wild-collected seed

(W, 20 specimens) and regenerated from tissue culture (Ro,

20 specimens), that were either left untreated or were treated with a

1 04 M solution of gibberellic acid (GA3) as a foliar spray.

Component Character Loading

PC I Plant Height
Internode Length
Leaf Blade Length
Internode/Sheath Ratio
Leaf Area

0.266
0.265
0.241
0.235
0.217

(44.8%)

Male Fertility

Sex of Tassel Flowers
0.277
0.275
0.274
0.257
0.252

PC II Internode Width
Leaf Ratio
Flowering Time
Leaf Sheath Length
Plant Biomass
Number of Tillers

Internode Ratio
Leaf Blade Length
Number of Flowered Tillers

0.441

0.353
-0.344

0.317
0.280
0.267
-0.263

0.237
0.233

(10.4%)
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Table 4.46 Statistics of location and dispersion and results of analysis of variance

comparing PC I and PC II scores in Zea diploperennis (diploperennial

teosinte) populations, raised from wild collected seed (W,

20 specimens) and derived from tissue culture (Ro, 20 specimens),

that were either left untreated or were treated with a 1

0

4 M solution of

gibberellic acid (GA3) as a foliar spray.

Ro W W/GA3 fl0/GA3

Mean 0 Mean a F Mean a F Mean a F

PCI

PC II

-5.52

0.25

0.42

0.70

1.55

0.22

1.33

2.12

513.92*"

0.00

2.39 1.45 549.53"*

-0.27 2.29 0.92

1.58 1.11 719.08***

-0.20 0.91 3.03

fl0/GA3 W W/GA3

Mean a Mean 0 F Mean 0 F

PCI

PC II

1.58 1.11

-0.20 0.91

1.55

0.22

1.33

2.12

0.01

0.66

2.39 1.45

-0.27 2.29

3.95

0.01

W I/V/GA3

Mean 0 Mean a F

PCI 1.55 1.33 2.39 1.45 3.65

PC II 0.22 2.12 -0.27 2.29 0.49

Marked entries indicate significant differences between means (*** P < 0.001).



Fig. 4.23 Effect of GA3 applications on male fertility of plants of Zea
diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture (Ro).

Fig. 4.24 Effect of GA3 applications on the length of the central tassel spike of

plants of Zea diploperennis (diploperennial teosinte), raised from seed
(W) or derived from tissue culture {Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Seed raised controls (W)
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MALE FERTILITY

CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.23

CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.24



Fig. 4.25 Effect of GA3 applications on the number of primary tassel branches
of plants of Zea diploperennis (diploperennial teosinte), raised from
seed (W) or derived from tissue culture (Ro).

Fig. 4.26 Effect of GA3 applications on the length of the longest primary tassel

branch of plants of Zea diploperennis (diploperennial teosinte), raised

from seed (W) or derived from tissue culture (Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Seed raised controls (W)
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NUMBER OF PRIMARY TASSEL BRANCHES

CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.25

LENGTH OF LONGEST PRIMARY TASSEL BRANCH

CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.26



Fig. 4.27 Effect of GA3 applications on the plant height of plants of Zea
diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture (R0).

Fig. 4.28 Effect of GA3 applications on the internode length of plants of Zea
diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture {Ro).

Fig. 4.29 Effect of GA3 applications on the internode / sheath ratio of plants of

Zea diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture (Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Seed raised controls (W)
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CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.27

INTERNODE LENGTH

CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.28

INTERNODE / SHEATH RATIO

T T
CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.29



Fig. 4.30 Effect of GA3 applications on the leaf blade length of plants of Zea

diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture (Ro).

Fig. 4.31 Effect of GA3 applications on the leaf area of plants of Zea
diploperennis (diploperennial teosinte), raised from seed (W) or

derived from tissue culture (Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Seed raised controls (W)
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CONTROL + GA3 REGENERANTS REGENERANTS + GA3

POPULATION / TREATMENT

Fig. 4.30

Fig. 4.31



230

Canonical discriminant analysis . Projection on the first three canonical variables

of individuals from all treated and untreated populations is shown in Fig. 4.32. Table

4.47 displays the associated standardized canonical coefficients, and shows the

cumulative average squared canonical correlations from the step-wise discriminant

analysis, detailing the contribution of the various morphometric traits to the

discriminatory capability of the model. Generalized distances between group centroids

are given for all groups in Table 4.48. Mean scores for the three canonical variables of

individuals from all populations are compared in Table 4.49.

The magnitude of the differences between the untreated regenerants and all the

other populations leads to their complete separation on the first canonical variable (Fig.

4.32, Tables 4.48 and 4.49), based solely on the number of flowered tillers (Table 4.47).

The remaining three populations are projected (and resolved) on the plane of the

second and third canonical variables (Fig. 4.32, Tables 4.48 and 4.49). The

discrimination is based on differences in leaf blade width, male fertility, plant biomass,

length of central tassel spike, internode ratio and, to a lesser extent, length of the

longest primary tassel branch, attitude of the tassel branches and tassel ratio (Table

4.47). Differences for the mean CAN II and CAN III scores are significant for the three

groups (Table 4.49). The generalized distances among the three groups, however, are

several orders of magnitude smaller than those between any of the individual groups

and the untreated R0 population (Table 4.48 and 4.49).

Caution must be taken when interpreting the results from discriminant analyses.

As previously noted, the discriminant function is often weighed to such a heavy

dependence on just a few variables, in complete detriment of other more relevant (in

biological terms) characters, that it ends up contributing considerably less to the

analysis than do principal components. This is because the method of principal

components, unlike discriminant analyses, is more sensitive to the covariation in large

numbers of characters, and relatively insensitive to unique extremes in individual



Fig. 4.32 Relative similarity of specimens from lea diploperennis (diploperennial

teosinte) populations, raised from wild-collected seed (W,

20 specimens) and derived from tissue culture (Ro, 20 specimens),

before and after application of gibberellin (GA3) as a foliar spray, as

shown by their projection on the first three canonical variables from a

multiple discriminant function analysis calculated to discriminate the

four groups. Data sets from all populations, analyzed as a single

group.

The dwarf, sterile R0 plants are discriminated from normal fertile plants

on the first canonical variable. All other populations are projected

(and resolved) on a single separate plane, defined by the second and
third canonical variables.

Dark Gray: Untreated controls

Light Gray: GA3-treated controls

Black: Untreated regenerants

White: GA3-treated regenerants
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Table 4.47 Standardized canonical coefficients and cumulative average squared

canonical correlations (ASCC) from a step-wise discriminant analysis

calculated to discriminate Zea diploperennis (diploperennial teosinte)

populations, raised from wild-collected seed (IV, 20 specimens) and
regenerated from tissue culture (R0 , 20 specimens), that were either

left untreated or were treated with a 1 CH M solution of gibberellic acid

(GA3) as a foliar spray.

Canonical Variable

Step Character ASCCa

I II III

1 Number of Flowered Tillers 1.000 1 .507 0.144 0.333

2 Leaf Blade Width 0.000 3.596 -0.741 0.467

3 Male Fertility 0.000
A on-i

-1 .301
f\ f\A O
0.018 0.549

4 Plant Biomass 0.000 A CA &1.516
r\ HOC-0.985 0.601

5 Length of Central Tassel Spike 0.000 0.307 1 .040 0.670

6 Internode Ratio (J.UUU n a noU.4UO n con'**U.boU

7 Leaf Area 0.000 -1 .932 -1 .880 0.706"

8 Length of Longest Primary Tassel Branch 0.000 2.295 2.630 0.736*

9 Attitude of Tassel Branches 0.000 0.734 -1.153 0.755*

10 Tassel Ratio 0.000 -3.240 0.337 0.779*

11 Leaf Sheath Color 0.000 0.235 1.777 0.789
12 Internode Width 0.000 -0.164 -1.161 0.797
13 Number of Internodes 0.000 -2.097 0.334 0.799
14 Internode/Sheath Ratio 0.000 1.808 -0.760 0.805
15 Leaf Sheath Length 0.000 1.087 -0.125 0.808
16 Leaf Ratio 0.000 -1 .360 -0.425 0.810
17 Leaf Blade Length 0.000 1.478 0.108 0.813
18 Leaf Blade/Sheath Ratio 0.000 0.700 0.276 0.816
19 Percentage of Flowered Tillers 0.000 1.301 -2.059 0.823
20 Plant Height 0.000 1.272 -0.889 0.831
21 Relative Tiller Size 0.000 -2.628 4.094 0.836
22 Flowering Time 0.000 -0.436 1.135 0.842
23 Internode Length 0.000 -0.956 -1.074 0.843
24 Number of Primary Tassel Branches 0.000 -0.038 0.237 0.845
25 Number of Tillers 0.000 -1 .664 -0.300 0.845
26 Sex of Tassel Flowers 0.000 0.185 0.296 0.846

a The Average Squared Canonical Correlation (ASCC) can vary between
0 and 1. It is closer to 1 when the discriminant model shows good
separation for the groups.

