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A bstract

All organisms go through distinct phases of development during ontogenesis. In 

plants, shoot development has traditionally been divided into two phases of 

development distinguished by the the ability to flower. The non-flowering, juvenile 

phase of development is followed by the adult phase of development, during which 

flowering can occur. Frequently observed modifications in the vegetative morphology 

of the shoot are thought to reflect the transition to a phase in which the shoot is 

competent to flower, yet conclusive evidence for this assumption is lacking. An 

alternative model proposed here may provide a better framework for the genetic analysis 

of shoot development. In this model, shoot development is partitioned into three 

phases: the early vegetative and late vegetative phases of development, which are 

defined by phase-specific vegetative traits, and a reproductive phase of development. 

These phases are expressed in a spatial sequence as a result of the polar nature of shoot 

growth. In maize, the early vegetative phase is marked by traits such as the presence of 

a visible form of epicuticular leaf wax and round epidermal leaf cells in cross section. In 

the late vegetative phase, the visible leaf wax is absent, the epidermal cells are more 

rectangular in cross section and trichomes are expressed on the leaf blades. The 

reproductive phase of development is characterised first by a brief, photoperiod 

sensitive period and later by the differentiation of inflorescences. The aim of this study 

is to investigate whether this three-phase model provides an adequate conceptual 

framework. To this end, the relationship between the transition from early vegetative to 

late vegetative growth and flowering in maize is studied using a genetic approach.

Results show that the early flowering trait does not alter the rate of leaf initiation. 
Rather, the overall length of the vegetative development is reduced in early flowering 

plants, resulting in the production of fewer leaves. This reduction in leaf number affects 

the vegetative phases of development in different ways; either only the late vegetative 

phase of development is reduced or the early vegetative and the late vegetative phases 

are both shortened, as determined by phase-specific traits. This difference is dependent 

on the inbred background and not on the early flowering trait, as determined by genetic, 

molecular, and physiological techniques. Therefore, in one species, but in different 

inbred backgrounds, vegetative phase change and reproductive maturity can be 

independent or regulated coordinately, indicating that a three-phase model of shoot 
development is an adequate conceptual framework. Finally, the early flowering trait is 

placed in a pathway regulating the reproductive phase of development. In the late 
flowering genotypes examined, a longer vegetative phase is reflected only in a longer 

late vegetative phase. The expression of the early vegetative phase is unaffected. A 

working model of shoot development in maize is proposed.
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CHAPTER 1

Introduction



1.1 Background and definition of terms

2

During ontogenesis, organisms pass through a series of distinct phases of 

development. In plants, the change from one phase to the next affects the meristem, 

and successively expressed phases of development are permanently laid down in a 

spatial sequence due to the polar nature of plant growth. The most evident changes in 

the development of the aerial plant shoot, shifts in the expression of the vegetative and 

reproductive phases of development, have been studied for hundreds of years 

(Schaffalitzky de Muckadell, 1959) and concepts and definitions abound. The topic 

has received much attention, particularly from horticulturists and tree breeders who 

wish to shorten the time to flowering to obtain fruit and seed faster, or prolong the 

juvenile phase to be able to use vegetative propagation. Yet, the genetic regulation of 

these distinct phases of shoot development is little understood. This problem is 

certainly a complex one, and the long-standing quest to understand the regulation of 

flowering is but one aspect of it.

Commonly, a juvenile, non-flowering phase has been distinguished from an adult 

phase, in which the shoot is able to flower (Zimmerman, 1972). The vegetative part of 

the shoot can also go through changes in a variety of characters in a phase-specific 

manner (see below). These vegetative changes frequently correlate with the shift from 

a non-flowering to a flowering shoot and have been assumed to be associated with the 

changes in the reproductive ability (Doorenbos, 1965; Robbins, 1961; Schaffalitzky de 

Muckadell, 1954; Zimmerman, 1972; Zimmerman et al., 1985). As a result, the phases 

of plant shoot development have been defined based only on the reproductive ability of 

the shoot. This assumption conflicts with observations suggesting that the vegetative 

and reproductive phases may be regulated independently (see below). It will be argued 

in the present study that the traditional two-phase model of shoot development is too 

rigid to accommodate many of the apparent discrepancies reported in the literature and 

that it provides an inadequate conceptual framework for the study of shoot 

development. Instead, in a newly proposed model of shoot development, the shoot is 

thought to go through three, largely independently regulated phases of development; the 

early vegetative, the late vegetative, and the reproductive phase (Bassiri et al., 1992; 

Poethig, 1990). The adoption of a three-phase model makes it possible to investigate 

the relationship between the three phases, in particular to inquire how the expression of 

the three phases is coordinated to allow proper development of the shoot. In order to 

assess if this model is likely to provide a more accurate picture of shoot development, it 

is necessary to establish if the transition from one vegetative phase of development to



the next can indeed proceed independently from changes in the reproductive maturity of 

the shoot. Using a genetic approach, this question is investigated in the present study 

by characterising the expression of the vegetative phases of development in early and 

late flowering maize genotypes. The results indicate that a three-phase model of shoot 

development provides a useful conceptual framework which is employed in the present 

study to examine the relationship between the vegetative and reproductive phases of 

shoot development in maize.

Phase change in plants has been defined as a switch from a juvenile to an adult type 

of growth (Brink, 1962). The terms "state", "stage", and "phase" are used 

interchangeably in the literature to describe these alternative growth patterns. To avoid 

confusion and to stress the persistent, yet dynamic nature of development, the term 

"phase" will be used preferentially in this work. The juvenile and adult phases of shoot 

development are traditionally distinguished by the ability of the shoot to flower : a plant 

cannot flower during the juvenile phase of development, but acquires the ability to do 

so in the adult phase of development (Schwabe, 1976; Wareing and Frydman, 1976; 

Zimmerman, 1972, 1973; Zimmerman et al., 1985). Sussex (1976) extended the 

definition phase change in a more general sense to mean a sudden transition from one 

persistent developmental state to another. Examples of such phase changes include the 

transition from production of vegetative organs to production of reproductive organs by 

the meristem, or the switch from submerged leaf type to emergent leaf type in aquatic 

plants. Both authors emphasise that these developmental phases are not 

morphologically and physiologically stable (Sussex, 1976) or permanent (Brink,

1962), but are developmentally discrete phases, or "persistent", in that they can be 

defined by a characteristic set of traits which persist during somatic growth.

The polar nature of shoot growth causes changes in development to be expressed in 

a spatial sequence. While it is extremely difficult to establish whether developmental 

changes are caused by temporal or spatial modifications, or by a gradual shift in the 

physiology of the shoot, the results can be traced in the spatial arrangement of phase- 

specific characters. An older structure produced during an early phase of development 

will have traits pertaining to this early phase, while younger structures that are formed 

later will display traits of a later phase of development. Older structures are found at 

the base of the plant or of a branch, while the youngest structures are near the shoot 

apex. The phases of development are persistent so that new growth originating from 

axilliary buds will show the same phase-specific characters. For example, the basal 

parts of plants remain in the juvenile phase of development, creating the juvenile zone 

(Schaffalitzky de Muckadell, 1959). This is illustrated by the familiar sight of the



basal, juvenile branches of oak or beech trees, which, unlike the adult branches, retain 

their withered leaves in winter.

Shoot development and phase change have usually been studied in woody species, 

most prominently English ivy, because of many obvious morphological changes. In 

woody species, reproductive maturity is reached only after a prolonged period in which 

the plant does not flower. This observation is reflected in the traditional model of shoot 

development, where the shoot is partitioned into two phases - the juvenile phase and the 

adult phase - which are distinguished by the floral competence of the shoot (Schwabe,

1976; Wareing and Frydman, 1976; Zimmerman, 1972, 1973; Zimmerman et al,

1985). In this context, the term phase change relates to the transition from the juvenile 

phase to the adult phase (Brink, 1962). Since the ability to flower cannot always be 

assessed prior to die formation of flowers, a transition phase has been postulated in 

which the shoot is florally competent (adult), but floral differentiation has not yet 

occurred (Zimmerman, 1972). This concept of a transition phase is of little operational 

value, and organs produced during the transition phase will often be regarded as 

juvenile (Zimmerman, 1973). Frequently, changes in the vegetative morphology or 

physiology are correlated with the time when the plant begins to flower for the first time 

(Robbins, 1957b; Stein and Fosket, 1969; Stephens, 1944a, b, c). As a result, such 

vegetative changes have often been thought to be associated with and to reflect the 

transition to the flowering (adult) phase (Doorenbos, 1965; Robbins, 1961;

Schaffalitzky de Muckadell, 1954; Zimmerman, 1972; Zimmerman et al., 1985), in 

spite of lack of conclusive evidence for this assumption.

A wealth of other terms and definitions, often overlapping, have been used to 

describe shoot development. They are mentioned here to illustrate the conceptual 

confusion that surrounds the topic. The term "ageing" has been used by some authors 

to describe phase change, but its use has been discouraged (Dunberg, 1977) since it 

does not distinguish chronological ageing from developmental processes, and because 

it has been applied to maturation and senescence alike. Senescence encompasses the 

destructive processes that decrease the vitality of an organ or an individual and increase 

the probability of its death (Comfort, 1964). This phenomenon is not under study 

here, although it can also be considered part of normal shoot development. Differences 

in shoot growth rates have been reported in several species to distinguish the juvenile 

and the adult phases of shoot development (Brink, 1962; Greenwood, 1984;

Greenwood et al., 1989; Hackett et al., 1987; Huang et al., 1992; Stein and Fosket,

1969). Yet, some researchers are reluctant to recognise these as phase-specific traits, 

because shoot growth rates are easily altered and may reflect other changes such as

4
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altered sink-source relationships or the beginning of senescence. Wareing (1959) 

distinguishes a loss of vigour associated with age from developmental maturation and 

calls this loss of vigour ageing. Wareing (1959) uses the term mature interchangeably 

with the term adult. He employs the term maturation to describe the transition from the 

non-flowering to the flowering phase and associated changes in tire vegetative 

morphology. Fortainer and Jonkers (1976) defined ontogenetic ageing as being 

similar to Wareing's term maturation, but they also included in it aspects of the shoot 

growth rate and the statement that a plant need not have flowers to be adult. 

Physiological ageing was defined as being similar to senescence (Fortainer and 

Jonkers, 1976). Another definition of ontogenetical and physiological ageing was 

proposed by Steele (1987). According to his definition, ontogenetical ageing describes 

the different phases of development, whereas physiological ageing describes changes in 

the physiological, morphological, cellular, and molecular characteristics that occur 

during shoot development.

In the alternative model proposed here the vegetative and reproductive phases of 

development are conceptually separated (Bassiri et al., 1992, Poethig, 1990). 

Accordingly, the post-embryonic shoot development consists of three phases of 

development.

The two vegetative phases - the early vegetative and the late vegetative phase - are 

defined only by a set of vegetative characters such as differences in leaf morphology or 

physiology and are conceptually dissociated from the reproductive ability of the plant.

The reproductive phase is defined by the expression of traits pertaining to the ability 

to flower and by the formation of floral structures. According to this definition the 

reproductive phase includes the three early developmental states of the flowering 

process (McDaniel et. al., 1992): 1- the competence to sense environmental stimuli and 

to produce a floral signal, 2- the competence of the meristem to respond to the floral 

signal and to become florally determined, and 3- the establishment of a florally 

determined state in the meristem. Floral differentiation then results in the formation of 

flowers.

Phase change implies the transition from one phase to the next, as represented by 

changes in the expression of phase-specific traits. A plant with distinct early vegetative 

and late vegetative phases of development would thus undergo a phase change from 

early vegetative to late vegetative growth (vegetative phase change), and another phase 

change from vegetative to reproductive growth.
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In contrast to the traditional model, this working model makes no assumptions 

about the relationship of reproductive maturity to vegetative characteristics, allowing 

one to formulate and test hypotheses regarding their relationship. Three possibilities 

must be considered. Firstly, the vegetative and reproductive phases could be regulated 

completely independently. In this case, vegetative maturity would have no effect on 

reproductive maturity, and vice versa. Secondly, the early vegetative phase and the 

reproductive phase could be mutually exclusive, so that the transition to the late 

vegetative phase is required before reproductive maturation can be achieved. This 

possibility is closest to the traditional concept of shoot development in that the transition 

from early vegetative to late vegetative growth and flowering would be correlated. In 

this scenario, either the early vegetative phase may delay the onset of the reproductive 

phase of development, inhibit its progression, or prevent the differentiation of 

reproductive structures, or the reproductive phase may repress the expression of the 

early vegetative phase. Thirdly, the vegetative and reproductive phases could be 

regulated largely independently, but interact to specify the fate of the shoot in a 

combinatorial fashion (Bassiri et al., 1992).

If the terms maturity or maturation are used in the context of the present study, they 

need to be further defined to distinguish vegetative maturation from reproductive 

maturation. Vegetative maturation of the shoot or vegetative phase change thus refer to 

the transition from the early vegetative to the late vegetative phase. Reproductive 

maturation of the shoot describes the change from a phase in which the plant is unable 

to flower to the flowering phase of development.
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1 .2  L iterature review

This literature review focusses on three aspects of shoot development:

1 - the regulation of flowering,

2- the extent of the differences between the early vegetative and the late vegetative 

phases and the regulation of the change from the early vegetative phase to the late 

vegetative phase,

3 - the relationship between the vegetative and reproductive phases of development.

The literature in this field is vast, and there are several excellent reviews (Bernier, 

1988; Bernier et al., 1981a, b; Doorenbos, 1965; Evans, 1969; Hackett, 1976, 1983, 

1985; Jackson and Sweet, 1972; Kinet et al., 1985; McDaniel, 1984, 1992; Robbins, 

1957b, 1961; Wareing, 1987; Zeevaart, 1976; Zimmerman, 1972; Zimmerman et al.,

1985). A notable collection of papers has also been published as Proceedings from the 

Symposium on Juvenility in Woody Plants (Acta Horticulturae 56, 1976).