Marked entries show variables that significantly contribute to the
discriminatory capability of the model (* 0.05>P>0.01 ;

***
P<0.001).
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Table 4.48 Mahalanobis' distances8 between group centroids from a canonical

discriminant analysis calculated to discriminate lea diploperennis

(diploperennial teosinte) populations, raised from wild-collected seed

(W, 20 specimens) and regenerated from tissue culture (R0 ,

20 specimens), that were either left untreated or were treated with a
10"4 M solution of gibberellic acid (GA3) as a foliar spray.

To group
From

group W/GA3 Ro R0/QA3

W/GA3

Ro

R0/GA3

0.0 11.3

0.0

9.1 x 108

9.1 x 108

91.5

94.1

0.0 9.1 X108

0.0

8 The Mahalanobis' D2 (or generalized distance between
two groups) is a measure of the morphometric dissimilarity

between the groups.
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Table 4.49 Statistics of location and dispersion and results of analysis of variance

comparing CAN I and CAN II scores in Zea diploperennis

(diploperennial teosinte) populations, raised from wild collected seed

(W, 20 specimens) and derived from tissue culture (Ro, 20 specimens),

that were either left untreated or were treated with a 1
0"4 M solution of

gibberellic acid (GA3) as a foliar spray.

Ro W IV/GA3 R0/GA3

Mean a Mean o F Mean o F Mean o F

CAN I -1.72 0.00 0.57 0.00 00 *** 0.57 0.00 » *** 0.57 0.00 00

CAN II 0.00 0.77 3.08 1.13 101.69*" 3.24 1.05 124.50*" -6.32 1.02 493.04

CAN III 0.00 0.88 1.69 1.32 22.85*" -1.66 1.06 29.08*" -0.03 0.60 0.01

fl0/GA3 W IV/GA3

Mean o Mean o F Mean o F

CAN I 0.57 0.00 0.57 0.00 0.57 0.00

CAN II -6.32 1.02 3.08 1.13 765.04*" 3.24 1.05 859.10

CAN III -0.03 0.60 1.69 1.32 28.16*" -1.66 1.06 35.76

W W/GA3

Mean o Mean o F

CAN I 0.57 0.00 0.57 0.00

CAN II 3.08 1.13 3.24 1.05 0.20

CAN III 1.69 1.32 -1.66 1.06 78.53'

Marked entries indicate significant differences between means (*** P < 0.001).
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characters, the ones on which discriminant analysis depends. Even so, although the

coefficients and loadings cannot be compared in detail, because of the differences in

scaling between the two methods, the overall conclusions of the multiple discriminant

analysis again closely parallelled (and, in a way, complemented) those from principal

components-in short, that a simple application of GA3 to the dwarf, sterile Ro plants of

diploperennial teosinte leads to complete recovery from the traumatic effects of the

passage through tissue culture, and entirely replaces the healing effects of time or a

sexual cycle.

Discussion and Conclusions

The Statistical Methodology

Large data matrices, such as those analyzed in this chapter, often contain so

many interrelationships that it is almost impossible to interpret them accurately at first

sight. When this is the case, researchers in a rapidly expanding number of scientific

fields have been resorting to multivariate descriptive statistical analysis, a designation

that collectively embraces a number of methods excelling in their ability to analyze and

describe large undifferentiated data sets. Statisticians often refer to these methods as

exploratory, in that their goal is to obtain a parsimonious description of a large amount

of data. The techniques, however, can also be used to analyze, verify and test certain

hypotheses (Lebart et al. 1984).

In the current study, two of these methods were employed, in addition to the

relatively simple techniques of univariate statistical analysis. Principal components

analysis was used to explore variation among the highly correlated morphometric

characters and to outline the structure of the data, and provided a parsimonious

multivariate summary of the morphological relationships within and among the groups.

Canonical discriminant analysis (and a corresponding step-wise discriminant analysis)
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was used to identify the linear combination of characters that maximized differences

between a priori groups and to reveal the relative importance of characters in effecting

that separation. The a priori groups were the tissue-culture-derived plants (Ro or Ri)

and the seed-derived controls (W), analyzed separately at each harvest.

The uses and statistical foundations of principal components analysis (as well as

multiple discriminant analysis, see below) are discussed in most classic multivariate

statistics or numerical taxonomy texts (e.g., Seal 1964; Morrison 1967; Blackith and

Reyment 1971
;
Wiley 1981 ; Lebart er a/. 1984). In brief, and taking the present study as

an example, if a sample of 200 specimens, belonging to two discrete groups, is

measured for 26 morphometric traits, a graph whose coordinates are the values for any

two discriminant characters will display 200 points in two clusters (for a specific

example of this methodology see Rajasekaran etal. 1986). Statistically, it is possible to

extend the representation of the 200 points from the two dimensional space of this

graph into a 26-dimensional character space that uses all the measurements in the

200 x 26 matrix. When, as in the case of the present study, the heterogeneity of the

variables in each data set is high, the analyses are performed on the character

correlation matrices instead (Gnanadesikan 1977). The longest axis through the cloud

of points in this hyperspace, which is positioned to minimize the squared distances of

all 200 points from it, is the first principal component. The second principal component

is the axis, orthogonal to the first, that traverses the second longest dimension in the

cloud of points. If these first two principal components are taken as the coordinates of

a new graph, and the 200 points are plotted according to their projections on these

axes, the pattern will reflect the two major directions of maximum variation in the 26

characters. This graph has the advantage of representing, in two dimensions, two

linear combinations of all the characters used, thus reducing the influence of subjective

decisions and individual characters. Effects due to differences in character scale or

variance are reduced by standardizing (automatically) the character vectors to zero
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means and unit standard deviations. Once the scores of each individual on the first two

principal components are plotted in the bivariate scattergrams, visual assessment of

both the position of each of the known groups and the variation within each group in

the directions of those components becomes possible, and statistics can be calculated

for their distributions within that subset of the principal components hyperspace. Good

discrimination among groups is normally obtained this way, even in cases where none

of the individual morphometric characters will discriminate alone or in pairs.

It might be argued that, for the data in this study, this kind of analysis may be of

questionable applicability, in particular since the assumptions of multivariate normality

and homogeneity of variance were not verified. The use of principal components

analysis in a purely descriptive manner, however, does not require any assumptions

whatever about multivariate normality, the variance-covariance matrices, or any

structure of the data (Harris 1975), which makes it suitable for use even on

heterogeneous populations such as those that are the object of this study. Likewise,

discriminant function analyses can also be used in a strictly descriptive way to produce

the two kinds of information used in this study-the relative importance of characters as

discriminators between a priori groups and the relative position of the centroids of those

groups (Harris 1975).

All statistical techniques used in this chapter employed methods that are

commonly applied to the analysis of morphological data in biological systems, in

particular in the field of numerical taxonomy, which deals with problems that are similar

to those discussed here. For those that, after these notes, still might insist in criticizing

the methodology, it must be stated that the intent of this study is not so much to

evaluate the suitability of the methods on statistical grounds, but rather to draw

attention to the outcome of their application to biological data sets that differ only in the

effect of a passage through tissue culture, as the populations change over time or

through a sexual cycle. In every case, all assumptions derived from the statistical
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analyses were fully confirmed by careful observation of live specimens maintained in

cultivation.

The Biological System

The apparently higher stability of embryogenic cultures, indicated by the lower

overall level of genetic variability found in both the embryogenic calli and their

regenerants in several grass species (e.g., Hanna et al. 1984; Armstrong and Green

1985; Swedlund and I.K. Vasil 1985; Rajasekaran et al. 1986), suggests that the

embryogenic pathway of regeneration is less likely to result in the production of

somaclonal variants, and should be the method of choice whenever genetic stability

and uniformity are critical to the nature of the investigation (I.K. Vasil 1983a, 1985,

1987).

The validity of such broad generalization, however, has been disputed, on the

basis that although karyological and phenotypic stability can often be correlated with

the embryogenic pathway, varying frequencies of abnormal regenerants from

embryogenic tissue cultures have also been reported in the literature (e.g., Cavallini

et al. 1986, 1987; Gobel et al. 1986; Linacero and Vazquez 1986b; Orton 1987;

Armstrong and Phillips 1988; Karp 1989; Bebeli er al. 1990). This has led some to

conclude that any correlation between somatic embryogenesis and stability is at best

not exacting, and that other factors may be somewhat overriding (e.g., Karp 1989).

From this perspective, it is in a way puzzling the number of publications where

variation has been described in good detail, but care was not taken to monitor strictly

the regeneration pathway. Since abnormal plants may result from cultures where both

the embryogenic and organogenic pathways coexist, the variation reported may well

result from plants being regenerated from the mixed callus by organogenesis, a

regeneration pathway somewhat more tolerant of the expression of variation. An

example of such a system was described in wheat (Karp and Maddock 1 984; Maddock
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1985) . In maize, where both regeneration pathways have also been described (Green

and Phillips 1975; Green 1982; Armstrong and Phillips 1988), Earle and Gracen (1985)

reported extensive morphological variation in the progeny of plants regenerated from

callus cultures, but also recognized that they were ".
. .probably dealing with "mixed"

cultures in which both organogenesis and somatic embryogenesis [did] occur. . .

."

(p. 141 in Earle and Gracen 1985). Likewise, variation occurring at both the

morphological and molecular levels in regenerants from maize immature embryo-

derived embryogenic callus cultures and their sexual progeny (Gobel et al. 1 986; Brown

ef al. 1 991 )
may have resulted from the fact that ". . . although the intention was to use

somatic, embryo-derived structures for plant regeneration, it cannot be ascertained that

all of the regenerants [were] somatic and embryo derived "
(p. 23 in G6bel et al.

1986) . Regardless of the intrinsic value of these publications in reporting new

expressions of tissue-culture-induced variation, they are nonetheless inconclusive in

what concerns any possible correlation between such variation and the regeneration

pathway.

It is somewhat revealing that, when identical studies were performed with plants

regenerated from rigidly controlled embryogenic callus cultures of Napiergrass

(Pennisetum purpureum K. Schum.), a complete absence of variation was shown at the

morphological, biochemical (14 different isozyme systems) and molecular (RFLP

analysis of the mitochondrial, plastid and nuclear genomes) levels (Shenoy and I.K.

Vasil 1992). Comparable results, observed for the mitochondrial, plastid and nuclear

genomes in sugarcane (Chowdhury and I.K. Vasil 1993), wheat (Chowdhury etal. 1994)

and meadow fescue (Valles era/. 1993), lend additional support to the proposition that

regeneration via somatic embryogenesis largely avoids phenotypic and genetic

instability in the regenerants.

In the present study, the last of a sequence of experiments dedicated to

clarifying the role of somatic embryogenesis in controlling culture-induced variation
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(Shenoy and I.K. Vasil 1992; Chowdhury and I.K. Vasil 1993; Chowdhury er al. 1994),

individuals of diploperennial teosinte, produced from long-term regenerable callus

cultures by strictly monitored somatic embryogenesis, preserved their phenotypic

fidelity for a period of more than two years.

Plants regenerated after two and a half years, however, became increasingly

abnormal, to the point that after three years only morphologically aberrant plants could

be produced at all. This is in good agreement with the well known effect of ageing on

instability in callus cultures (Torrey 1 967; Fukui 1 983; Lorz and Scowcroft 1 983; Benzion

1984; Chandler and I.K. Vasil 1984; Lee and Phillips 1984, 1987, 1988; Armstrong 1986;

Cassells and Morrish 1 987; Zehr et a/. 1 987; Armstrong and Phillips 1 988; Benzion and

Phillips 1988; Lee et al. 1988; Karp 1989; Morrish ef a/. 1990), but in sharp contrast to

the postulated stability associated with the embryogenic pathway.

The detailed statistical analyses of 26 morphometric traits in diploperennial

teosinte reveal that the aberrant features in the regenerants from three year old

embryogenic callus cultures can be broadly classified into three major groups:

(1) reduction in size of vegetative and floral parts, (2) altered morphology of the

vegetative body (culms, leaves) and the male inflorescence (developmental arrest,

feminization), and (3) reduced male fertility. These closely conform to comparable

patterns formerly described as somaclonal variation in other grass species (Table 2.1).

Perception of the nature and origin of variation has been very much a function of

personal interpretation and, as such, has changed considerably over the years. This is

particularly true for variant plants showing anomalies in size, morphology, sex

expresssion and fertility, that have been described in different species and at different

times as heritable genetic mutations (e.g., Cummings etal. 1976; Fukui 1983; Sun era/.

1983; Zehr er al. 1987) or as mere epigenetic effects, transient in nature and not

transmissible to the progeny (e.g., Brettell and Thomas 1980; Larkin and Scowcroft
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1983b; Irvine 1984; Earle and Gracen 1985; Rajasekaran et a/. 1986; Morrish et al.

1990).

The problem of correctly identifying the exact nature (genetic vs. epigenetic) of

tissue-culture-induced variation is not simple. Epigenetic changes are the result of

directed physiological alterations on gene expression. As such, they are potentially

reversible and, by definition, nonheritable (Meins 1983). Long-term epigenetic changes,

however, are not unusual in tissue culture regenerants, and they can and have been

often mistaken for true genetic variation (Karp and Bright 1985; I.K. Vasil and V. Vasil

1986; Morrish et al. 1987; I.K. Vasil 1987, 1988; Karp 1989). The distinction between

genetic and epigenetic variation is further complicated by the fact that certain changes

in the genetic material, in particular DNA methylation (Lorz and Brown 1986) and

amplification (Cullis 1986), may be heritable under certain conditions, but may also

become reversible (Phillips et al. 1990). Reversible methylation, for example, may be at

the origin of the dwarf rice mutant isolated by Oono (1 985) from rice tissue cultures,

which was stable for eight generations of selfing but could no longer be recovered, after

crossing with control plants, among the segregating progenies.

Unlike many previously described cases, where the variation observed among

regenerated plants often correlates well with karyological variation in the callus cultures

(e.g., Edallo er al. 1981; Sears et al. 1982; Jordan and Larter 1985; Taliaferro et al.

1989), the phenotypic anomalies in the regenerants of diploperennial teosinte could not

be traced to an underlying cytological variation, as none was observed in any of the

variant plants or their progenies. This is by no means unique, as numerous other cases

have also been reported where novel variants were found in callus-derived plants that

had an otherwise normal chromosome complement (e.g., Liu and Chen 1976; Gamborg

etal. 1977; Jordan and Larter 1985; Dahleen 1989; Taliaferro et al. 1989; Dahleen and

Eizenga 1990).
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The fine descriptive detail provided in the present study by the concurrent

analysis of 26 morphometric traits, over time and across generations, sheds some light

on the nature of the extensive variation found in the tissue-culture-derived plants. All

aberrant characters observed in the R0 plants during the first season after regeneration

change sequentially in time, as morphological and functional recovery takes place and

the plants gradually revert to complete normality, over a period of almost two years.

This observation, and the fact that completely normal plants were also obtained after a

passage through one single cycle of sexual reproduction or as a result of a hormonal

treatment, clearly identifies the variation in tissue culture regenerants of diploperennial

teosinte as being epigenetic, transient and non-heritable.

The tendency for multiple tillering in the R0 plants, also reported in other species

of Gramineae (e.g., Brettell and Thomas 1980; Larkin et al. 1984; Jordan and Larter

1985; Earle and Gracen 1985; Rajasekaran er al. 1986; Morrish et al. 1990) and

sometimes sought as a useful trait, is probably no more than a carryover effect from

tissue culture, a variation of the typical micro-tillering associated with the use of

cytokinins in the regeneration system (Chu and Kurtz 1990). Although in the present

study this condition was among the first to become completely normal (Figs. 4.33 and

4.34), there are cases where it can be rather persistent in time, and even used as a

marketable trait (Chu and Kurtz 1990).

Dwarf or stunted vegetative growth in plants regenerated from tissue culture has

been reported multiple times in the literature (e.g., Brettell and Thomas 1980; Beckert et

al. 1983; Fukui 1983; Sun etal. 1983; Larkin etal. 1984; Earle and Gracen 1985; Jordan

and Larter 1985; Zehr etal. 1987; Taliaferro etal. 1989; Hashim etal. 1990; Morrish ef al.