1.2.1 The regulation of flowering

The study of shoot development has been concentrated on one of the central 

problems in plant science, the regulation of flowering. Most plants fall in one of two 

categories: those that can be induced to flower in a predictable way by environmental 

stimuli, and those in which flowering cannot be readily induced by external stimuli, but 

occurs normally in response to endogenous developmental conditions (Bernier et al., 

1981a). This difference in reproductive behaviour has shaped research approaches as 

well as conceptual approaches. Populations of inducible plants can be made to flower 

in a synchronised, predictable manner. In comparing florally induced plants with 

uninduced controls, flowering can be studied in a rather direct fashion. The concept of 

floral induction, which describes flowering in terms of exposure to an environmental 

stimulus, floral evocation, and differentiation, was developed with such species in 

mind. In contrast, reproductive maturity in species in the second category tends to be 

less predictable, and thus much more difficult to study. The presence of a prolonged 

juvenile phase in many such species has led to the traditional concept of phase change 

that distinguishes the non-floral from the floral phase of shoot development. The 

apparent differences between the two groups may not be fundamental, but rather only a 

matter of degree. The possibility that both types of regulation may be present is 

exemplified by Ribes nigrum, which has a juvenile phase and is also known to be a
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short day plant (Nasr and Wareing, 1961, as cited in Schwabe and Al-Doori, 1961). 

Some factors that determine reproductive maturity in plants will be briefly described to 

provide an overview of the relevant knowledge.

Flowering is thought to occur when an ontogenetically or environmentally induced 

floral signal of unknown nature produces the conditions that allow a meristem to 

differentiate into a flower. The early regulation of flowering is thought to include three 

major developmental states: 1- the competence to sense environmental stimuli and to 

produce a floral signal, 2- the competence of the meristem to respond to the floral signal 

and to become florally determined, and 3- the establishment of a florally determined 

state in the meristem (McDaniel, 1984, 1992; McDaniel et al., 1992). This is followed 

by an abrupt change in morphogenesis - floral differentiation. Despite many years of 

research, a ubiquitous floral signal is as yet unidentified. The switch to reproductive 

development is thought to be regulated by the production of a floral stimulator and/or 

by the disappearance of a floral inhibitor (McDaniel et ah, 1992; Murfet, 1971, 1977; 

v. Denffer, 1950).

A large number of environmental and ontogenetic conditions can affect flowering, 

among them photoperiod, temperature, plant growth substances, light intensity, plant 

age and size, and nutrient and water availability. Commonly, these conditions interact 

and one may be replaced by others, indicating that regulation is complex (Bernier et ah, 

1981a, b; Kinet et ah, 1985). A complete review of the available knowledge would be 

far beyond the scope of this chapter, but a few general points shall be presented here.

The best studied environmental stimulus known to induce flowering is photoperiod 

(reviewed in Bernier, 1988; Bernier et ah, 1981a). Photoperiodic requirements are 

species-specific and vary from long day conditions to short day conditions, and various 

combinations of both. Some plants require photoperiodic induction for flowering 

(qualitative, obligate photoperiodic plants), whereas in others flowering is promoted by 

photoinduction but is not dependent on it (quantitative, facultative photoperiodic 

plants). The photoperiodic stimulus is perceived primarily by the leaves, although 

other plant parts have some photoperiodic sensitivity. Induced leaves are thought to 

produce a floral signal that is transported out of the leaf to the meristem. The induced 

state can be transferred by grafting induced plants to uninduced plants (Bernier et ah, 

1981a).

Vernalisation, or thermoinduction, can also promote flowering in some species 

(Napp-Zinn, 1962). As a general rule, species with facultative (quantitative)



vernalisation requirements are winter annuals which can be vernalised as imbibed 

seeds. Plants with obligate (qualitative) vernalisation requirements are usually biennials 

and perennials that need to reach a certain size before they attain responsiveness to 

thermoinduction. Thermoinduction is different from photoinduction in that the dividing 

cells in the apex are thought to perceive the cold signal. The induced state is 

somatically inherited by the progeny of these cells. Vernalised plants can be 

devernalised, and vice versa (reviewed in Bernier et al., 1981a).

While all plant growth substances can be shown to affect the regulation of 

flowering in one species or another, gibberellins are thought to play an important role 

which has been investigated using biosynthetic mutants as well as by applying 

gibberellins or inhibitors. The effect of gibberellins on flowering time ranges from 

promoting flowering to delaying flowering, depending on species, time of application, 

type and amount of gibberellin, and environmental conditions (Bernier et ah, 1981 b; 

Zeevaart, 1983). In some species (particularly long day and cold-requiring rosette 

plants), gibberellins tend to hasten flowering and may substitute for the cold treatment 

(Bernier et ah, 198 lb; Zeevaart, 1983). On the other hand, gibberellins can be 

ineffective in inducing flowering or can delay flowering in other species (Reid et ah, 

1977; Reid, 1986; Zeevaart, 1983).

Roots also have a large influence on the ability to flower. The presence of roots 

near the shoot apex prevents or delays floral induction and differentiation in tobacco 

(McDaniel, 1980; Smith and McDaniel, 1992). Aerial rooting has also been shown to 

prevent flowering in Ribes nigrum (Schwabe and Al-Doori, 1973). Root pruning can 

hasten flowering in some woody species (Holst, 1961). It has been suggested that 

hormones (particularly gibberellins) produced in the roots may repress flowering 

(Bernier et ah, 1981b; Schwabe and Al-Doori, 1973). Additionally, in many species 

the parts of the stem produced during the juvenile phase of development can be 

distinguished from adult tissues by a greater ability to initiate adventitious roots 

(Geneve et ah, 1988). It is unclear whether the negative correlation between rooting 

ability and flowering reflects the adverse effect of roots on flowering, or a 

physiological state that is beneficial to rooting but inhibitory to flowering.

Plant size can also be a factor determining flowering time. Growth conditions 

favouring rapid attainment of the required plant size favour flowering (Longman and 

Wareing, 1959; Robinson and Wareing, 1969; Wareing, 1961, 1959). Repeated 

pruning or hedging can significantly delay flowering in woody plants (Holst, 1961). It 

is unclear whether plant size itself is the determining factor, or whether this trait is just
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correlated with another more critical factor such as distance from the meristem to the 

roots, complexity of plant structure, or number of cell cycles. This latter possibility has 

been considered by Robinson and Wareing (1969). Ribes nigrum  plants usually have 

to reach a minimum size to flower. When R. nigrum  cuttings were rooted in repeated 

cycles, flower formation occurred at a lower position than in normal plants. Robinson 

and Wareing (1969) suggest that the meristem has to go through a minimum number of 

cell divisions before flowering can occur.

Growing conditions, such as temperature, light intensity, and the availability of 

nutrients, water, and carbohydrates also determine flowering time (Holst, 1961; Kinet 

et al., 1985). Cultural practices, such as pruning, stem ringing, or grafting have been 

used to manipulate flowering time (Doorenbos, 1965). Hedging can delay or prevent 

flowering (Doorenbos, 1965; Holst, 1961). Grafting of juvenile scions onto adult 

stocks can accelerate flowering (Habermas and Sekulow, 1972).

Regardless of whether a species is absolute, facultative, or autonomous in its 

dependency on specific environmental conditions for flower induction, flowering is 

under genetic control. Bennett (1972) suggests that the rate of developmental processes 

can be altered by the amount of nuclear DNA in what he calls a nucleotypic effect.

There are indications in several species that early flowering is correlated with small 

amounts of nuclear DNA (Bullock and Rayburn, 1991; Price, 1988; Tito et al., 1991)

Genes affecting the flowering time are known in many species, and have been 

identified both in natural populations and in mutagenesis experiments (Koomneef et al., 

1991; Murfet, 1989; Nienstaedt, 1961; Poonyarit et al., 1989). Given that a number of 

different types of environmental stimuli may be substituted for one another it is 

apparent that flowering is regulated by several pathways. Consistent with this 

observation, genetic analysis suggests that the time to flowering is a quantitative, 

polygenic trait. This is most evident in Pisum sativum  and Arabidopsis thaliana , 

which are preferred models for the genetic analysis of flowering. Several genes 

regulating flowering and their phenotypic effects under different environmental 

conditions have been described in both species (Haupt and Nakamura, 1969;

Koornneef et al., 1991; Murfet, 1971a, b, c, 1973a, b, 1975a, b, 1977, 1982, 1989; 

Murfet and Reid, 1973, 1986; Reid, 1977, 1986).

In Arabidopsis, for example, eleven genes conditioning late flowering have been 

identified (Koomneef et al., 1991). Normally, A. thaliana is a long-day plant that is 

responsive to vernalisation of the imbibed seed (Laibach, 1951). Mutants carrying the



late flowering genes fall into at least two groups depending on their response to 

photoperiod and vernalisation. Plants carrying mutations at the loci LD, FCA, FLB, 
FM C, FPA, FVE, or FY are strongly responsive to vernalisation. On the other hand, 

the late-flowering phenotype of plants carrying mutations at the loci CO, FD, FE,

FHA, FT, FWA, or 67 is only slightly affected by vernalisation, but much enhanced 

by short-day conditions. These observations and double mutant analyses indicate that 

these genes are involved in at least two distinct developmental pathways (Araki and 

Komeda, 1993; Bagnall, 1992; Koomneef et al., 1991; Martfnez-Zapter and 
Somerville, 1990).

A few mutations that cause defects in the biosynthesis of gibberellic acid (gal to 

ga5) or insensitivity to gibberellic acid (gai) are known (Koomneef and van der Veen, 

1980). Extreme alleles of GAI and mutations of GAI generate a small delay in 

flowering time under long-day conditions. Under short-day conditions, flowering is 

greatly delayed, and the plants are not responsive to vernalisation (Wilson et al., 1992). 

Additionally, wild type plants as well as plants carrying a mutation in the FCA gene 

flower earlier when treated with gibberellins, particularly when grown under short day 

conditions (Bagnall, 1992). The gene product of the spindly (SPY) locus appears to be 

involved in the gibberellin signal transduction pathway (Jacobsen and Olszewski,

1993). A mutation in this gene causes plants to look like wild type plants that were 
treated with gibberellin A 3, including an early flowering phenotype. Other late 

flowering mutants include the ethylene insensitive mutants etrl and ein2, which have a 

late flowering phenotype under inductive conditions (Bleeker et al., 1988; Guzman and 

Ecker, 1990). Finally, plants that carry a mutation at the deetiolatedl (DET2) locus and 

that show light-independent morphogenesis are also late flowering (Chory et al.,

1991).

The few mutations that condition early flowering also fall in at least two phenotypic 

classes. Mutants of both groups flower earlier than the wild type under long-day and 

under short-day conditions. Some mutants (tfll, e lfl, elf2) are sensitive to short-day 

conditions and flowering is delayed under short-day (Alvarez et al., 1992; Shannon and 

Meeks-Wagner, 1991; Zagotta et al., 1992). Plants with mutations at the loci ELF3 

and EMF are insensitive to photoperiod and vernalisation, and fall in the second group 

(Zagotta et al., 1992; Sung et al, 1992). Three of the long hypocotyl mutants (hyl,

Iiy2, hy3), which are defective in light perception, are also early flowering and have a 

greatly reduced sensitivity to short-day conditions (Goto et al., 1991; Reed et al.,

1993). Another early flowering mutant, altered meristem program I (amp!), has been 

shown to have increased levels of cytokinins and is also thought to be involved in the
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signal transduction pathway of light perception (Chaudhury et al., 1993). Based on the 

analysis of am pl plants, Chaudhury et al. (1993) proposed a model of flowering in 

which flowering is regulated in two independent pathways by cytokinin and 

gibberellin.

The presence of several pathways that control the transition to flowering in plants is 

suggested by the fact that different types of floral stimuli can be replaced by one 

another. Each pathway can respond to a particular stimulus, and in combination they 

afford the plant the means to detect and respond to favorable conditions for flowering. 

In the example cited here, A. thaliana, these pathways are represented by different 

classes of mutants. The central pathway regulating the transition from vegetative to 

reproductive growdi of the meristem may be represented by the EMF  locus. If the em f 

mutation is a loss of function mutation, the wild type gene would normally promote 

vegetative growth and repress flowering (Sung et al, 1992). Other pathways that are 

represented by known genes include those that control the responses to photoperiod or 

vernalisation, and gibberellin biosynthesis and sensitivity. These pathways interact 

with each other and with the central pathway represented by the EMF  locus to regulate 

flower formation. Floral differentiation then occurs as a result of the activity of genes 

involved in floral morphogenesis.

1.2.2 The vegetative phases of developm ent

1.2.2.1 C haracteristics o f the vegetative phases o f developm ent

Many species, particularly woody ones, show differences in their early and late 

vegetative growth. A number of different characters may be modified and which trait is 

altered depends on the species (Brink, 1962; Schaffalitzky de Muckadell, 1954). The 

early vegetative and late vegetative phases have not been clearly defined as separate 

developmental phases before, partly because tire vegetative differences were thought to 

occur as a result of reproductive changes, and partly because the traits affected are so 

diverse. However, these two vegetative phases tend to be persistent in that the sets of 

traits that define each phase change coordinately. Some of the common characters that 

are altered in the transition from early to late vegetative growth are listed here to 

illustrate the distinctive nature of each of the two phases. Since shoot development is 

discussed in the present study in terms of the three-phase model of shoot development,



phases of vegetative growth will be referred to as early vegetative and late vegetative 

whenever possible, rather than juvenile and adult.