1990). It frequently occurs associated with reduction or suppression of the

inflorescences, partial or complete male sterility and a tendency for feminization of the

male flowers (Table 2.1). A strong correlation was equally found, in the present study,

between these groups of characters. Plants showing the most extreme reduction in
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height (Type B regenerants) also had extremely reduced (and sterile) or completely

suppressed male inflorescences (in which case they became morphologically and

functionally female at the apex) during the first season after regeneration from tissue

culture. Plants with less extreme height reduction (Type A regenerants) still had very

short, unbranched, non-functional male inflorescences, during the same season. As

internode length (and the related internode sheath ratio and plant height) increased

(Figs. 4.35 through 4.37), and leaf dimensions and proportions became more normal

(Fig. 4.38), the same happened with the aberrant features of the tassel. These followed

a well defined pattern of sequential differentiation, starting with the elongation of the

tassel central spike to a certain critical length, at which time partial male fertility was

restored (Figs. 4.39 and 4.40). Both length and fertility continued to increase with time,

as did branch differentiation and all conditions associated with it: number of branches,

length of longest primary tassel branch and tassel ratio (Figs 4.41 through 4.43). In

addition, although branching was not critical to the restoration of fertility, maximal

values for fertility were attained only when branching was fully restored.

A special word is due regarding the evolution over time of plant biomass. Being

a combination of the number of tillers and their size, biomass decreased significantly

during the first year in cultivation (a result of the sharp decrease in the number of tillers

during that time), but later increased (a result of the increase in tiller size) to values

comparable to the control (Fig. 4.44).

Complete recovery of a normal phenotype was fully achieved for all 26

morphometric traits, after nearly two years in cultivation. With time (or after a sexual

cycle), the once abnormal plants from tissue culture became virtually undistinguishable

from any of the seed-derived controls.



Fig. 4.33 Effect of time (or a sexual cycle) on the number of tillers in plants of

Zea diploperennis (diploperennial teosinte) regenerated from tissue

culture (Ro).

Fig. 4.34 Effect of time (or a sexual cycle) on the number of flowered tillers in

plants of Zea diploperennis (diploperennial teosinte) regenerated from

tissue culture (R0).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (Ri)
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Fig. 4.33

Fig. 4.34



Fig. 4.35 Effect of time (or a sexual cycle) on internode length in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

(Ro).

Fig. 4.36 Effect of time (or a sexual cycle) on internode/sheath ratio in plants of

Zea diploperennis (diploperennial teosinte) regenerated from tissue

culture (Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (Ri)
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Spring'89 Spring'90 Fall'90 Selfed Regenerants

Population / Season

Fig. 4.35

Fig. 4.36



Fig. 4.37 Effect of time (or a sexual cycle) on plant height in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

(Ro).

Fig. 4.38 Effect of time (or a sexual cycle) on leaf blade length in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (Ri)
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Population / Season

Fig. 4.37

Spring'89 Spring'90 Fall'90 Selfed Regenerants

Population / Season

Fig. 4.38



Fig. 4.39 Effect of time (or a sexual cycle) on the length of the central tassel

spike in plants of Zea diploperennis (diploperennial teosinte)

regenerated from tissue culture (Ro).

Fig. 4.40 Effect of time (or a sexual cycle) on male fertility in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (ft7 )
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Fig. 4.39

Fig. 4.40



Fig. 4.41 Effect of time (or a sexual cycle) on the number of primary tassel

branches in plants of Zea diploperennis (diploperennial teosinte)

regenerated from tissue culture (Ro).

Fig. 4.42 Effect of time (or a sexual cycle) on the length of the primary tassel

branch in plants of Zea diploperennis (diploperennial teosinte)

regenerated from tissue culture {Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (Ri)
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Fig. 4.43 Effect of time (or a sexual cycle) on the tassel ratio in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

(Ro).

Fig. 4.44 Effect of time (or a sexual cycle) on plant biomass in plants of Zea
diploperennis (diploperennial teosinte) regenerated from tissue culture

(Ro).

Light Gray: Tissue culture regenerants (Ro)

Dark Gray: Selfed regenerants (Ri)
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CHAPTER 5

ELECTROPHORETIC ANALYSIS OF TISSUE-CULTURE-DERIVED PLANTS
OF DIPLOPERENNIAL TEOSINTE

Introduction

Any morphological variation found in tissue-culture-derived plants must be, of

necessity, preceded or accompanied by changes at the physiological level. These

changes might involve, among other factors, differential gene activation or deactivation,

which is potentially detectable on isozyme banding profiles. If that is possible, the

establishment of temporal and functional correlations between changes at the

biochemical level and those at the morphological level would be extremely useful in

elucidating the underlying causes of the induced epigenetic variation. The problem is

complicated, however, by the fact that genetic variation, previously documented and

discussed at the morphological level (Chapter 2 and Chapter 4), has also been reported

at the biochemical level (e.g., Larkin et al. 1984; Maddock et al. 1985; Cooper et al.

1986; Davies etal. 1986; Allicchio era/. 1987; Breiman etal. 1987a; Eizenga 1987, 1989;

Karp et al. 1987; Ryan and Scowcroft 1987; Dahleen 1989; Taliaferro et al. 1989;

Dahleen and Eizenga 1990). When this happens, it may be difficult to determine which

variation is due to true mutational events and which results from differential gene

expression, particularly if it is kept in mind, as discussed earlier, that certain changes in

the patterns of gene expression may be long lived or even heritable (see Chapter 2).

This chapter reports the results of a biochemical study of variation existing at the

isozyme level between diploperennial teosinte abnormal regenerants from tissue culture

and control plants obtained by division of the original mother plant.

257
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Materials and Methods

Plant Material

To biochemically characterize the tissue-culture-derived plants, all specimens

from the Ro population (as defined in Chapter 4) were analyzed electrophoretically, to

assess their patterns of enzyme polymorphism and contrast them to those of the

original donor plant. This plant population is the same that was used for the

morphometric analysis (Chapter 4) and does not require any further characterization.

Sample tissues for analysis were collected during the first season after regeneration

from tissue culture (Spring 1989).

Preparation of Starch Gels

Thirteen percent (w/v) starch gels, prepared from Sigma Potato Starch partially

hydrolyzed for electrophoresis (Sigma Cat. No. S-4501), were used throughout this

study. All starch used had the same lot number. Gels were prepared by mixing the

partially hydrolyzed starch with a preheated buffered solution (gel buffer) and then

allowing them to cool, as described below.

Gel buffers were prepared from dilutions of the corresponding electrode buffers.

After preparation, one third of the buffer required for one gel was added to a side-arm

flask containing the preweighed starch and sucrose, and the flask was immediately

swirled vigorously by hand to assure an even suspension and to avoid the formation of

lumps in the starch. The remainder of the buffer was placed into a 500 ml volumetric

flask.

The flask containing only the buffer was heated until boiling. When the buffer

began to boil, the flask was first swirled to settle the boiling action and prevent

splattering when dispensing. The flask with the starch suspension was then swirled, to

ensure that the starch was fully suspended, and the boiling buffer was rapidly poured in

with simultaneous swirling of both flasks. At this moment the starch mixture was a thick



259

paste. Additional heating with continuous agitation on a hot plate was needed to reach

the proper viscosity for degassing and pouring. The mixture was heated until large

bubbles appeared on the surface, at which stage it turned translucent as it reached

maximum viscosity.

The mixture was degassed immediately by vacuum before it started to cool, to

avoid air bubbles forming in the gel that would later interfere with protein migration. The

solution boiled vigorously under vacuum and was considered degassed and ready to

pour when small bubbles could no longer be seen in the starch solution or on the side

of the flask; only the large bubbles from boiling remained.

Molds (inside dimensions of 184 mm x 158 mm x 6 mm), were made from 6 mm

thick plexiglas strips sealed onto common glass plates with methylene chloride; each

held ca. 300 ml of starch solution. Pouring was done fairly rapidly to reduce the

possibility of creating air bubbles. Any small solid particles or lumps present in the

suspension were removed at this time with a spatula, before the gel started to harden.

The molds containing the cooling solution were then covered with another glass plate

to prevent dehydration and ensure a smooth upper surface to the gel.

Gels were best prepared in the evening and left overnight to cool and harden

properly. The following morning they were further cooled by refrigeration (4-7°C) for at

least an extra hour. For faster preparation the freshly poured gels could be cooled at

room temperature for approximately four hours and then placed in the refrigerator for an

additional hour prior to loading the samples.

Protein Extraction and Gel Loading

Terminal shoots about 1 0 cm long were cut from actively growing plants in the

greenhouse, and the outer green leaves were removed to expose cylinders of the inner,

furled, expanding young leaves. These were labeled and quick-frozen on dry ice in a

styrofoam box. This step proved to be one of the major factors for success. In fact, any
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material not frozen directly in the greenhouse produced only smears or completely

negative results, an indication of the need for this additional protection of the labile

molecules. Once in the lab, the frozen material was cut into smaller 1 cm long

segments, wrapped in aluminum foil, labelled and deep-frozen by immersion in liquid

nitrogen. These were kept in a -80°C deep-freezer until further use. There seemed to

be no limit to how long these segments could be kept with no apparent loss of enzyme

activity, when preserved this way.