The presence of adventitious roots or an increased ability to produce adventitious 

roots is common to the early growth in many species (Doorenbos, 1965; Geneve et al.,

1988; Robbins, 1957b; Steele et al., 1990; Stein and Fosket, 1969). In fact, this trait 

has frequently been used as a characteristic of the juvenile phase of development 

(Robbins, 1957b, 1961). Rooting ability has attracted attention also because of its 

importance in plant propagation.

A second obvious difference between early vegetative and late vegetative growth in 

many species is modification of the leaf morphology (Doorenbos, 1965; Gould, 1993; 

Robbins, 1957b). In some species, the leaf morphology changes from that typical of a 

shade leaf to that of a sun leaf or xeromorphic leaf. This ontogenetically regulated 

transition occurs independently of light exposure or water stress (Bauer and Bauer,

1980; Steele, 1987; Steele et al., 1989). Leaf size and shape also frequently vary 

between the early and the late vegetative phase (Greenwood et al., 1989).

Photosynthetic efficiency also frequently varies between phases of development. In 

Hederá helix, the net photosynthesis of the early vegetative leaves has been found to be 

light-saturated at lower light intensities and to attain only two thirds of the light- 

saturated rate of late vegetative leaves. Major changes in the rate of photosynthesis 

resulted from differences in leaf volume and in the rate of the Hill reaction and of 
ribulose bisphosphate carboxylation (Bauer and Bauer, 1980). In maize, the C 02  

exchange rate in newly matured leaves is lower for leaves that are produced early 

during shoot development than for leaves produced later, and reaches a plateau at leaf 

position 6 to 8 (Thiagarajah et al., 1981). The total chlorophyll content is higher in late 

vegetative leaves in larch (Greenwood et al., 1989).

Shoot characteristics, such as phyllotaxis, thorniness, or internode length, have 

been reported to change during vegetative maturation (Hackett et al., 1987;

Schaffalitzky de Muckadell, 1959). Other modifications include changes in the growth 

habit in ivy (Stoutemyer and Britt, 1965) and in larch (Greenwood et al., 1989).

Anatomical differences in the stem tissue of Hederá helix have been reported (Goodin,

1965; Stein and Fosket, 1969).

Biochemical differences may also be found between the two phases. Differential 

distribution of secondary plant compounds between the two vegetative phases has been

13
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reported (Hayman et al., 1986). Increased amounts of acidic components in the 

epicuticular wax of late vegetative needles have been found in Pinus radiata (Franich et 

al., 1977). Anthocyanin is preferentially produced during the early vegetative phase in 

ivy (Stoutemyer and Britt, 1965).

There is evidence of developmental differences in pest and pathogen resistance. 

Rooted cuttings from late vegetative Pinus radiata were significantly more resistant to 

western gall rust than early vegetative cuttings (Zagory and Libby, 1985). Libby and 

Hood (1976) observed a significant difference in feeding damage caused by hares in 

Pinus radiata . Rooted cuttings from late vegetative growth were more susceptible to 

browsing, although the leaves of the early vegetative cuttings were greener, less stiff, 

and more abundant. The authors suggest that under normal circumstances, the early 

vegetative needles are more likely to be within the reach of hares, and that a feeding 

repellent in those needles would be adaptive. Kearsley and Whilham (1989) reported 

that the gall-forming aphid Pemphigus betae was much more common on late vegetative 

Populus angustifolia trees than on early vegetative ones, whereas the leaf-feeding beetle 

Chrysomela confluens predominantly inhabited early vegetative trees. In both cases the 

distribution was adaptive in that growth and survival of the insects were lower in the 

less preferred environment. The authors suggest that developmental changes in 

resistance can occur rapidly within one plant and are important components in 

determining the distribution of plant pests.

Evidently, a large number of traits can distinguish the early vegetative and the late 

vegetative growth in many species. Differences between the two phases are most 

informative if the changes occur more or less abruptly and coordinately. Such 

coordinated changes are frequently observed, yet they have rarely been evaluated for 

their use as quantitative indices of shoot maturation. In Sitka spruce, a number of 

needle characteristics and rooting ability have been quantified and mathematically 

assessed. Morphological and physiological changes are closely con-elated and occur in 

a predictable sequence. In combination, they have been found to be reasonable 

quantitative indicators of physiological age (Steele, 1987; Steele et al., 1989, 1990).

Although the exact nature of the characters varies with species, it may be concluded 

that a species-specific set of traits can be used to describe the differences in organs 

produced during the early vegetative and the late vegetative phases of development.

The conceptual distinction of an early vegetative and a late vegetative phase of 

development appears likely to accurately reflect ontogenetic changes in many, if not all, 

plant species. Although little is known about the physiological or genetic basis of
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regulation of the two vegetative phases of development, the examples cited above 

suggest that these phases may have a functional significance in presenting different 

vegetative phenotypes at ontogenetically determined times. The presence of distinct 

vegetative phases of development and developmental plasticity in the length of these 

phases may well hold evolutionary advantages for a species.

1.2.2.2 R egulation o f the vegetative phases o f developm ent

The change from an early to late phase of vegetative growth can be modified by a 

number of factors, many of which are also effective in the regulation of flowering.

Plant size and closeness to roots may play a role in the regulation of vegetative 

development. Hedging in trees and shrubs is known to maintain the early vegetative 

character of the plants (Schaffalitzky de Muckadell, 1954; Zagory and Libby, 1985). 

On the other hand, small plant size and the presence of roots is not necessarily 

sufficient to generate early vegetative growth. Rooted cuttings from late vegetative ivy 

do not revert to an early vegetative growth habit, but maintain the late vegetative 

characteristics and grow into a plant form known as Hedera helix arborescens 

(Doorenbos, 1954).

Hormones also affect the expression of vegetative phases. Ethylene can promote 

the change to adult development in daylily (Smith et al., 1989). Reversion to early 

vegetative growth (juvenile) from late vegetative (adult) growth can be induced in 

Hedera helix by treatment with gibberellins (Frydman and Wareing, 1974; Robbins, 

1957a; Rogler and Hackett, 1975a), whereas the late vegetative (adult) plant form is 

stabilised with abscisic acid and growth retardants (Rogler and Hackett, 1975b). 

Photoperiodic stimuli can alter vegetative development just as they can affect flowering 

time (Ashby, 1950). Extreme growing temperatures can promote early vegetative 

growth (Stoutemyer and Britt, 1961 and references therein).

Once the late vegetative (adult) phase is attained, it is rather stable under normal 

conditions and reversion to an early vegetative (juvenile) phase occurs only after sexual 

or apomictic reproduction. The phase of development is thought to be somatically 

inherited and callus cultures derived from the two phas^have been found to possess 

intrinsic physiological differences (Banks, 1979; Polito and Alliata, 1981; Hackett, 

1985; Wareing, 1987). Yet a reversion to early vegetative growth in somatic tissues 

(rejuvenation) can be brought about under certain conditions (Hackett, 1985; Wareing,
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1987). There is some evidence that shoots derived from adventitious buds are 

rejuvenated (Hackett, 1985). Whereas rooting of late vegetative cuttings or grafting 

with early vegetative stocks or scions in most cases does not lead to rejuvenation, such 

rejuvenation has been observed in some species. Examples of this can be found in H. 

helix (Doorenbos, 1954), H. canadensis (Stoutemyer and Britt, 1961) and Sequoia 

sempervirens (Huang et al., 1992). Vegetative maturation can also be reversed through 

in vitro propagation (Hackett, 1985; Mullins et al., 1979; Stoutemyer and Britt, 1965), 

and by hormone treatment (Frydman and Warning, 1974; Robbins, 1957a; Rogler and 

Hackett, 1975a, b).

The molecular basis of these changes in vegetative morphology is unknown.

Several authors have reported differences in the DNA or RNA content between juvenile 

and adult tissues, but reports are conflicting and the biological relevance of the 

observation is unclear (Domoney and Timmis, 1980; Kessler and Reches, 1977;

Polito and Alliata, 1981; Schaffner and Nagl, 1979; Stoutemyer and Britt, 1965; 

Wareing and Frydman, 1976). DNA methylation has been considered as a possible 

mechanism of gene regulation by several authors, but no differences in DNA 

methylation have been found between early and late vegetative growth in larch 

(Greenwood et al., 1989; Hackett and Murray, 1992; Wareing, 1987).

Despite the lack of information about the genetic basis of phase change, it is clear 

that this process is under genetic control. This is apparent from the highly predictable 

nature of phase change and from the existence of mutations that dramatically alter the 

expression of phase-specific vegetative traits. The best characterised of these are the 

Teopod mutations in maize (Bassiri et al., 1992; Dudley and Poethig, 1991; Galinat, 

1954a, b, 1966; Lindstrom, 1925; Poethig, 1988a, b, 1989; Ritchings and Tracy,

1989; Singleton, 1951; Weatherwax, 1929; Whaley and Leetch, 1950). These single 

gene, dominant mutations condition the prolonged expression of the early vegetative 

phase of development, thus causing phytomers that are produced late during shoot 

development to assume characteristics of earlier formed phytomers. As a result, the 

morphology of the shoot is greatly modified, although the onset of the late vegetative 

phase and the reproductive phase of development is not substantially delayed in these 

mutants.



1.2.3 Relationship between vegetative phase change and  
reproductive m aturity

Vegetative traits of the shoot usually change in a coordinated manner, and it is 

frequently suggested that this reflects a correlation between vegetative maturation and 

flowering (Doorenbos, 1965; Robbins, 1961; Schaffalitzky de Muckadell, 1954;

Zimmerman, 1972; Zimmerman et ah, 1985). The antagonistic relationship between 

some characters of the early vegetative phase (roots in particular) and flowering, the 

observation that vegetative changes often occur at or just prior to flowering, and the 

similarity between the factors that regulate vegetative maturation and flowering lend 

some support to this notion. Some of the vegetative changes outlined above may 

indeed reflect changes in reproductive maturity, but this relationship has been explicitly 

studied in only a few cases (Stephens, 1944a, c, d). On the other hand, a coordinated 

regulation between vegetative maturation and reproductive maturation has long been 

questioned (see Stoutemyer, 1964). For example, there is ample evidence from 

grafting and rejuvenation experiments suggesting that different aspects of shoot 

ontogenesis can be regulated independently of each other (Hackett and Murray, 1992).

It is clearly desirable, therefore, to gain an understanding of the relationship between 

vegetative and reproductive maturation. This will not only serve to improve our 

knowledge of shoot development, but may also aid in breeding efforts. Breeders and 

horticulturists have long tried to reduce the time to flowering (Nienstaedt, 1961). At 

the same time, there is an interest in maintaining some characters of tire early vegetative 

phase such as rooting ability for ease of vegetative propagation.

A link between vegetative and reproductive maturation is suggested by genetic 

analysis in cotton and Pisum. In cotton, Stephens (1944a) has shown that leaf shape 

changes progressively from node to node along the main stem, and that this change 

follows a 'developmental track' characteristic of each leaf shape allele. The 

modification of leaf shape depends on flowering time. At flowering or shortly 

thereafter, leaf shape development is arrested and a climax leaf is produced. The shape 

of the climax leaf depends on the developmental rates as well as the length of the non

flowering period (Stephens, 1944a, c, d). Thus, the leaf shape alleles Okra and 

Superokra can be clearly distinguished when no differences in flowering time are 

present (Stephens, 1944b). By controlling flowering time, Stephens (1944a) showed 

that a Superokra leaf can be made to phenocopy an Okra leaf, and vice versa.

Additionally, while the course of the developmental tracks is not altered by flowering
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time, the rate of change is accelerated in early flowering lines, thus partially 

compensating for the earlier attainment of a climax leaf (Stephens, 1944c).

The complex interactions between vegetative and reproductive development have 

also been observed in Pisum sativum. (Reid, 1986). Several genes regulating 

flowering have been identified in this species (Murfet, 1989). The dominant alleles of 

two of the genes, Sn and Due, are thought to control the production of a graft- 

transmissible floral inhibitor in the leaves and cotyledons in a photoperiod-dependent 

manner. A common basis of regulation of the vegetative and reproductive development 

is suggested by the fact that both genes also have a pleiotropic effect on vegetative 

development. In the late flowering genotypes, senescence of the shoot and flowers is 

delayed, the flower peduncle is elongated, and vegetative traits such as the branching 

habit are modified (Murfet, 1989).

While the change from the early vegetative phase to the late vegetative phase and the 

onset of reproductive maturity are frequently correlated, there are obvious deviations 

from this general observation. Because of these exceptions, the linkage between 

vegetative and reproductive maturation has been doubted for a long time (see 

Stoutemyer, 1964). Several of these inconsistencies are reviewed here.

One of the most obvious problems is posed by precocious flowering. Precocious 

flowers are those produced at times or positions where the plant is normally expected to 

be juvenile. Precocious flowering occurs naturally (v. Denffer, 1950), in mutants 

(Sung et al., 1992) or can be forced (Longman and Wareing, 1959). In several tree 

species, precocious flowering is known to be under simple genetic control (see 

Nienstaedt, 1961). If vegetative development is linked to reproductive maturity, as has 

been assumed traditionally, then the late vegetative phase of development must also be 

initiated prematurely. While this aspect has not been studied explicitly, there is no 

mention of premature late vegetative growth in precociously flowering plants. Indeed, 

precocious flowering may indicate that vegetative and reproductive development can 

proceed independently. The latter possibility is supported by the observation that a 

plant can flower precociously in one season, and then return to vegetative growth for a 

number of years (Stoutemyer, 1964).