For protein extraction, frozen pieces were weighed and extracted by grinding

with an ice-cold (or colder) 200 mM Tris/HCI buffer, pH 7.8, with 60% glycerol and 0.2%

j8-mercaptoethanol, added just before use. The buffer was added to the plant tissue at

a ratio of 2:1 (tissue weight, mg : buffer volume, fj\). Keeping the samples very cold

during the whole extraction procedure was crucial. Any shoot sections containing a

piece of stem tissue were better discarded, as they consistently turned brown during or

after extraction and lost enzyme activity.

Paper wicks (approximately 1 0 mm x 1 .5 mm) were cut from thick gel blot paper

(Schleicher & Schuell Cat. No. GB003). The wicks were imbibed to saturation in the leaf

extracts, transferred to labelled multi-well boxes, and either used immediately or

preserved at -80°C indefinitely.

A slit was cut in the chilled gels, approximately 3 cm from the cathodal edge

(8 cm for cathodal migration), to serve as the origin. Excess liquid from the saturated

sample wicks was removed by touching them to a plain paper towel. The gel slit was

then gently opened and the wicks inserted in the slit. The wicks adhered to the cut gel

surface, which aided in their application. It was important to make sure that each wick

was vertical, that it touched the glass plate, and that adjacent wicks did not touch each

other.

Twenty five sample wicks, spaced approximately 2 mm apart, were used per gel.

In addition, control wicks (saturated with extracts from the original donor plant) were
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added at the first and last lanes, and spacers (wicks soaked in extraction buffer only)

were placed outside these to help minimize distortion in the band migration near the

edges of the gel. For the same reason, wicks were not placed in the side border zones

(approximately 1 cm wide).

Electrophoretic Buffers and Staining Systems

Six buffer systems, developed or optimized for the starch gel electrophoresis of

isozymes from maize (Stuber et al. 1988) were tested for resolving isozymes from

diploperennial teosinte. The original terminology used for these systems will be

followed here. The formulations for both the electrode buffers and the corresponding

gel buffers are listed in Table 5.1 . Gel recipes are listed in Table 5.2. The formulations

used for the enzyme staining solutions were adapted from Vallejos (1983) and Stuber

era/. (1988).

Electrophoresis

Once all samples had been inserted, 300 ml of electrode buffer were added to

each electrode buffer tank to cover the electrodes. The gels were placed into the

electrode tanks at 4°C in a refrigerator, with the glass base of the gel molds sitting on

an absorbent sponge cloth saturated with ice-cold water. The bridges between the

electrode buffer and the gel consisted of pieces of absorbent sponge cloth, color coded

for easy recognition of the polarity. The cloths were soaked in electrode buffer in the

buffer tank and carefully applied to the end surfaces of the gel.

A Biorad 500/200 DC Power Supply was used as the power source for

electrophoresis. This was carried out under constant current in a refrigerator at 4°C.

Power settings and running time varied depending upon the buffer and had to be

determined experimentally (Table 5.3).

An electric pulse was applied for 15 minutes with the wicks in place to drive the

proteins into the gels. After this time the power was turned off, the wicks were removed
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Table 5.1 Formulas for electrode and gel buffers

System Electrode Buffer Gel Buffer

A 50 mM L-Histidine (7.75 g/l)

pH 5.0 24 mM Citric Acid.H20
pH adjusted with Citric Acid.H20

B 65 mM L-Histidine (1 0.088 g/l)

pH 5.7 20 mM Citric Acid.H20
pH adjusted with Citric Acid.H20

C 190 mM Boric Acid (11.875 g/l)

pH 8.3 40 mM Lithium Hydroxide

pH adjusted with LiOH

CT 68 mM N-(3-Aminopropyi)

pH 6.1 Morpholine (9.8 g/l)

40 mM Citric Acid.H20 (8.41 g/l)

pH adjusted with Citric Acid.H20

D 65 mM L-Histidine (1 0.088 g/l)

pH 6.5 7 mM Citric Acid.H20
pH adjusted with Citric Acid.H20

F 1 35 mM Trizma Base (1 6.35 g/l)

pH 7.0 40 mM Citric Acid.H20
pH adjusted with Citric Acid.H20

4 mM L-Histidine

2mM Citric Acid.H^
(1:13 dilution of Electrode Buffer)

(23 ml Buffer + 276 ml H^ = 299 ml)

9 mM L-Histidine

3mM Citric Acid.H^
(1 :7 dilution of Electrode Buffer)

(40 ml Buffer + 240 ml Hj>0 = 280 ml)

9 parts Tris/Citric Acid Buffer

[50 mM Trizma Base (6.2 g/l)

+ 7 mM Citric Acid.H^, pH 8.3]

: 1 part Electrode Buffer C
(270 ml Tris/Citrate Buffer C
+ 30 ml Electrode Buffer C = 300 ml)

3.4 mM N-(3-Aminopropyl)

Morpholine

2 mM Citric Acid.H20
(1 :20 dilution of Electrode Buffer)

(15 ml Buffer + 285 ml H2O = 300 ml)

16 mM L-Histidine

2 mM Citric Acid.H20
(1 :4 dilution of Electrode Buffer)

(70 ml Buffer + 210 ml H^ = 280 ml)

9 mM Trizma Base
3 mM Citric Acid.F^O

(1 :1 5 dilution of Electrode Buffer)

(20 ml Buffer + 280 ml Hj>0 = 300 ml)

Source: Modified from Stuber et al. (1 988)
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Table 5.2 Gel Recipes

System Starch (13%) Gel Buffer Volume

A 38.9 g Potato Starch 299 ml

DB 36.4 g
8.4 g

Potato Starch

Sucrose 280 ml

<->

39.0 g
13.0g

Potato starch

Sucrose 300 ml

CT 39.0 g
13.0g

Potato starch

Sucrose 300 ml

D 39.0 g
9.0 g

Potato starch

Sucrose 300 ml

F 39.0 g
9.0 g

Potato starch

Sucrose 300 ml

Source: Modified from Stuber etal. (1988)

Table 5.3 Constant Current, Initial Voltage and Running Time for

Electrophoresis.

System Constant Current Initial Voltage Running Time
(mA) (V) (hours)

A 25 310 4

B 35 300 4

C 35 200 4

CT 35 330 4

D 25 360 4

F 35 210 4
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and discarded and the slit closed. It was important not to trap air between the two

sides of the gel at the origin. Solid glass rods were placed at the top and bottom of the

gel to ensure that the slit was held tightly closed during the run. The gels were covered

with polyethylene film to prevent desiccation, and glass plates were placed on top of

the slabs to ensure good contact between the gel and the electrode bridges. Frozen

ice packs were placed on the glass plates to minimize enzyme degradation. Careful

maintenance of very low temperatures throughout the whole process was probably the

most important factor for success.

Enzyme Activity Staining

Following completion of electrophoresis, the glass plate and the polyethylene

wrap were removed and a diagonal slash was cut in the anodal left corner of the gel to

identify the position of the first lane. Since no enzymes migrate the last 3 cm, the

terminal 3 cm section of the gel was also cut off the entire length of the anodal edge to

facilitate slicing and transfer to the staining boxes.

Gels were sliced using a home-made gel slicer made of a piece of very thin steel

wire maintained under strong tension by the bow of a hacksaw. Two plastic slicing

strips of the desired thickness were placed on the bottom glass plate along both long

sides of the gel. The gel was then sliced horizontally in two 3-mm thick slices by pulling

the wire through, using the slicing strips to adjust the thickness of the slice through the

slab.

Single slices were separated with a spatula and transferred to staining boxes,

where zones of enzyme activity were revealed by immersion into stain assay mixes.

The top slice always had a rubbery upper surface due to its exposure to the air, and

produced poorer resolution than the lower slice. This was counteracted by staining it

inverted to expose the freshly cut lower surface for staining. Each slice was individually

stained for a different enzyme with 50 ml of a freshly prepared staining mix. A gentle
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swirling motion was used to eliminate air bubbles trapped under the slice, as they affect

the even distribution of the solution.

Analysis of Banding Patterns

Gels were kept in the dark and checked for staining every 15 to 30 minutes.

When optimum resolution was obtained they were rinsed with tap water, visually scored,

labelled, and photographed with Kodak™ Technical Pan™ 35 mm black and white film.

This was then developed with full strength Kodak™ Developer D-1 9™ for four minutes to

improve contrast.