This observation has led some investigators to propose that reproductive maturity is 

reflected not merely by the ability to flower, but by the ability to do so continuously 

(Zimmerman et al., 1985). This distinction introduces great difficulties into the 

assessment of reproductive maturity. How are studies to be evaluated in which
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flowering potential is measured after manipulation of the plant, such as in cuttings or 

tissues in vitrol How should monocarpic plants be assessed where a single flowering 

event cannot be distinguished from continuous flowering? When is full reproductive 

maturity reached in a species where flowers of one sex are produced at a different time 

from the other sex? One of the issues here is that the assessment of reproductive 

maturity strongly depends on the ways in which the ability to flower is measured. The 

requirement of continuous flowering represents one extreme; the other extreme is 

represented by the view that the production of any flower indicates reproductive 

maturity. Logically, the ability to flower must precede the differentiation of floral 

structures. Thus, the production of any flower shows that the plant is able to flower 

under a given set of circumstances. The conceptual distinction between flowering once 

and continuous flowering may be useful in some cases, but is at best problematic, and 

at worst unacceptable in studies where the ability to flower has to be determined.

It is clear that at least parts of the reproductive phase of development are regulated 

independently of vegetative development. For example, late vegetative H. helix plants 

can be induced to flower or prevented from flowering by different photoperiodic 

treatments (Wallerstein and Hackett, 1989), suggesting that the late vegetative phase 

itself does not condidon the ability to flower. Observations in rejuvenadon studies also 

suggest that reproducdve maturadon and vegetative maturation can be reversed 

independendy of each other. Frequendy, different degrees of partial rejuvenation can 

be induced depending on the length or severity of treatment. In such cases, the ability 

to flower is lost in the least severe treatments, whereas early vegetadve traits are 

acquired only in more severe treatments. Doorenbos (1954) reported that adult scions 

of H. helix lose their ability to flower or stop flowering when grafted onto early 

vegetadve (juvenile) stocks (or vice versa), but do not, or only pardally revert to early 

vegetative growth unless all late vegetadve leaves are removed. Based on such 

defoliadon studies, the author suggests that rejuvenation is promoted by the early 

vegetative leaves and inhibited by the late vegetadve leaves. Rogler and Hackett 

(1975a) used gibberellic acid to induce rejuvenation in H. helix. They found that low 

doses repress flowering ability, whereas increasingly higher doses induce increased 

expression of early vegetadve trails. Independence of vegetadve maturadon and 

flowering ability is also suggested by the observauons that in some eucalyptus species 

flowering occurs before a change in foliar characterisdcs and that in H. helix some early 

vegetadve traits can be expressed in plants that have the ability to flower (Hackett and 
Murray, 1992).



Independent regulation can also be demonstrated in the independent responses of 

vegetative growth and reproductive development to environmental stimuli. Ashby 

(1948) and Ashby and Wangermann (1950) have shown that changes in leaf 
morphology in Ipomoea depend on the position of the leaf on the shoot. Short day 

conditions induce flowering and alter the changes in leaf shape. Ashby (1950) was 

able to show that both flowering time and leaf shape are regulated by short day 

conditions, but independendy of each other. When a florally induced plant is 

transferred to long day conditions, leaves that differentiate subsequendy have normal 

long day type of lobing. Finally, the notion that early vegetadve growth per se is 

adverse to reproductive maturation has been challenged in maize. Bassiri et al. (1992) 

demonstrated that the onset of the reproductive phase of development is not affected or 

only slightly delayed in plants carrying the Teopod2 mutation. In these plants the 

expression of the early vegetative phase is greatly prolonged.

In summary, the existing information about the regulation of vegetative and 

reproductive development suggests that a single switch model such as the traditional 

model of shoot development and phase change is too rigid and simplistic. Hackett and 

Murray (1992) instead propose a variety of alternative models in which ontogenetic 

changes are regulated independently and proceed in parallel or in sequence. Whereas 

Hackett and Murray (1992) suggest that each phase-specific trait may be regulated 

independently, it is assumed here based on the phenotype of the Teopod mutants that 

all the characters of each phase can be regulated together. The model of shoot 

development used in the present thesis postulates independently regulated, yet 

interacting phases of development which condition the coordinate regulation of phase- 

specific traits (Bassiri et al., 1992; Poethig, 1990). The phases of development are 

thought to interact to guarantee proper shoot development. This model, simpler that 

those of Hackett and Murray (1992), but more flexible than the traditional model, is 

believed to be a better conceptual framework for understanding phase change and the 

relationship between the phases of plant shoot development.



1.3 M aize and its usefulness for the study of plant shoot 
d eve lop m en t

The species used in the present research project is maize (Zea mays L . ), a 

herbaceous cereal that was domesticated in tropical and subtropical America. This plant 

is well suited for a study of shoot development for a number of reasons. Firstly, the 

growth and development of the plant have been described in detail (Kiesselbach, 1949; 

Sharman, 1942; Poethig, 1984). During vegetative growth, the shoot produces a series 

of segmental units called phytomers (Galinat, 1959). Each phytomer is composed of a 

bud, an intemode, a node, and a leaf. The leaves are composed of a sheath and a 

blade, separated by an auricle with a ligule, and are arranged in a distichous 

phyllotaxis. In the terminal inflorescence, the tassel, phyllotaxis is spiral. The tassel 

bears only staminate flowers, and pistillate inflorescences, the ears, arise from axillary 

buds a few nodes below the tassel. Basal buds can grow into lateral branches, the 

tillers, and no buds develop between the primary, top ear and the tassel. Two types of 

root are produced, the seminal root and adventitious roots (also called nodal or prop 

roots). The adventitious roots develop from basal internodes and make up most of the 

root system of the mature plant (Martin and Harris, 1976; Sharman, 1942).

Secondly, traits characteristic of the early vegetative and the late vegetative phase 

have been well characterized and are superimposed on the phytomer structures 

(Bongard-Pierce and Poethig, in preparation; Poethig, 1988a, 1990). In maize, traits 

specific of the early vegetative phase include such characters as the presence of 

adventitious roots and of a form of epicuticular leaf wax that causes a blue-gray bloom 

on the leaf surface (glaucous leaves), short internodes, the production of vegetative 

lateral shoots (tillers) in appropriate backgrounds, round epidermal leaf cells (in cross 

section), and a purple staining of the epidermis with toluidine blue O. The late 

vegetative phase is characterised by such traits as the absence of adventitious roots, the 

presence of a different form of leaf wax (glossy, green leaves) and of epidermal hairs 

on the leaf blade, elongated intemodes, rectangular epidermal leaf cells (in cross 

section), and a purple-and-aqua staining of the epidermis with toluidine blue O.

Axillary budsgrow into ears or do not develop at all. The termination of the early 

vegetative growth takes place over several phytomers, resulting in an overlapping 

expression of the early vegetative and the late vegetative phases of development during 

the transition between the two phases. The expression of phase-specific traits usually 

takes place in spatially distinct regions of the transition phytomers. These phase- 

specific traits have been identified initially by virtue of their being coordinately 

expressed in the basal or apical leaves, respectively. Additionally, their expression is



modified coordinately in Teopod plants (Bongard-Pierce and Poethig, in preparation; 

Poethig, 1988a, 1990).

Thirdly, maize is a monocarpic species with a terminal inflorescence, which allows 

one to study the developmental changes that occur during shoot development within 

one meristem and the organs it produces.

Finally, maize is one of the genetically best characterised plants. Many genes that 

affect the habit of maize have been described (Coe et al., 1988). Among these are four 

dominant mutations (Teopodl, Teopod2, Teopod3, C om grassl) that greatly extend the 

expression of the early vegetative phase of development, while the onset of the late 

vegetative phase and of the reproductive phase is not substantially altered (Bassiri et al., 

1992; Galinat, 1954a, b, 1966; Lindstrom, 1925; Poethig, 1988a, b, 1989; Ritchings 

and Tracy, 1989; Singleton, 1951; Weatherwax, 1929; Whaley and Leetch, 1950). 

Since these mutations affect all the known phase-specific traits, it is likely that they play 

a role in the regulation of the early vegetative phase of development. More recently, a 

gene regulating the expression of phase-specific traits in the leaf epidermis has been 

described (Evans et al., 1994). This gene called glossy!5 is epistatic to the Teopod 

genes and is thought to act downstream of the Teopod genes in the regulation of the 

vegetative phases of development.

In spite of the extensive knowledge about maize genetics in general, relatively little 

is known about the genetic regulation of flowering in this species (Hanway and Ritchie,

1985). Flowering time is believed to be a quantitative trait controlled by an estimated 2 

to 20 loci (Giesbrecht, 1960a, b; Hallauer, 1965; Mohamed, 1959). Most estimates are 

for 4 to 6 genes. Mutations at two loci are known to condition late flowering, 

indeterminate growth! (id!) and Leafyl (L fy l) (Shaver, 1983; Singleton, 1946). id l 

and two other mutations (grassy tillers! , G tl, and perennialisml, P e l)  in combination 

cause a perennial growth habit in maize (Shaver, 1967). There is evidence that early 

flowering correlates with a smaller amounts of nuclear DNA in different lines (Bullock 

and Rayburn, 1991; Raybum and Auger, 1990; Rayburn et al., 1985; Tito et al.,

1991), but reports are conflicting (McMurphy and Raybum, 1991). No single genes 

conditioning early flowering have been isolated. However, several early flowering, 

near-isogenic lines have been derived from a naturally occurring early flowering race, 

Gaspd Flint, by recurrent selection (Shaver, 1976; Sisco et al., 1989). Additionally, 

flowering can be induced by short-day conditions, and the flowering time is modified 

by temperature and light intensity (Coligado and Brown, 1975; Duncan and Hesket, 

1968; Hesket et al., 1969; Hunter et al., 1974, 1977; Russel and Stuber, 1983; 

Stevenson and Goodman, 1972; Tollemaar and Hunter, 1983; Vig and Limberg,

1986).
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1.4 Rationale and outline

As indicated earlier, the relationship between the vegetative and reproductive phases 

of development is far from clear. In the traditional model of phase change, the 

development of the shoot is determined solely by the reproductive ability of the plant. 

This traditional model does not provide the conceptual tools to explain or analyse 

occurrence of the phase-specific vegetative changes independently of reproductive 

maturity. The alternative model employed in the present study postulates the presence 

of three phases of shoot development: an early vegetative phase, a late vegetative phase, 

and a reproductive phase of development. This conceptual framework assumes no 

causal relationship between the three phases, and allows for the formation and 

examination of hypotheses regarding the relationship between the phases of 

development.

Proper timing of expression of each developmental event relative to other 

developmental events is crucial for the normal development of an individual. When 

studying the timing of developmental events it is useful to invoke the concept of 

heterochrony, which refers to changes in the timing or the rate of one developmental 

event relative to one another (Gould, 1977; Raff and Wray, 1989; Takhtajan, 1972). In 

plants, heterochronic changes (changes in timing) can usually not be distinguished from 

homeotic changes (changes in space) because of the polar nature of shoot growth.

When the concept of heterochrony is used here it is not implied that this distinction has 

been made. Heterochrony has often been considered when changes in timing of 

vegetative (somatic) development relative to reproductive maturity are observed. In 

plants with a terminal inflorescence, such as maize, shoot development can be observed 

in a spatial sequence of phase-specific phytomers laid down by one meristem. The 

timing of flowering in such species determines the length of the vegetative phase.

When flowering time in such a species is modified, three scenarios must be considered, 

as illustrated in figure 1.1 for the case of early {lowering:

1-Only the length of the late vegetative phase of development is changed. The 

transition from early vegetative growth to late vegetative growth would in this case take 

place at the same chronological time, but be shifted relative to the onset of flowering. 

This would indicate that the two events are independently regulated.

2-Both the early vegetative and the late vegetative phases of development are altered 

in length. Whereas the the vegetative phase change and flowering time are both altered 

in absolute (chronological) time, this would indicate no change in the relative timing of
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developmental events. This would indicate that the vegetative phase change and the 

reproductive maturity are coordinately regulated.

3-Only the length of the early vegetative phase is altered. In this case, the length of 

the late vegetative phase is constant and the change in flowering time matches the 

change in the length of the early vegetative phase. This scenario would also indicate that 

the vegetative phase change and reproductive maturity are coordinately regulated. It 

suggests that a minimum number of late vegetative leaves has to be formed before 

flowering can occur and that expression of the early vegetative phase and of the 

reproductive phase of development may be incompatible.

To study which of these possibilities occur in maize, vegetative maturation was 

examined in a variety of early flowering and late flowering plants. Early flowering 

near-isogenic lines of maize, late flowering mutants, and photoinduction together 

provide several distinct ways to modify flowering time experimentally and to 

investigate the relationship between changes in the vegetative maturity of the shoot and 

the reproductive maturity of the shoot. All three approaches were used in the present 

study.

In order to study the relationship between the vegetative and the reproductive 

phases of development in detail, the research is focussed on a characterisation of early 

flowering, near-isogenic lines of maize. Initially, growth characteristics are 

investigated to establish that leaf initiation rates are not altered in these lines and if the 

early flowering trait acts specifically to induce an earlier production of reproductive 

structures by the shoot meristem. The latter aspect is studied by comparing root growth 

and the progression o flea f form along the stem in inbred lines and their near-isogenic 

early derivatives.

In order to investigate if the time of expression of the vegetative phases of 

development is altered in the early derivatives, vegetative development is characterised 

in detail in inbred lines and their early derivatives using a number of phase-specific 

traits. The early flowering lines are found to be particularly useful for investigating the 

relationship between the vegetative and reproductive phases of development because 

within one species, but in different inbred lines, the shift from the early vegetative to 

the late vegetative phase of development and flowering time can be coordinately 

regulated or not (cases i and 2 in figure 1. 1).
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Figure 1.1: Model illustrating the expression of the three phases of shoot 

development in normal and early flowering plants. The three phases of development 

are represented by boxes arranged|ong a time line. The early vegetative and late 

vegetative phases are thought to overlap because transition phytomers express 

characters specific to both phases. The placement of the ear suggests an overlap 

between the late vegetative phase and the reproductive phase. The three possible ways 

in which the expression of the early vegetative and late vegetative phases can be adapted 

to fit a shorter vegetative period overall are indicated in the lower three models, 

compared to a model of shoot development in a normal plant at the top. For further 

explanation see main text.