Zymograms were visually compared for differences in migration patterns. No

attempt was made to identify single bands by using Rf (migration of the band relative to

the front) or Rb (migration of the band relative to a unique control band) values and no

genetic analysis was performed to identify the monomeric or polymeric nature of the

enzymes.

Results

Selection of Electrophoretic Buffers and Enzyme Systems for Studying Isozymes in

Diploperennial Teosinte

Seventy four enzyme staining systems were tested, in combination with each of

the six buffer systems described above. The results of this survey are presented in

Table 5.4. The colloquial names and enzyme commission (E.C.) numbers listed below

follow the guidelines and recommendations of the nomenclature committee of the

International Union of Biochemists (I.U.B. 1984).

Well resolved bands were obtained with 15 enzyme activity stains-aconitase

(E.C. 4.2.1.3), alcohol dehydrogenase (E.C. 1.1.1.2), arginine aminopeptidase (E.C.

3.4.11.6), aryl esterase (tested with or- and /3-naphthyl substrates) (E.C. 3.1.1.2),

diaphorase (E.C. 1.6.99.1), endopeptidase (E.C. 3.4.-.-), L-glutamic dehydrogenase
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Table 5.4 Enzyme activity stains and buffer systems tested for isozyme detection

in Zea diploperennis.

Buffer System*

Enzyme Activity Stain

A B C D F CT

o © © © o o
o © © © o o

©

o ©

©

o o o ©
o o ©
o o ©

©

1 . Acid Phosphatase (a-naphthyl substrate)

2. Acid Phosphatase (p-naphthyl substrate)

3. Aconitase

4. Adenosine Deaminase
5. Adenylate Kinase
6. Alanine Aminotransferase

7. Alcohol Dehydrogenase
8. Aldehyde Oxidase
9. Aldolase

10. Alkaline Phosphatase (a-naphthyl substrate)

1 1 . Alkaline Phosphatase (p-naphthyl substrate)

12. Amylase (a-)

13. Arginine Aminopeptidase
14. Aryl Esterase (a-naphthyl substrate) ©
15. Aryl Esterase (p-naphthyl substrate) O
16. Aryl Sulfatase ....
1 7. Ascorbate Oxidase ....
18. Carbonic Anhydrase ....
19. Catalase ....
20. Chalcone Isomerase ....
21 . Creatine Kinase ....
22. Diaphorase © ©
23. Endopeptidase ©
24. Formate Dehydrogenase ....
25. Fumarase ....
26. Galactose Dehydrogenase ....
27. Galactosidase (a-D-) ....
28. Galactosidase (p-D-) ....
29. Glucose Oxidase ....
30. Glucose-6-Phosphate Dehydrogenase - O O O
31 . Glucosidase (p-D-) O
32. Glucuronidase (p-) ....
33. Glutamic Dehydrogenase (L-) ... ©
34. Glutamate-Oxaloacetate Transaminase O © © O
35. Glutamine Synthetase ....
36. Glutathione Reductase ....
37. Glyceraldehyde-3-Phosphate Dehydrogenase ....
38. Glycerol-3-Phosphate Dehydrogenase ....
39. Guanine Deaminase ....
40. Hexokinase O O ©

(continued)
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Table 5.4 (Continued)

Buffer System*

Enzyme Activity Stain

A B C D F CT

41. Hydroxyacylglutathione Hydrolase - - - -

42. Iditol Dehydrogenase (L-) - - - -

43. Isocitric Dehydrogenase - - © -

44. Laccase - - - -

45. Lactate Dehydrogenase - - - -

46. Leucine Aminopeptidase - - - -

47. Lipoxigenase - -

48. Malic Dehydrogenase © o © -

49. Malic Enzyme O © ©
50. Mannose-6-Phosphate Isomerase - - -

51. Nitrate Reductase - - - -

52. Nitrite Reductase - - - -

53. Nucleoside Triphosphate Pyrophosphatase - - - -

54. PEP Carboxylase - - - -

55. Peptidase - - -

56. Peroxidase - - _

57. Phosphoglucomutase e - ©
58. Phosphogluconate Dehydrogenase (6-) © o ©
59. Phosphohexose Isomerase © o © -

60. Phosphorylase —

61. Purine-Nucleoside Phosphorylase - -

Pyrophosphatase
63. Pyruvate Kinase
64. Ribonuclease

65. Shikimic Acid Dehydrogenase © © © e o o
66. Succinic Dehydrogenase o 0
67. Superoxide Dismutase
68. Thioglucosidase
69. Triose Phosphate Isomerase o
70. Tyrosine Aminotransferase
71. Urease
72. Uroporphyrinogen I Synthase
73. Xanthine Dehydrogenase
74. Xylosidase

"- = no activity

© = activity detected, poor migration or resolution

© = fair migration or resolution

© = well resolved bands
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(E.C. 1.4.1.2), hexokinase (E.C. 2.7.1.1), isocitric dehydrogenase (E.C. 1.1.1.42), malic

dehydrogenase (E.C. 1.1.1.37), malic enzyme (E.C. 1.1.1.40), phosphoglucomutase

(E.C. 5.4.2.2), 6-phosphogluconate dehydrogenase (E.C. 1.1.1.44) and phosphohexose

isomerase (E.C. 5.3.1.9). Eight additional enzymes-acid phosphatase (E.C. 3.1.3.2)

(tested with a- and /3-naphthyl substrates), adenylate kinase (E.C. 2.7.4.3), aldolase

(E.C. 4.1.2.13), alkaline phosphatase (E.C. 3.1.3.1) (tested with a- and /3-naphthyl

substrates), glutamate-oxaloacetate transaminase (E.C. 2.6.1.1) and shikimate

dehydrogenase (E.C. 1.1.1.25)--showed fair migration or resolution. A number of

changes in all important electrophoretic parameters were made in an attempt to

improve resolution or stainability, but all other enzyme systems that were investigated

showed either limited migration or resolution or had no staining activity at all. This

completely prevented their further use in any subsequent work. To assess for culture-

induced variation, all 100 plants of the R0 population were individually tested for each of

the 23 enzyme activity stains that yielded well resolved or fairly well resolved banding

patterns.

Isozyme Analysis of Tissue Culture Reqenerants

Zymograms covering 50 R0 plants, developed for each of 12 enzyme activity

stains, are shown in Figs. 5.1 through 5.12. The most obvious feature in all (including

those not illustrated) was the absolute uniformity of the banding patterns from all tissue-

culture-derived plants. No differences could be found between Type A and Type B

regenerants, neither were there any bands in the R0 plants that could not be referred to

corresponding bands in the control donor plant.

Discussion and Conclusions

The occurrence of phenotypic variation in plants regenerated from tissue

cultures, frequently associated with regeneration systems involving an unorganized



Figure 5.1 Zymogram (anodal migration) showing isozyme phenotypes for the acid

phosphatase alleles (specific for cr-naphthyls), in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.2 Zymogram (anodal migration) showing isozyme phenotypes for the acid

phosphatase alleles (specific for /3-naphthyls), in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).





Figure 5.3 Zymogram (anodal migration) showing isozyme phenotypes for the

aconitase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.4 Zymogram (anodal migration) showing isozyme phenotypes for the aryl

esterase alleles (specific for a-naphthyls), in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).



276



Figure 5.5 Zymogram (anodal migration) showing isozyme phenotypes for the aryl

esterase alleles (specific for /3-naphthyls), in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.6 Zymogram (anodal migration) showing isozyme phenotypes for the

diaphorase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.7 Zymogram (anodal migration) showing isozyme phenotypes for the

endopeptidase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.8 Zymogram (anodal migration) showing isozyme phenotypes for the

L-glutamic dehydrogenase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.9 Zymogram (anodal migration) showing isozyme phenotypes for the malic

dehydrogenase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).





Figure 5.10 Zymogram (anodal migration) showing isozyme phenotypes for the malic

enzyme alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.11 Zymogram (anodal migration) showing isozyme phenotypes for the

phosphoglucomutase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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Figure 5.12 Zymogram (anodal migration) showing isozyme phenotypes for the

6-phosphogluconate dehydrogenase alleles, in diploperennial teosinte.

Top: Regenerant lines 1 through 25
Bottom: Regenerant lines 26 through 50

Sample origin is at the top. The two outermost lanes are controls (from

the original donor plant).
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callus phase, has been found in many crop species. Deviations from the expected

phenotypic and genetic uniformity have been reported at the morphological,

karyological, physiological, biochemical and molecular levels (Meins 1983; Orton 1984;

D'Amato 1985; Scowcroft 1985; Ahloowalia 1986; Gould 1986; Semal 1986; L6rz ef a/.

1988).

Variation in isozyme or seed protein banding patterns, as a result of a passage

through tissue culture, has been reported repeatedly in the literature (e.g., Larkin ef a/.

1 984; Maddock er a/. 1 985; Cooper ef a/. 1 986; Davies ef a/. 1 986; Breiman ef a/. 1 987a;

Eizenga 1 987, 1 989; Karp ef al. 1 987; Dahleen 1 989; Taliaferro ef al. 1 989; Dahleen and

Eizenga 1990). A general interpretation of these results, however, has not been easy.

In many cases the presence of biochemical variants seems to correlate well with

the occurrence of karyological aberrations. This implies that these could be at the

origin of the newly induced variation. Such was the case with alcohol dehydrogenase

variants identified in wheat (Triticum aestivum L.) regenerants from tissue culture that

were found to be associated with aneuploidy, translocations and other chromosomal

aberrations (Davies ef al. 1986). In barley (Hordeum vulgare L), where regenerants

derived from immature embryos were found to be relatively stable and free from

variation for the banding profiles of esterase and glutamate-oxaloacetate transaminase,

a single hordein variant was found, associated with meiotic aberrations (Karp ef al.

1987). And in tall fescue (Festuca arundinacea Schreb.), where isozyme changes were

found in regenerants from mature embryo cultures (Eizenga 1987), the loss of isozyme

bands also correlated well with the presence of karyological aberrations, of which

chromosome loss was the most apparent change (Eizenga 1 989; Dahleen and Eizenga

1990).

The accumulating evidence thus would seem to indicate that, as previously

observed at the morphological level (see Chapter 2), variation at the biochemical level

can also be associated with numerical and gross structural alterations of the
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chromosomes. In a study of wild barley (H. spontaneum Koch) regenerants, however, a

variant hordein pattern was found in a plant that had an otherwise normal karyotype

(Breiman etal. 1987a). Likewise, Dahleen (1989) also found extensive biochemical (and

morphological) variation in oat (AVena sativa L) lines derived from selected tissue

culture regenerants with no obvious karyotypic aberrations. This clearly indicates that

although the role of karyological alterations cannot be ignored in the generation of such

variation, there are cases where other factors might be involved as well.

Clarification of the matter is further obscured by the fact that some reports may

have a dual interpretation of the results. Several studies, for example, have reported

variation in the gliadin banding patters of wheat (Larkin ef al. 1 984; Maddock ef al. 1 985;

Cooper ef al. 1986). It is not clear, however, whether these are indeed culture-induced

variants or the normal products of segregation and outcrossing (Metakovsky et al.

1987). Another possible case is the variation in esterase and peroxidase isozyme

patterns reported in Bothriochloa (Taliaferro er al. 1 989) which may be epigenetic, rather

than genetic, in origin. Both esterase and peroxidase are key enzymes in native auxin

metabolism (Tang and Bonner 1 947; Wagenkencht and Burris 1 950; Andreae and Good

1955; Good era/. 1956; Ray 1958; Hinman and Lang 1965; Sequira and Mineo 1966;

Endo 1968; Haard 1977; Huang and Haard 1977; Cohen and Bandurski 1978; Thomas

and Jen 1980; Thomas ef al. 1980; Hangarter and Good 1981), and are therefore

among the most likely to be influenced by the hormonal imbalance in vitro. Recent

observations showed that 2,4-D may also be directly involved in the inhibition of

peroxidase activity (Lee ef al. 1982; Grambow and Langenbeck-Schwich 1983). In

Bothriochloa all selfed regenerants (/? 7 ) had peroxidase and esterase bands identical to

their respective progenitors (R0)
(Taliaferro ef al. 1989). This could be the result of

certain long lived physiological changes that can be transferred through one or more

sexual generations (e.g., Morrish etal. 1990).
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It is noteworthy that in sharp contrast with the forementioned variation found in

the regenerants from mature embryo cultures of tall fescue (Eizenga 1987, 1989;

Dahleen and Eizenga 1990), plants derived from cultured immature inflorescences of

the same species were fertile, had a normal chromosome complement and completely

lacked any isozyme variation (Eizenga and Dahleen 1990). This striking lack of variation

(as compared to the previous reports) was attributed both to a shorter period in culture

and to regeneration by somatic embryogenesis, which resulted ".
. . in fewer

abnormalities than organogenesis, which occurred in the mature embryo culture. . .

."

(Eizenga and Dahleen 1990). This would also probably explain the biochemical (and

morphological) variation found in the oat lines studied by Dahleen (1989), as the

original R0 plants were selected from a karyologically heterogeneous population

produced by shoot morphogenesis (McCoy era/. 1982).

Additional support of the idea that somatic embryogenesis may contribute to the

apparent stability and uniformity at the biochemical level of tissue culture regenerants is

provided by Shenoy and I.K. Vasil (1992), who found no detectable qualitative variation

in a population of Napier grass regenerated by strictly monitored somatic

embryogenesis and analyzed for the activity of 14 enzyme systems. The results

reported in this chapter for diploperennial teosinte also support this hypothesis.

The uniformity of protein banding patterns per se is by no means definitive

evidence of absence of any aberrations at the loci tested (Brown and Weir 1983). Only

about one quarter of base substitutions in the DNA result in amino acid replacements

detectable by routine electrophoresis, and substitutions in sequences which are not

translated, including the intervening sequences or introns, are beyond the reach of

electrophoretic surveys. Sufficient evidence is already available, however, to indicate

that the results of these biochemical analyses are closely paralleled by results of

molecular analyses at the nuclear and cytoplasmic levels (Shenoy and I.K. Vasil 1992;

Chowdhury and I.K. Vasil 1993; Valles era/. 1993; Chowdhury era/. 1994).
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The apparent regulatory effect that can be achieved by (1 ) the careful choice of

competent explants and by (2) strict selection of the embryogenic pathway of

regeneration has been well documented at the karyological and morphological levels

(Scheunert ef al. 1978; I.K. Vasil 1983a, 1985, 1987; Hanna era/. 1984; Armstrong and

Green 1985; Swedlund and I.K. Vasil 1985; Hahne and Hoffmann 1986; Rajasekaran ef

al. 1986; Singh 1986; Sengupta ef al. 1988; Taniguchi and Tanaka 1989). This can be

extended to the biochemical and molecular levels and supports the suggestion that the

combined use of these two key factors may largely avoid the undesirable phenotypic

and genetic instability so often associated with systems that involve a passage through

an undifferentiated callus phase in tissue culture (I.K. Vasil 1983a, 1985, 1987).



CHAPTER 6

CLOSING REMARKS

As stated earlier, it was the objective of the research reported in this dissertation

(1 ) to develop a long-term efficient regeneration system from cultures of diploperennial

teosinte; (2) to morphologically characterize the pathway of regeneration; (3) to

morphometrically and cytologically characterize the regenerants, their progeny and

control plants to evaluate the genetic fidelity of the tissue-culture-derived plants; (4) to

electrophoretically characterize the regenerants to further evaluate at the biochemical

level the genetic fidelity of the tissue-culture-derived plants; and (5) to interpret the

nature of variation, should any be detected in the regenerants and/or their progeny.

In the previous chapters it was shown that once the appropriate requirements

are met for the choice of explants and their cultural conditions, it is possible to initiate

regenerable embryogenic calli of diploperennial teosinte that can be maintained for

extended periods of time (over 4 years) without a serious loss in their capacity to

regenerate plants. It was also shown that although the regeneration capacity of such

cultures is not greatly impaired by time (within the stated limits), the same is not true for

the fidelity of their genetic expression. Extensive variation was generated in the tissue

culture process, to the point that after three years every single regenerant was grossly

abnormal, and in more than one way. Previous publications reported an increase in

phenotypic aberrations associated with long-term cultures (e.g., Torrey 1967; Fukui

1983; Lorz and Scowcroft 1983; Benzion 1984; Chandler and I.K. Vasil 1984; Lee and

Phillips 1984, 1987, 1988; Armstrong 1986; Cassells and Morrish 1987; Zehr era/. 1987;

Armstrong and Phillips 1988; Benzion and Phillips 1988; Lee et a/. 1988; Karp 1989;

Morrish et al. 1990). The present work also showed that a large number of qualitative

297
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and quantitative morphological characters, as well as some physiological traits, were

affected by the long-term tissue culture process. The most noticeable were the overall

size and proportions of the plants and their sex expression and fertility at maturity. The

regenerants were distinctly dwarf multitillering male sterile plants, with an incomplete

development and/or feminization of the tassel. No cytological anomalies were found in

conjunction with the morphological aberrations. All plants had the normal diploid

chromosome complement for the species. No variation was detected at the

biochemical level (for the 23 isozyme systems tested) among the regenerants or

between these and the original donor plant.