Since the early derivatives were developed independently by converging the early 

flowering trait from Gaspd H int into the inbreds, the cause for the different patterns of 

vegetative development could be the presence of different early flowering genes in each 

line, some of which may also alter vegetative development Alternatively, the 

difference between these lines may result from genetic differences in the inbred 

background. To distinguish between these possibilities, the attempt is made to resolve 

genetic difference in the early flowering trait between the early derivatives using genetic 

and RFLP analyses. - Moreover, the transition from the early vegetative to the late 

vegetative phase of development is characterised in additional lines to examine if the 

pattern of vegetative development is similar in inbreds with related genetic backgrounds 

or early derivatives developed from the same donor. Finally, photoinduced plants are 

used to study vegetative development in early flowering plants in the absence of the 

early flowering trait. Results indicate that the differences in the relationship between 

vegetative maturation and reproductive maturation are conditioned by the genetic 

background.

In order to place the early flowering trait in a reproductive pathway, the 

responsiveness of the early derivative to short day conditions is tested and double 

mutant analyses with the Tpl and Tp2 mutations are performed. The analysis of leaf 

form suggested that the early flowering trait is expressed early during shoot 

development. The time of expression of the early flowering trait is further investigated 

by measuring the response to short day conditions supplied at a different time of shoot 

development. Together these results indicate that the early flowering trait acts prior to 

the photoperiodic requirement in the regulations of the reproductive pathway.

In the final part of the present study, vegetative development is characterised in four 

different mutadons conditioning a late flowering phenotype.

The results are discussed in terms of heterochrony and in terms of their implications 

for the conceptual framework of plant shoot development. It is suggested that the 

vegetadve phase of development may have a funcdon in adapdng the plant phenotype to 

predictable changes in the environment of the plant and that ontogenetic plasticity in 

shoot development may hold adaptive advantages for the species. Finally, a three- 

phase model of shoot development in maize consistent with the findings is proposed.



27

CHAPTER 2

MATERIALS AND METHODS
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2.1 G eneral

2.1.1 P lant material

The plants used in this study are from standard inbred lines and their near-isogenic 

derivatives unless indicated otherwise. All the early flowering lines were derived from 

the very early primitive race Gaspe Flint. Tables 2.1 and 2.2 summarise the pedigrees 

of these early flowering, near-isogenic lines (early derivatives (EDs)) and of the inbred 

lines (ILs) used as recurrent parents. Dr. D.L. Shaver kindly provided the seeds from 

the inbred lines A619, A632, Oh43, Mo 17, and N28 (yellow cobbed version), the 

early flowering, near-isogenic lines A619E, A632E, A635E, C123E, H100E, Oh43E, 

M ol7E, and N28E, and the race Gaspe F lin t, as well as with material carrying the 

Leafyl (L fy l) mutation. The lines B73 and Sc76 and the early derivatives B73G and 

NC76 were a kind gift from Dr. R. Koester. Further plant material was obtained from 

Dr. R.H. Peterson (A635, C123), Dr. D. Glover (H100), Dr. M.G.Neuffer (delayed  

flowering  (dlf), Dr. E.H. Coe (ethyl methane sulfonate mutagenised M2 seed in A632), 

and the Maize Genetics Stock Center (idl, R gl). The phenotypes of each of these lines 

and mutants is described in the appropriate sections of chapter 3.

2.1.2 C ultivation  conditions

All plant material was either grown in the summer nursery at the field sites near 

Swedesboro, NJ, or in a greenhouse. Field-grown plants were planted at 25 plants per

8.5 metre (m) row, with a distance of lm  between rows. The ground was treated with a 

pre-planting herbicide to keep weeds at a minimum. Later in the season, weeds were 

controlled by manual cultivation. Granular inorganic fertiliser was applied between the 

rows when the plants were about 50 centimetres (cm) tall.

Unless otherwise noted, the greenhouse plants were grown in a sandy soil mixture

(24 volumes potting soil, 1.3 volumes fine sand (number zero grain), 1 volume coarse

sand (number three grain), 1 volume vermiculite) in 15cm plastic pots in the

greenhouses of the University of Pennsylvania with supplemental lighting to ensure

long day conditions (90millimols m '2 second’ 1 of photons in the photosynthetically

active range, 400-700nanometres) (18 hours (h) lig h t: 6h dark). The temperature was 
£

kept between 20 cjgrees centigrade (°C) and 30"C. Fertiliser and pesticides were 

provided as necessary.
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Table 2.1 Origin and pedigree of the early derivatives.

Near-isogenic Source of early Pedigree Reference

line flowering trait

A619E NC230E B C g S n 1 Shaver (pers. comm.)

A632E WIPE B C io S io Shaver (pers. comm.)

A635E A632E BC6 S6 Shaver (pers. comm.)

B73G Gaspé Flint (GF) (B73 x GF2)BC62 S3 Koester et al (1993)

C123E Gaspé Flint B C 11 S20 Shaver (pers. comm.)

H100E A632E BC6 S6 Shaver (pers. comm.)

M ol7E Gaspé Flint BC8 S i6 Shaver (pers. comm.)

N28E Gaspé Flint BC2 0 S 12 Shaver (pers. comm.)

Oh43E Gaspé Flint B C 1 0 S 12 Shaver (pers. comm.)

Nc264 Gaspé Flint (Sc76 x GF2)BC42 S3 Koester et al. (1993),

_________________________________________________________Sisco et al. (1989)

1 Backcrosses (number of crosses to recurrent parent) followed by sib or self 

pollinations (number of crosses)-

2Each backcross followed by one generation of self pollination

Table 2.2 Origin of the inbred lines (Henderson, 1984; MBS, Inc., 1988; Phillips

et al., 1992)_________________________________________________________________

Standard inbred line Developed from________________________ Time to maturity1

A619 (A161 x Oh43) x Oh43 110(1390)

A632 (M t4 2xB 14)xB 143 110(1440)

A635 (ND203 x B 14) x B 142 105 (1450)

B73 Iowa Stiff Stalk Syn. (rec. sel. pop. C5) 116 (1450)

C123 C102 x C103 sel. 115(1360)

H 100 N28 x H91 - (1400)

M ol7 187-2 xC 103 118(1450)

N282 Nebraska Stiff Stalk Synthetic 130(1475)

Oh43 Oh40B x W 8 112(1350)

Sc76 Hastings Prol x Yel. Tuxpan - (-)
^ iv en  in Days to Relative Maturity (and U.S. Heat Units to flowering) as reported in 

MBS, Inc. (1988).

2The original, red cobbed N28 was converted into a yellow cobbed version by means 

of six back crosses prior to the early flowering convergence (Shaver (pers. comm.)).
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Whenever possible, the plants used in this study were described in terms of several 

characters that can be scored under field conditions (Table 2.3). These traits have 

previously been described as been expressed in a phase-specific manner (Poethig, 

1988a; 1990). The early vegetative phase of development is marked by the presence of 

adventitious roots and of a blue-gray (glaucous) bloom on the leaves, which is caused 

by a early vegetative form of epicuticular wax (Figure 2.1). Leaves produced during 

the late vegetative phase of development are brightly green (glossy) and have 

macrohairs on the leaf surface. These features were commonly scored on the leaf 

blade, and their expression on the leaf sheath (sheath wax and sheath hair) was used 

only occasionally. The total leaf number (TLN) describes the overall length of the 

vegetative phase and the onset of reproductive differentiation in the apical meristem.

All leaf numbering was earned out from the base to the apex, so that the oldest, most 

basal leaves have the lowest numbers and the youngest leaf, the flag leaf, has the 

highest number. The leaves were numbered several times throughout the season. This 

was necessary because the basal leaves senesce early in shoot development.

Teopod plants usually produce more leaves than wild type plants, presumably by 

converting tassel structures into leaves. The apical vegetative phytomers in these plants 

frequently produce more than one leaf per node. These nodes were considered 

vegetative as long as no spikelets were produced in the leaf axils. Given that the 

number of leaves per node varied in these plants, the TLN was recorded as the number 

of vegetative nodes, not as the total number of leaves.

The tassel morphology in Teopod plants was assessed according to the following 

scale. Branched Teopod tassels received a score of 1, unbranched tassels with wild 

type spikelets a score of 2. If elongated glumes were observed, the tassel was given a 

score of 3. Tassels with leafy structures had scores of 4 (1/4 of the tassel leafy), 5 (1/2 

of the tassel leafy), 6 (3/4 of the tassel leafy), or 7 (tassel completely leafy). A score of 

8 was given when no floral structures were produced and the rachis was barren. Wild 

type tassels received a score of 0.

2.1.3 Morphological analysis
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Figure 2.1 Expression of epicuticular leaf wax in a transition leaf. A transition leaf 

shows both the waxy bloom typical of the early vegetative growth (glaucous 

leaf surface) and the glossy green leaf surface typical of late vegetative growth.
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Table 2.3 Morphological traits specific to the vegetative and reproductive phase of 

development. Most of these traits were scored on all plants. Sheath wax and 

_______sheath hair were not commonly recorded.________________________________

Phase Description of trait

Early vegetative Last node with adventitious roots, scored according to the 

number of the leaf arising from the node above them

Early vegetative Last leaf blade with any early vegetative epicuticular wax, i.e. last 

partially glaucous leaf blade

Early vegetative Last leaf sheath with any early vegetative epicuticular wax, i.e. 

last partially glaucous leaf sheath

Late vegetative First leaf blade with any visible trichomes (macrohairs) on the 

adaxial surface of the leaf blade. Marginal hairs were disregarded.

Late vegetative First leaf blade not covered entirely with early vegetative 

epicuticular wax, i.e. first partially glossy leaf blade

Late vegetative First leaf sheath with any visible trichomes (macrohairs)

Reproductive Ear placement node, scored according to the number of the leaf 

subtending the ear

Reproductive Total number of leaves (TLN)
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Analyses were carried out in software programmes designed for Apple Macintosh 

computers: Microsoft Excel (M icrosoft), Cricket Graph III (Computer Associates), 

and Statsworks/Systat 5.2.1 (Systat).

When a test was required to establish whether means of two samples were identical 

or different, Student's t test was the preferred statistical test. However, frequently the 

sample size was smaller than 25, making it impossible to ascertain that the scores were 

from a normal distribution. One required assumption in parametric tests is that the data 

are normally distributed. In cases where such assumptions cannot be made, a non- 

parametric test, in this case the Mann-Whitney U test, must be considered. This test 

can be applied when differences between two independent samples are assessed, and 

the data are at least ordinal. However, Student's t test does not necessarily need to be 

rejected because of the problems encountered here. Firstly, parametric tests are robust 

with regard to violations of some of their assumptions. Secondly, parametric tests 

generally have a greater power-efficiency than non-parametric tests. Thus, when 

assessing the difference between the mean of two samples, the t test is more likely to 

detect a difference correctly than is an appropriate non-parametric test for the given 

sample size. Finally, these two methods do not ask exactly the same question. A 

parametric test such as the t test makes a rather direct assessment of whether the mean 

of one group of data differs from the mean of another, whereas a non-parametric test 

asks whether one distribution differs from another in any way (McCall, 1990). In the 

present study, most samples were distinguished by differences in genotypes. There is 

no reason to assume severe departures from normality in such data. Thus, Student's t 

test was applied throughout. In a few examples, the U test was used in addition to the t 

test to confirm the validity of the assumptions and of the results. When both tests were 

applied, the significance is indicated in the tables by a letter for the t test (a, b, c) and by 

a number for the U test (1, 2, 3). When a hypothesis could be formulated about the 

direction in which one sample was expected to differ from another, one-tailed tests 

were employed.
The Pearson Chi-Square test was used to assess segregation of the early flowering 

trait (EFT) (Crow, 1976). Yates's correction was employed to correct for small 

expected values where appropriate, otherwise a Poisson distribution approximation or 

the exact binomial were calculated (Zeller and Carmines, 1978).

All confidence intervals were always calculated as two times the standard error 

estimate of the means (s.e.m.).

2.1.4 Statistical analysis
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2.2 E xperim enta l procedures

2.2.1 H abit and flowering time (section 3.1.1.1)

Plants grown in the field at Swedesboro in the summer of 1992 were scored for 

morphological characters and photographed at maturity. Plants used to determine 

flowering time were grown in 20cm clay pots in the greenhouses of the University of 

Pennsylvania in the autumn of 1990. The following genotypes (number of plants) 

were scored for the time to flowering as well as phase-specific characters: Oh43 (10), 

Oh43/Oh43E (8), Oh43E (10), Oh43/Oh43E x self (F2 family) (110). The time to 

flowering was measured in days from planting to the beginning of pollen shedding 

(anthesis).

2.2.2 L eaf in itiation and em ergence (section 3.1.1.2)

For measurement of leaf initiation and emergence rates in A632 and A632E, plants 

were grown in potting soil in 5cm peat pots in the Plant Growth Facilities of the East of 

Scotland College of Agriculture in the spring of 1991. Supplemental lighting was 

provided to ensure long day conditions (18h lig h t: 6h dark). Temperatures were kept 

constant at 22°C. 3 to 7 plants were scored for the number of visible leaves and then 

dissected at each time that measurements were taken in six day intervals until 35 days 

after planting. For the first experiment in Oh43 and Oh43E (figure 3.4A), plants were 

grown and the leaf numbers at each time point measured as described in section 2.2.3. 