The most relevant findings of this study, however, permitted by the perennial

nature of this fully self-fertile species, were the clear demonstration that (1 ) the simple

passage of time (a factor not available when working with annual plants), (2) a sexual

cycle (not possible when sterility is involved) or (3) a hormonal treatment reverts most, if

not all, of the induced aberrations back to a completely normal phenotype. All variation

found in the tissue culture regenerants was physiological and non-heritable, and merely

a consequence of the environmental stress represented by the tissue culture per se.

The total absence of stable, transmissible variation offers full support to the proposition

that the strict impositions of embryogenesis virtually eliminate any genetic variation that

might arise during tissue culture (I.K. Vasil 1983a, 1985, 1987).

The underlying reasons for the unnatural behavior of plants derived from in vitro

cultures are not currently understood (Meins 1983; Gould 1986; Evans and Sharp

1988). Some anomalies, such as the multitillering habit found in the R0 during the first

growing season after regeneration, may be no more than a reflection of a "carry-over"

effect commonly associated with the use of cytokinins in the regeneration protocol.

Some long-term effects that could be easily confused with stable genetic variation were

not found in the following generation after selfing. This kind of variation, mostly

expressed at the morphological level by alterations in size, growth habit and sex
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expression, is termed epigenetic variation (Meins 1983). It can be duplicated by

growing plants from seed under conditions that mimic the tissue culture environment

(e.g., Lorz er a/. 1988), and there is a suggestion that it might be correlated with the

stress of growth under in vitro conditions (e.g., Lorz ef a/. 1988; Karp 1989). The exact

nature of this "stress in vitro" remains largely unknown.

Developmental aberrations comparable to those observed in the course of this

study, however, can also be generated in systems that do not involve in vitro

conditions. In maize, for example, exposure to short days and cool nights, or auxin

applications, bring about in normal plants exactly the same type of variation in fertility

and development of the tassel found in long-term regenerants of diploperennial teosinte

(Figs. 6.1 through 6.4) (Schaffner 1927; Richey and Sprague 1932; Choudri and Krishan

1946; Moss and Heslop-Harrison 1968). Because the environmental effects can be

completely substituted by auxin treatment of the plants, it is natural to assume that they

are effective by altering the native auxin metabolism (Heslop-Harrison 1957a, 1957b,

1959, 1961).

The only common denominator between the situation described above and the

anomalies induced by tissue culture is the presence of an auxin (required to elicit

embryogenic response in tissue cultures of Gramineae), which leads to the inference

that the presence of the auxin in the medium may well also be at the origin, directly or

indirectly (e.g., by influencing native auxin metabolism), of the anomalies found in the

tissue-culture-derived plants (Fig. 6.5). Recent observations show that synthetic auxins

may indeed affect native hormone levels. Compounds like 2,4-D (as well as a number

of other disubstituted phenolics) can inhibit peroxidase (including IAA oxidase) activity,

which leads to an accumulation of endogenous auxin in the tissues (Lee ef al. 1 982;

Grambow and Langenbeck-Schwich 1983). From this perspective, then, the nature and

intensity of the effects observed in specific organs, and at different times, in the

regenerants of diploperennial teosinte, is most probably correlated with the



Male fertility, tassel development and sex expression in tissue-culture-

derived plants of diploperennial teosinte.

Spring 1989 (R0):

The apical inflorescence is morphologically and functionally female

(type B regenerant).

Male fertility, tassel development and sex expression in tissue-culture-

derived plants of diploperennial teosinte.

Spring 1990 {R0):

The apical inflorescence is morphologically male, but only partially

developed. Branches are absent and the anthers do not protrude,

which makes most plants functionally male sterile. Feminization of the

basal flowers is not uncommon.

Male fertility, tassel development and sex expression in tissue-culture-

derived plants of diploperennial teosinte.

Spring 1990 {R0):

In some plants, transformation of tassel structures into vegetative

organs can occur. In such plants, a variable number of floral

appendages become transformed into leaflets. In extreme cases, the

whole apical inflorescence may turn vegetative, with small plantlets

replacing the spikelets. This condition, which can be easily mistaken

for a genetic mutation, is only a transient physiological disorder under
photoperiodic control (Coe and Poethig 1982).

Male fertility, tassel development and sex expression in tissue-culture-

derived plants of diploperennial teosinte.

Fall 1990 (R0 ,
left) and selfed regenerants (flj, right):

The apical inflorescence is morphologically and functionally male.

Individual spikelets are fully fertile.
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auxin levels present in the plants at that particular time, as different developmental steps

are differentially sensitive to the level of auxin concentration.

Although variation in endogenous auxin levels might be invoked to explain the

anomalous floral development and altered sex expression in the tissue culture

regenerants, the mediation of ethylene, however, better explains the alterations found in

the vegetative morphology. Both auxins and ethylene can cause a number of similar

responses at the morphological and physiological levels. Endogenous IAA is capable

of controlling ethylene production in vivo (Maloney et al. 1983), which may

subsequently affect other metabolic processes, including the biosynthesis of other

hormones. Many responses once attributed to auxin, including the forementioned

alterations in floral development and sex expression, have now been traced to ethylene

produced in response to the auxin treatment instead (Abeles 1973; Yang and Pratt

1978). In addition, there is also considerable evidence that 2,4-D, and probably all other

synthetic auxins used in the induction of somatic embryogenesis, act on a range of

developmental processes by directly increasing the levels of ethylene production in

plant tissues (e.g., Holm and Abeles 1968; Goeschel and Kays 1975; Rappaport 1980,

Pinfield er al. 1984).

Assessing a role for ethylene in the morphological determination of abnormal

traits in plants from tissue culture is not an easy task. Little attention has been paid to

the possibility that ethylene may be involved in such processes and direct experimental

evidence is not available upon which to draw any valid conclusions. Indirect evidence,

however, indicates that factors known to alter ethylene production or which promote

changes in ethylene concentration in normal plant tissues often lead to phenotypic

responses that closely mimic the morphology and behavior of variant plants

regenerated from tissue cultures. At the vegetative level, a typical example is in the anti-

lodging properties of the ethylene releasing compound, Ethrel®. Ethephon

(2-chloroethylphosphonic acid), the active ingredient in Ethrel®, is a growth regulator
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that has been used to reduce plant height and lodging and thereby increase

harvestable yield in a variety of cereals and small grains (Dahnous et al. 1 982; Nafziger

era/. 1986; Wiersma etal. 1986; Gaska and Oplinger 1988; Norberg et al. 1988, 1989;

Konsler and Grabau 1989). In these plants lodging is diminished by a reduction of plant

height (reduced internode length), an increase in stem diameter and a stimulation of

brace root development.

The application of ethephon to grass species thus results in large changes in

the stalk morphology of the treated plants, many of which similar to those shown by

tissue culture variants. In both cases a marked decrease in height results, due to a

reduction in internode length without a change in internode number. This is often

combined with a thickening of the stem which, in the case of the tissue culture variants,

is particularly noticeable in the extreme case of Type B regenerants. Unquestionably,

both conditions impose dwarfism on the plants, one of the most commonly reported

anomalies resulting from tissue culture.

The assumption of an involvement of ethylene receives additional support from

the results of the GA3 applications to tissue culture regenerants reported in this

dissertation. The alleviatory effects of GA3 on the aberrant traits found in the R0 plants

suggests the possibility that the growth abnormalities result from the suppression, by

the conditions in vitro, of endogenous gibberellin biosynthesis, which results in an

inadequate supply of hormone during the developmental period. Pinfield et al. (1 984)

showed that 2,4-D (or the ethylene it produces) inhibits endogenous gibberellin

production in marrow seedlings treated with various combinations of both gibberellin

and 2,4-D. The same authors and others (e.g., Vyas er al. 1975) showed that

gibberellins reversed the effects of 2,4-D in vivo. Gibberellins are also well known

antagonists of ethylene action (e.g., Jackson and Campbell 1979; Pinfield etal. 1984).

It is thus conceivable that tissue cultures might induce dwarfism, as well as

alterations in fertility and floral structure and development, through the mediation of
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ethylene. Many of the variant phenotypes commonly described in the literature, when

shown to be of non-genetic origin, could then be nothing but a reflection, at the

morphological level, of an altered physiology produced by higher levels of ethylene

induced in vitro either by the mechanical excision of the explant, by the presence of a

strong synthetic auxin in the medium, or by the overall stressing conditions of the tissue

culture environment per se. Obviously, additional work needs to be done along these

lines to test this hypothesis.
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