For the second Oh43 experiment (figure 3.4B), plants were grown in a sandy soil mix 

in 5cm peat pots in the greenhouse of the University of Pennsylvania in the winter of 

1992/93. 3 to 8 plants were scored for the number of externally visible leaves and for 

the number of visible ligules every two days until tassel initiation occurred. The 

number of leaves initiated by the plant was determined by removing all leaves under a 

dissecting microscope.
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2.2.3 Root grow th (section 3.1.1 .3)

Seeds from the inbred line Oh43 and the near-isogenic early line Oh43E were 

germinated on moist filter paper in 9cm Petri dishes at 25°C for three days. Depending 

on the expected date of harvest, the seeds were then planted in the greenhouse in 10cm, 

15cm, 20cm, and 25cm pots filled with fine sand (0.5 -1.5 millimetre (mm) aggregate 

size). This range of pot sizes was used to reduce possible variation in root size due to 

constriction by the pot. Measurements were taken every diree to five days, starting at 

planting. The pots were flushed with 1/16 dilute Hoagland's solution (Hoagland et al., 

1950) at least four times a day to ensure constant nutrient concentrations in the 

substrate. The plants were grown under long day conditions with supplemental 

lighting (90millimols nr'2  second '* of photons in the photosynthetically active range, 

400-7OOnanometres, 16h lig h t: 8h dark) at 30°C (light) : 25°C (dark).

For each measurement, five plants of each genotype were removed from the pots 

and the sand washed off. The shoot, adventitious roots, and seminal roots were 

separated, blotted dry and weighed. The roots were then spread and the root lengths 

determined digitally with a Delta-T Areameter (Delta-T Devices) connected to a 8mm 

video camera (Minolta CR-8000S AF). The exposed leaf blades were photocopied and 

the leaf areas determined using a ADB MacTablet digitising drawing pad 

(Summagraphics, Modell MM 1201) and computed with the MacMeasure 1.9 (Hook 

and Rasband, 1987) and Microsoft Excel 4.0 (Microsoft) software programmes.

Leaves that had not fully emerged from the whorl were measured from the last exposed 

ligule to the tip of the emerging leaf. A dissection of the shoot under a dissecting 

microscope yielded tire number of leaves initiated. The shoot, adventitious roots, and 

main roots were then oven-dried over night and weighed.

2.2.4 L ea f  form  (section 3.1.1.4)

Ten to eleven plants each of the lines A632, A632E, Oh43, and Oh43E were grown in 

the spring of 1993 in the greenhouse of tire University of Pennsylvania under standard 

conditions. All plants were scored for the vegetative and reproductive traits described 

in table 2.3. The length of each leaf blade along tire midrib from ligule to tip and the 

maximum width of the blade were measured with a ruler accurate to 1mm after the leaf 

blade had fully emerged.
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F2 families (IL/ED x self or sib) segregating the EFT and plants from the inbred 

lines, early derivatives and hybrids were scored for the vegetative and reproductive 

traits given in table 2.3. Three F2 families segregating the early flowering trait in the 

A632 background and their controls were scored in the field in summer 1992. Five F2 

families segregating the early flowering trait in the Oh43 background and their controls 

were scored in the greenhouse in the autumn of 1991. The F2 plants were sorted 

according to the total number of leaves and the data analysed separately for each group.

2.2.6 E piderm al cell shape (section 3.1.2.2)

This protocol follows a method provided by D.K. Bongard-Pierce. Five plants of 

each genotype (A632, A632E, Oh43, Oh43E) were grown in the autumn of 1991 in the 

greenhouses of the University of Pennsylvania. All plants were scored for the 

vegetative and reproductive traits defined in section 2.3. Leaf material was harvested 

from consecudve leaves of three plants per genotype. A 1cm by 1cm piece of leaf 

tissue was removed from a position 50% along the length of the leaf blade and midway 

between the midrib and the leaf margin, and was cut transversely into small strips of 

about 1mm by 10 mm. The material was fixed for 1 to 2 hours at room temperature, 

followed by over night fixation at 4°C in a fixative containing 0.05 Molar (M) sodium 

phosphate buffer, pH 6.8, 3% glutaraldehyde, 1.5% acrolein and 1.6% 

paraformaldehyde. The tissue was post-fixed in 0.05M sodium phosphate buffer, pH 

6.8, 1% osmium tetroxide for at least 2 hours, followed by three rinses in 4°C water. 

The material was dehydrated in an ethanol/acetone series, using 12.5%, 25%, 35%, 

50%, 70%, 80%, 95%, and two 100% ethanol steps, and two 100% acetone steps for 

10 minutes each. The imbedding medium was a modified Spurr's resin (Spurr, 1969, 

as cited in O'Brien and McCully, 1981), made of lOg vinyl-4-cyclohexene dioxide 

(ERL 4206), 7.17g DER 736 resin, 0.4g dibutyl phthalate, 21g nonenyl succinic 

anhydride, and 0.65 millilitres (ml) S-l accelerator (Electron Microscopy Sciences).

The leaf strips were infiltrated at room temperature with 1:1, acetone: res in for 30-60 

minutes, 1:2, acetone:resin for 30 minutes, 100% resin for 60 minutes, and again with 

100% resin over night on a shaker. Polymerisation took place at 60°C over night. A 

Sorvall MT2-B ultra-microtome with a glass knife was used to cut the specimen into 

l|im  thick sections. The sections were attached to slides at 60°C, stained with 0.2%
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toluidine blue O (C.I.#52040, Basic blue 17, Sigma), 2.5% sodium carbonate, pH

11.1, for 30 to 60 seconds at 60"C, rinsed with water, dried, and mounted in 

immersion oil under a cover slip (after Trump et al, 1961, as cited in O'Brien and 

McCully, 1981). The samples were viewed under a Olympus BH2 light microscope at 

200 x magnification. A blue (LBD-2N) and green (IF 550) filter were used for 

photography at 83 x magnification. The outline of the cells of the abaxial epidermis 

was traced from prints using an ADB MacTablet digitising drawing pad 

(Summagraphics, Modell MM 1201) and computed with the Mac Measure 1.9 (Hook 

and Rasband, 1987) and Microsoft Excel 4.0 (Microsoft) software programmes. The 

shape factor is calculated by the MacMeasure programme to equal 4tc 

(area)/(circumference)2. The shape factor of a circle calculated with this formula would 

be one, that of a line zero. Thus, cells that appear round in cross section will have a 

higher shape factor than elongated cells. Guard cells and their neighbouring cells were 

excluded to reduce variability. Similarly, the adaxial epidermal cells were not measured 

to avoid increasing the variability by including bulliform cells into the analysis.

2.2.7 T issue sta in ing (section 3.1.2.3)

Plants were grown in the autumn of 1992 in the greenhouses of the University of 

Pennsylvania. Halfway along the length of the leaf blade, the abaxial surface of the leaf 

was carefully abraded with diatomite and a piece of tissue was removed from half way 

between the midrib and the leaf margin with a cork borer. The samples were fixed in 

Farmer's fluid (3:1, ethanokglacial acetic acid) (Johansen, 1940). After complete 

clearing in 95% ethanol, the leaf discs were put into fresh fixative over night and then 

stained in a 1/16 diluted toluidine blue O stain. The stain stock solution consisted of 

0.05% toluidine blue O (C.I.#52040, Basic blue 17, Sigma) in 0.01M sodium acetate 

buffer, pH 4.4 (adapted from Sakai, 1973). The stained discs were mounted in water 

under a cover slip and viewed and photographed under a dissecting microscope in 

darkfield illumination at 25x magnification (32x magnification at the camera). The light 

quality was adjusted with a 80A filter for the daylight film (Ektachrome 100, Kodak).
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Plants heterozygous for the Raggedl (R g l) mutation were crossed to the inbred 

lines and early derivatives (A632, A632E, Oh43, Oh43E) in the summer of 1991. The 

progeny was scored directly in A632 (A632 x R g l/rg l ; A632E x R g l/rg l ), whereas a 

second backcross was performed in Oh43 (Oh43 x R g l/r g l , Oh43(l); Oh43E x 

R g l/rg l , O h43E(l)). Families segregating the R gl mutation were grown in the 

summer nursery of 1992 and scored for the expression of the mutation and the phase- 

specific traits.

2.2.9 Estim ate o f the num ber o f genes (section 3.1.3.1)

Plants in F2 families segregating the early trait in A632 or Oh43 (hybrid x self or 

sib), backcross families (hybrid x parental), hybrids (FI), and parentals were scored 

for TLN. The frequencies of each class of TLN were used to estimate the number of 

segregating genes. The experiment in the A632 background consisted of three F2 

populations with a total of 206 plants and was grown in the summer nursery in 1992. 

The first experiment in Oh43 was grown in the summer nursery of 1992. The second 

experiment in the Oh43 background consisted of three F2 populations in the Oh43 

background with a total of 104 plants and was grown in the summer nursery in 1990. 

The third experiment in Oh43 consisted of four F2 families with a total of 148 plants 

and was grown in the greenhouses of the University of Pennsylvania in the autumn of 

1992.

2.2.10 Restriction fragm ent length polym orphism  analysis  
(section  3 .1 .3 .2 )

Methods are modified from those described by Sambrook et al. (1989) and Ausubel et 

al. (1989) except where stated otherwise. Stock solutions and media are described at 

the end of the section. All materials were purchased from Sigma Chemical Company, 

unless otherwise stated.
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2.2 .10.1 . P lant m ethods 

Plant m aterial

Three F2 families segregating the early trait in the A632 background, two backcross 

families to Oh43 (Oh43/Oh43E x Oh43), and three backcross families to Oh43E 

(Oh43/Oh43E x Oh43E) were grown in the field in the summer of 1992. The 

phenotypically most extreme segregants were selected in the F2 families. Similarly, the 

latest plants in the backcross families to Oh43 and the earliest plants in the backcross 

families to Oh43E were chosen. Four to six mature leaves and occasionally the 

immature ear of each selected individual were harvested in the field. In the laboratory, 

tough material (midribs, sheaths, outer husk leaves) was removed. The rest was cut 

into 2x2cm pieces, sealed into freezer bags, quickly frozen in liquid nitrogen, and 

stored at -80°C.

Plant DNA extraction

The deoxyribonucleic acid (DNA) extraction protocol is based on a procedure 

reported in Dellaporta et al. (1983) as adapted by D.K. Bongard-Pierce. The tissue 

was ground to a fine powder in a tissue grinder (Regal, No. V505) with dry ice. A 

volume of approximately 20ml of powder was added to 10ml 1 x lysis buffer in a 50ml 

tube and the mixture was allowed to thaw at room temperature. 10ml of phenol- 

chloroform in 1:1 volume ratio was blended into the mixture by vigorous shaking. The 

samples were left a room temperature for at least 20 minutes and shaken intermittently. 

Centrifuging at 4000revolutions per minute (2700 x earth's gravity) for 15 minutes at 

room temperature separated the phases. The aqueous phase was pulled off with a 

Pasteur pipette and filtered through Miracloth (Calbiochem, No. 475855) into a fresh 

tube. Nucleic acids were precipitated from it by adding 0.9ml ammonium acetate 

solution (table 2.5) and 10ml isopropanol. The precipitate was spooled on a Pasteur 

pipette and resuspended in 1ml TE buffer (table 2.5). Another precipitation was 

performed with 0.1ml ammonium acetate and 2.5ml cold 95% ethanol. The precipitate 

was rinsed in 5ml 70% ethanol, dried briefly by inverting the tubes on filter paper, and 

resuspended in 1ml TE buffer. Ribonucleic acid was removed by incubating the 

sample with 2 microlitres (|il) 10 milligrammes/ml (mg/ml) ribonuclease at 37°C for 30 

minutes. A second phenol-chloroform extraction was followed by a precipitaUon with 

200|il 5 M sodium chloride (NaCl) and 2.5ml ethanol to remove excess carbohydrates. 

After three rinses in 5ml 70% ethanol each, the DNA was dried briefly by inverting the 

tubes on filter paper, resuspended in 200-600(il TE and stored at 4“C.
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2.2.10.2. Southern  b lotting

R estriction  endonuclease digests

20|ii DNA of each sample was incubated at 37°C over night with at least 80 units 

restriction enzyme in 1 x concentration of the appropriate buffer furnished by the 

supplier. The following enzymes were used: BamHI, EcoRI, H indlll, Kpnl, PstI, 

PvuII, Sail, SstI, Xbal. The total volume of the reaction varied from 30 to 200|il, 

depending on the original concentration of the enzyme used, because the final enzyme 

concentration in the reaction was kept below 10%. Following the digestion, the DNA 

was precipitated with ammonium acetate and ethanol, rinsed in 70% ethanol, dried 

briefly by inverting the tube on filter paper, and resuspended in 25|il TE buffer. 5|il 

loading buffer (50% glycerol, 5 milliMolar (mM) ethylene-diamine-tetra-acetic-acid 

(EDTA), 0.04% bromophenol blue, 0.04% xylene cyanol FF, lOmM NaCl) was added 

to each sample.

A garose gel electrophoresis

DNA fragments were separated on the basis of their size by agarose gel 

electrophoresis. Gels with 24 wells containing 0.7-0.8% agarose in 0.5 x TBE buffer 

were prepared in large horizontal gel systems (20x20cm) (Fisher) and completely 

covered with 0.5 x TBE running buffer. A voltage of 25 to 35 Volts (V) (1 to 1.5 

V/cm gel) was applied over night until the bromophenol blue marker dye had travelled 

3/4 to 4/5 of the gel. The gel was then removed from the gel box, stained for 20 

minutes in 0.4|ig/ml ethidium bromide with gentle agitation, and subsequently 

photographed on a UV transilluminator using a polaroid camera and polaroid 665 

instant film.

Preparation o f gel for DNA transfer

The gel was incubated in 0.25M hydrochloric acid at room temperature with gentle 

agitation for 10 to 20 minutes until the marker dyes had changed colour. Following 

two rinses in water, the gel was incubated in denaturation buffer (1.5M NaCl, 

0.5MNaOH) for 30 minutes under the same conditions as before, and then twice rinsed 

in water again. The gel was then placed in neutralisation buffer (1.5M NaCl, 0.5M 

Tris-hydrochloric acid (Tris-HCl) pH8, 1 mM EDTA for 15 minutes at room 

temperature with agitation. The neutralisation buffer was replaced with fresh buffer 

and left for another 15 minutes. After two final rinses in water, the gel was ready for 

DNA transfer.
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DNA transfer to nylon filters

DNA was transferred onto a nylon filter (Hybond N+) using capillary transfer 

methods is based on a method of Southern (1975). The gel was transferred to a 

blotting apparatus which consisted of a tray containing 20 x Standard saline citrate 

(SSC), covered with a glass plate that rested on 5 cm high supports. The ends of three 

sheets of Whatmann 3MM paper covering the glass plated were immersed in the 20 x 

SSC. The gels were placed on the moist Whatman paper. Nylon filter, wetted in 20 x 

SSC, was cut to the same size as the gel and was placed on the gel, followed by 3 to 6 

sheets of 3MM paper cut to size. Care was taken to remove all air bubbles between the 

layers of the transfer set-up. Contact between the gel and the top 3MM paper was 

avoided by covering the margins of the filter with strips of parafilm. 10 to 15 cm of 

paper towels were put on top of the 3MM paper and weighted down evenly with a glass 

pane and a weight of approximately 500 grammes (g). The transfer was allowed to 

proceed for at least 15 and up to 36 hours. The blotting apparatus was dismantled, and 

the gel placed, DNA side up, on fresh 3MM paper. The DNA cross-linked to the filter 

first by irradiating it with ultra violet light at 0.75 Joules cm~2 (Stratalinker, Stratagene) 

while placed on a piece of 3MM paper moistened with 50mM sodium phosphate buffer, 

pH 7.0. The cross-linking was completed by drying the filter for 2-3 hours at 80°C. 

The nylon filter was stored at room temperature until use.

Synthesis o f radioactively labelled probe

Probes were synthesised from isolated DNA fragments in a random priming 

reaction (Feinberg and Vogelstein, 1983). All reagents used were supplied by the 

manufacturer or made up according to specifications. 10|ll of random oligonuclotide 
primers were added to 1 to 15(il of linear double stranded probe DNA and water in a 

final volume of 3 3 p l. After the tubes were heated to 95 to 10CTC for 5 minutes, 10(ll 
of 5 x primer buffer, 5|il of (a^2p) dCTP (Amersham), and 1-2 units of polymerase 

(Klenow fragment of DNA polymerase 1) (Stratagene) were added. The reaction was 

incubated at 40°C for 10 minutes, and then stopped with 5pl 0.5M EDTA, pH 8.0. 

Following an ammonium acetate/ethanol precipitation (lOpl ammonium acetate, 150|ll 

ethanol), the probe was resuspeded in 200)il TE. 2|il of the solution was used to 

measure incorporation of the radionucleotides in a scintillation counter. The volume 

was then brought up to 1 m l. The tube heated to 95 to 100°C for 5 minutes and then 

chilled on ice.

H yb rid isation

The nylon filter was pre-hybridised with prehybridisation solution (0.5M sodium 

phophate buffer, pH7.2; 7% sodium dodecyl sulfate (SDS); 1% bovine serum albumin)
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for 2 hours at 65“C. The prehybridisation solution was replaced with hybridisation 

solution (prehybridisation solution, 5% dextran sulfate) and the denatured radioactively 

labelled probe was added. Hybridisation took place over night at 65°C. The following 

day, the filter was washed three times at high stringency in 0.2 x SSC, 0.1% SDS at 

65°C for 10 minutes each. The nylon filters were monitored to establish whether 

sufficient removal of labelled probe was achieved. The filter was then sealed into 

plastic bags, and an autoradiographic image obtained by exposing Kodak XAR5 film 

to the filters for 12 hours to one week at -80“C.

Filter stripping

Between hybridisations, probe was removed by placing the filter in freshly boiled 

0.1 x SSC, 0.1% SDS. The liquid was allowed to cool with gentle agitation at room 

temperature. Filters were then stored in a sealed plastic bag at 4"C until the next use.

2.2.10.3. B acterial m ethods  

RFLP m arkers used

The chromosomal location of the RFLP markers and the origin of the clones used in 

this study is given in table 2.4. These markers were selected because they have been 

linked to aspects of the early flowering phenotype, particularly tire TLN, in other 

studies (Koester et al., 1993; Phillips et al., 1992). Bacterial strains containing 

plasmids that carry the restriction fragment length polymorphism (RFLP) marker 

fragment were kindly provided by Dr. J.M. Gardiner, University of Missouri, and Dr. 

D. Grant, Pioneer Hi-Breed International.

Table 2.4 RFLP markers used in the present study

RFPL marker Chromosome

region

Source

BNL5.59 1L Dr. J. Gardiner, University of Missouri

UMC119 1L Dr. J. Gardiner, University of Missouri

UMC32 3S Dr. J. Gardiner, University of Missouri

UMC39 3L Dr. J. Gardiner, University of Missouri

NPI419 6L Dr. D. Grant, Pioneer Hi-Breed International

UMC12 8L Dr. J. Gardiner, University of Missouri

NPI445 10L Dr. D. Grant, Pioneer Hi-Breed International
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Small scale isolation o f plasm id DNA ('M iniprep')

Single bacterial colonies were picked into 5 ml of Luria broth containing 200|ig/ml 

ampicillin and grown overnight at 37°C in a shaking incubation. 1.5ml of the bacterial 

broth was centrifuged in a Eppendorf microfuge tube and the pellet resuspended in 
100|ll of GTE (0.9% glucose, lOmM EDTA, pH 8.0, 2.5mM Tris-HCl pH 8.0). After 

a 5 minute incubation, 200|il of 0.2M sodium hydroxide (NaOH), 1% SDS was added 

and the solutions mixed by inversion. The preparation was the incubated on ice for 5 
minutes before the addition of 150JJ.1 of 3M potassium acetate, pH 4.8. After mixing 

by inversion the sample was centrifuged in a microfuge at top speed for 5 minutes .
The supernatant was removed to a new tube and 800|il cold ethanol added. Nucleic 

acid was spun down in a microfuge for 15 minutes at room temperature, washed with 
70% ethanol, and resuspended 50|il TE.

D igestion o f  DNA by restriction enzymes

The isolation of DNA fragments for miniprep analysis and for use as radioactive 

probes was performed with Pstl and the reaction buffer supplied by the manufacturer 

(Stratagene). A reaction mixture, made up from the plasmid DNA isolated in the 

miniprep, 50 units of restriction enzyme and reaction buffer in the appropriate 

concentrations, was incubated at 37"C for at least two hours.

Gel electrophoresis

Gel loading buffer was added to samples to a final concentration of 10% and the 

DNA fragments separated on the basis of their size through agarose gel electrophoresis. 
Gels containing 1% agarose in 0.5 x TBE buffer, 0.4|ig/ml ethidium bromide 

measuring 6 x 8cm were used. A size marker (lkb  ladder, Gibco BRL) was run 

alongside to aid analysis. Gels were run at voltages between 5 and 10 V/cm. After 

electrophoresis, gels were examined in a ultra violet transilluminator and photographed 

using a polaroid camera and instant polaroid 665 film.

Isolation o f DNA fragm ents from agarose gels

Larger gels were used for fragment isolation (13 x 20cm). The gels and samples

were prepared and run as before. The gels were examined with a hand-held UV

illuminator. The band containing the required fragment was identified and excised

with a razor blade. The resulting well in the gel was enlarged by about 1cm in the

running direction (anode side) and then lined with dialysis tubing. The piece of gel

containing the fragment was put back into its original position, inside the lined well. 
loifK

The well was fillcd^fresh running buffer and current was run through the gel again for 

30 minutes. Progress was monitored with a hand-held ultra violet illuminator. When
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the fragment was seen to have accumulated along the dialysis tubing on the far end of 

the well, the current was reversed for 10 seconds. The fragment was the removed with 
a pipette in 200|il, precipitated with 0.1 volumes of ammonium acetate and 2 volumes 

cold ethanol, and spun down at top speed in a microfuge. After a wash in 70% 
ethanol, the DNA was allowed to air dry before being resuspended in 20-50|ll TE 

buffer. DNA concentration was estimated by running aliquots on a gel.

Table 2.5 Stock solutions and media

Stock solutions

0.5M EDTA

4M NaCl 

1M Tris

20% SDS 

4.4M ammonium 

acetate

1M phosphate buffer

10% Sarcosyl 

TE buffer

10 x lysis buffer

1 x lysis buffer

5 x TBE buffer 

Luria broth

186.1 g disodium ethylenediaminetetraacetic acid, dihydrate 

(EDTA), about 20g of sodium hydroxide, pH 8.0, in 11 
deionised water (diH2Û), autoclaved.

233.8g sodium chloride in 11 diH2Û, autoclaved.

121.lg  Tris(hydroxymethyl)aminomethane (Trizma base) in
11 diH 20, pH adjusted, autoclaved.

about 60 ml hydrochloric acid for pH 7.6

about 42 ml hydrochloric acid for pH 8.0
200g sodium dodecyl sulfate (SDS) in 11 diH 20, pH7.2.

105ml diH 20, 50ml glacial acetic acid, 45ml ammonium

hydroxide, pH 5.2.

423ml 1M sodium phosphate, monobasic (137.99g 
NaH 2P04 *H20 per 11 diH 20), 577ml 1M sodium 

phosphate, dibasic (268.07g Na2HP0 4 *7H2 0  per 11 

diH 20), pH7.0. For pH7.2 volumes adjusted accordingly. 

100g N-lauryl sarcosine, sodium salt in 11 diH2Û. 

lOmM (5ml 1M) Tris, pH 8.0, ImM  (1ml 0.5M) EDTA, 

pH 8.0.
87.5ml 4M NaCl, 1ml 1M Tris, pH 7.6, 2ml 0.5M EDTA, 

pH 8.0.
7M (42g) urea, 2% (20ml 10%) Sarcosyl, 50mM (10ml 

0.5M) EDTA, pH 8.0, 1 x (10ml 10 x) lysis buffer, made up 

to 100ml.

54g Trizma base, 27.5g boric acid, 20ml 0.5M EDTA, pH 

8.0, in 11 diH 20.

10g bacto-tryptone, 5g yeast extract, 5g NaCl pH 7, in 11 
diH 20 (add 15g/l agar for plates)_________________________



2.2.11 A dditional inbred lines and early derivatives (section  
3 .1 .4 .1 )

B73, B73G, M ol7 , M ol7E, Sc76, and NC264 were planted in the summer 

nursery in 1992. A number of additional inbreds A619, A635, B73, C123, H100, and 
N28 and their respective early early derivatives A619E, A635E, B73E, C123E,

H100E, and N28E were planted in the summer nursery in 1993. The plants were 

scored for phase-specific traits as described in section 2.1.3.
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2.2.12 Short day experim ents (sections 3.1.4.2 and 3.1.5.2)

During winter 1992/1993, plants of the lines A632, A632E, Oh43, and Oh43E 

were grown in the greenhouses of the University of Pennsylvania. Long day (LD) 

conditions (18h lig h t: 6h dark, constant at 20°C) were provided with supplemental 

lighting at 90millimols n r  2 second‘ d of photons in the photosynthetically active range 

(400-700nanometres). For short day (SD) conditions (1 lh  lig h t: 13h dark), plants 

were moved to a dark chamber constructed with 98% shade cloth in the same room. 

Light intensity was reduced 300 fold to 0.3millimols m '2 second" 1 of photons in the 

photosynthetically active range. The dark chamber was kept at 15-20°C with an air 

conditioner during dark hours. The developmental stage of the plants were recorded at 

the beginning and the end of the SD treatment as the number of ligules and the number 

of leaves showing. SD treatments were administered in 5 day intervals between 8 and 

38 days after planting (DAP). Care was taken to keep pairs of a wild type and an early 

flowering plant together during the SD treatment to ensure equal conditions. Control 

plants were grown under continuous SD and continuous LD until the last day of 

treatment (38 DAP). The plants were then grown to maturity under LD conditions at 25 

to 30°C and scored for the presence of epicuticular wax and the position of the ear and 

TLN. Six to ten plants were scored in each genotype/treatment combination.

2.2.13 Teopod  and the early flowering trait (section 3.1.5.1)

F2 families segregating the Teopod (Tp) mutation and the EFT were generated by 

the cross Tp/+, IL/ED x +/+, ILVED or the reciprocal cross. In each experiment F2
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families from several ears were grown and analysed. In A632, Tpl and Tp2-E2 were 

used. The Tp2-E2 allele is an ethyl methane sulfonate induced partial reversion allele 

that causes a less severe phenotype than the standard Tp2 allele. This facilitated the 

generation of sufficient seed for this experiment. The Tpl, A632 experiment was 

grown in the greenhouse in the autumn of 1991 and the Tp2-E2, A632 experiment in 

the greenhouse in the autumn of 1992. Families segregating Tp and either lacking the 

EFT, heterozygous for the EFT, or backcrossed twice to A632E served as controls.

In Oh43, the standard Tpl and Tp2 alleles were used because these where the only 

alleles that were converged into Oh43. Theses alleles condition a less severe Teopod 

phenotype in Oh43 than in A632. The Tpl, Oh43 experiment was grown in the 

greenhouse in the autumn of 1990 and the Tp2 , Oh43 experiment in the summer 

nursery of 1993. The controls were families segregating Tp in the Oh43 (Tp/+; Oh43 x 

Oh43) or in hybrids (7p/+; Oh43 x Oh43E) and families backcrossed to Oh43E (Tp/+; 

Oh43E(2 to 3 times) x Oh43E). Early flowering control families segregating Tpl were 

crossed to Oh43E three times and those segregating Tp2 four times. Inbred Oh43E 

plants were used as early flowering, wild type controls in the Tp2 experiment. All 

plant were scored for the phase-specific traits (table 2.3).

2.2.14 Late flow ering (section 3.2)

A families segregating plants carrying the Leafy 1 (L fy ll+) mutation in A632 were 

grown in the summer nursery in 1992 and scored for the characters listed in table 2.3. 

Additionally, the number of leaves between the ear and the tassel and the number of 

husk leaves were scored. The families were either wild type with regard to tire EFT 

(Lfyl/+ , A632 x +/+, A632), heterozygous for the EFT (Lfyll+ , A632 x +/+, A632E), 

or backcrossed 4 times to A632E (Lfyll+ , A632E(3) x +/+, A632E).

Families segregating for the indeterminate growth habitl (id l) were scored in the 

summer nursery in 1993. A final score of the TLN in the plants homozygous for the 

id l mutation was taken at harvest time. At that time, the shoot was dead and no tassel 

was visible. The last visible leaf was scored as the TLN.

Seed carrying another new late flowering mutation from an ethyl methane sulfonate 

induced mutagenesis in hybrid stock was supplied by Dr. G.M. Neuffer and grown in 

the summer nursery in 1993. This mutation is called delayed flowering  (dlf) pending



the results of allelism tests. Families segregating for d lf or homozygous for d lf were 

scored for the traits given in table 2.3.

Another new late flowering mutant was found in an ethyl methane sulfonate 

induced mutagenesis in A632 that was performed by Dr. E.H. Coe who kindly 

provided the M2 seed. The M2 seed was screened in the summer plantation 1992 and 

one family segregating late flowering plants was identified. One mutant and several 

wild type plants of this family were selfed and planted in the summer nursery 1993.

M3 seed homozygous for the mutation, M3 families segregating the mutation and A632 

families were scored for the phase-specific traits (table 2.3). While the results from 

allelism tests are pending, this mutation has been named late flowering  (/(/).
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CHAPTER 3

R ESU LTS

A N D

D ISC U SSIO N  OF INDIVIDUAL EXPERIM EN TS
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In trod uction

As indicated in Chapter 1, the aim of this thesis is to investigate if a three-phase 

model of shoot development provides a more accurate picture of plant shoot 

development than the traditional two-phase model. To this end, it is important to 

establish if the vegetative phase change and flowering ume are coordinately regulated or 

not. This can be done by experimentally altering flowering time and monitoring the 

expression of vegetative, phase-specific traits: early flowering plants will have a 

shorter period to produce vegetauve growth, late flowering plants will have a longer 

period. As discussed earlier (section 1.4), there are three ways in which the expression 

of the two vegetative phases can be adapted to fit an altered vegetative period overall:

1-Only the length of the late vegetative phase of development is changed. The 

vegetative phase change would in this case be shifted relative to the reproductive 

maturity. This would indicate that the two events are independently regulated.

2-Both the early vegetative and the late vegetative phases of development are altered 

in length. Whereas the vegetative phase change and the onset of reproductive 

differentiation are both altered in absolute (chronological) time, this would indicate no 

change in the relative timing of developmental events, suggesting that the vegetative 

phase change and the reproductive maturity are coordinately regulated.

3-Only the length of the early vegetative phase is altered. In this case, the length of 

the late vegetative phase is constant and the change in flowering time matches the 

change in the length of the early vegetative phase. This scenario would also indicate that 

the vegetative phase change and the reproductive maturity are coordinately regulated. It 

would suggest that a minimum number of late vegetative leaves has to be formed before 

flowering can occur and that expression of the early vegetative phase and of the 

reproductive phase of development may be incompatible.

The results obtained from studying early flowering plants are presented in the 

section 3.1, whereas section 3.2 deals with late flowering mutants.

3.1 Early flow ering

Genes conditioning early flowering have been described in a number of species. In 

maize, flowering time is thought to be a quantitative trait regulated by several genes.

No individual genes causing early flowering have been isolated. However, the early 

flowering trait (EFT) has been introgressed into a variety of inbed lines from the very



early flowering, primitive race Gaspe Flint by Dr. D. Shaver (see table 2.1 for 

pedigrees). Two of the inbred lines (ILs) that were used as recurrent parents, A632 

and Oh43, and the near-isogenic, early flowering derivatives (EDs) A632E and Oh43E 

were used in the present research. As will be shown in this chapter, these two sets of 

lines represent two different types of relationships between the reproductive and the 

vegetative phases of development.

Before testing which of the three possibilities outlined earlier (section 1.4) applies, 

the following needs to be considered: Firstly, die correlation between flowering time 

and the overall length of the vegetative period have to be confirmed for the early 

flowering lines (section 3.1.1.1). Secondly, the way in which the length (time of onset 

or end) of each phase of development is measured has to be detennined. As pointed 

out earlier, temporal and spatial changes occur together in plants due the polar nature of 

plant growth. If growth rates are constant, the length of the phases of development can 

be seen, and easily measured, in the spatial arrangement of phase-specific structures. 

For the study of shoot development it is most imporant to know if the leaf initiation and 

emergence rates are comparable in nonnal and early flowering lines, so that the number 

of leaves can be used to measure the length of the vegetative phase of development and 

the onset of the reproductive maturity. The leaf initiation and emergence rates will be 

examined in section 3.1.1.2. Thirdly, it has to be shown that the early flowering trait 

regulates the expression of the reproductive phase of development, and does not cause 

a general deficiency widi a pleiotropic effect on plant growth and development. Genes 

that regulate flowering time directly are likely to act specifically during shoot 

development and not to have a primary effect on root development. To test if the early 

flowering trait act specifically in shoot development, root growth will be examined in 

Oh43 and Oh43E (section 3.1.1.3). Additionally, modifications of a complex 

character that is not thought to be phase-specific, leaf form, have been associated with 

changes in flowering time. By examining leaf form it is possible to show if and when 

the early flowering trait affects shoot development (section 3.1.1.4). Finally, it has to 

be established which traits are expressed phase-specifically. This research has been 

carried out previously, and will not be dealt with here (see section 1.3, table 2.3, 

Bongard-Pierce, in preparation; Evans, personal communication; Poethig, 1988a).

The expression of the two vegetative phases of development in the inbred lines and 

the early derivatives is examined in section 3.1.2 by examining a variety of phase- 

specific traits. The results indicate that the vegetative phase change and reproductive 

maturity are independently regulated in A632E (figure 1.1: case 1), whereas they are 

coordinately regulated in Oh43E (figure 1.1: case 2).
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The different patterns of shoot development may be conditioned either by a different 

set of components of the early flowering trait or by the genetic background of the 

inbred lines. The former possibility will be investigated in genetic and restriction 

fragment length polymorphism analyses (section 3.1.3). If a different set of genes 

conditioning early flowering have been converged into A632E and Oh43E, these 

differences may be detectable in a RFLP analysis. The latter possibility will be 

examined in a number of other inbred lines and their early derivatives as well as in 

photoinduced plants (section 3.1.4). If factors present in the genetic background 

determine whether vegetative phase change and reproductive maturity are coordinately 

regulated or not, related lines should have the same patterns of shoot development. 

Additionally, photoinduced A632 and Oh43 plants should show the same pattern of 

shoot development as A632E and Oh43E, respectively. These experiments 

demonstrate that the pattern of shoot development is conditioned at least in part by the 

inbred background.

Finally, the three-phase model will be employed to place the early flowering trait in 

the developmental pathway regulating the reproductive phase of development In 

crosses with Teopodl and Teopod2 plants, the early flowering trait will be found not 

to be epistatic to these genes regulating vegetative development (3.1.5.1). This 

suggests that the early flowering trait is part of a distinct developmental pathway that 

regulates reproductive maturity. In order to determine when the early flowering trait 

acts in the regulation of the reproductive phase, it will be placed relative to the 

photoperiodic requirement in the regulation of flowering. If the early flowering trait 

acts early during shoot development and before the photoperiodic requirement, the 

photosensitive period should occur at an earlier time in the early derivatives. This 

hypothesis will be investigated in section 3.1.5.2 by measuring the effectiveness of 

short day conditions applied at various times during shoot development in the inbred 

lines and their early derivatives.



3.1.1 Phenotype of the early flowering lines

3.1.1.1. H abit and flow ering tim e

Due to the polar nature of shoot growth, developmental changes that occur during 

shoot growth are manifested in the spatial succession of phase-specific organs that are 

produced during that time. In species with a terminal inflorescence, the progression of 

developmental phases that takes place in one meristem can thus be monitored by 

examining the phytomers produced by that meristem. For the total number of leaves 

(TLN) to be used as a measure of flowering time, a positive correlation between 

flowering time and TLN needs to be confirmed in the lines examined in this study.

In maize, as in many other species, flowering time has been found to be 

significantly and positively correlated with the total number of leaves produced by the 

plant before flowering (Chase and Nanda, 1967; Hesket et al., 1969). Plant height 

and ear placement nodeare also correlated with flowering time, and have occasionally 

been used as a measure of early flowering (Koester et al., 1993; Phillips et al., 1992; 

Troyer, 1990). Shaver (1976) confirmed these correlations for some of the early 

derivatives generated in his conversions from Gaspe Flint. A similar study has not 

been carried out as yet in A632, A632E, Oh43, and Oh43E.

In order to determine how the early flowering trait affected habit and total leaf 

number (TLN) in the different lines, plants were grown as described in chapter 2. The 

TLN and the ear placement node were recorded, and selected plants of each genotype 

photographed. The habit of these plants is shown in figure 3.1. Plants carrying the 

early flowering trait were less tall at anlhesis than their respective inbred lines or 

hybrids (IL/ED) (Figure 3.1). This decrease in plant height did not result from a 

stunted or dwarf habit, but from the reduced leaf number of these early lines. The ear 

was also located at a lower position (Table 3.1).

The early derivatives A632E and Oh42E flowered about a week earlier than the 

inbred lines. Figure 3.2 shows that flowering time is positively correlated with TLN, 

here illustrated by Oh43 families. Oh43 flowered after 61.8 ± 0 .8  days with 14.4 ±

0.3 leaves, hybrid plants flowered after 59.1 ± 1.1 days with 13.1 ± 0.5 leaves, and 

Oh43E plants flowered after 54.5 ±1 .1  days with 9.9 ± 0.5 leaves. In a family 

segregating the early trait, flowering time and TLN were significantly correlated 

(r=0.47, df=107, p<0.001)). The ear placement node was also positively and



significantly correlated with flowering time (r=0.49), while the number of leaves 

between the ear and the tassel remained constant (Table 3.1). These results are 

consistent with previously published reports. A positive correlation between flowering 

time, TLN, and plant height has been established for a variety of cultivars and species, 

and for plants with environmentally induced changes in flowering time (Arnold, 1969; 

Chase and Nanda, 1967; Hesket et al., 1969; Hunter et al., 1977; Russel and Stuber, 

1983; Troyer, 1990).

Table 3.1 Total leaf number and ear placement node in inbreds, hybrids, and early 

flowering lines in A632 and Oh43 (N is the number of plants measured, all errors given 

as ±2 s.e.m.).

A632 A632
A632E

A632E Oh43 Oh43
Oh43E

Oh43E

Total no. 

of leaves

19.3±0.3 18.5±0.3C 16.3±0.3C 14.4±0.3 13.1±0.5C 9.9±0.5C

Ear node 13.8±0.2 12.8±0.2C 10.7±0.3C 9.3+0.3 8.3±0.5b 6.4±0.3C

N 18 15 17 10 8 10

b: significantly different from next later flowering genotype at p<0.01 (2-tailed t test) 

c: significantly different from next later flowering genotype at p<0.001 (2-tailed/ test)

Hybrids between a inbred and its early derivative have an intermediate phenotype 

with regard to flowering time, plant height, and TLN (figure 3.1, table 3.1). This 

observation is consistent with previous reports on similar early derivatives (Shaver, 

1976; Phillips et al., 1992), and demonstrates that the early flowering trait is an 

incompletely dominant trait. As will be described later in this chapter, the frequency 

distribution of the TLN in segregating families suggest that the early flowering trait is a 

quantitative, probably polygenic trait. Given that the conversions were carried out by 

selecting for early flowering plants in a backcross progeny, selection for incompletely 

dominant or dominant genetic factors was to be expected. Both dominant and 

incompletely dominant (addidve) gene action have been demonstrated for the early 

flowering trait in other studies using inbred lines that differ in flowering time 

(Giesbrecht, 1960a, b; Hallauer, 1965; Mohamed, 1959).
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Figure 3.1 Photographs showing the habit of A632, A632/A632E, and A632E 

plants (A, left to right) and Oh43, Oh43/Oh43E, and Oh43E plants (B, left to right).



Total number of leaves

Figure 3.2 Time to flowering as a function of total leaf number in Oh43. All errors 

given as ±2 s.e.m.

3.1.1.2. L eaf in itiation and em ergence

Leaf initiation and emergence rates have commonly been used to measure the 

growth rate of the shoot in maize and other cereals (Abbé and Phinney, 1951; 

Gallagher, 1979; Greyson et al., 1982; Cao and Moss, 1989a, b). Genotypic 

differences as well as differences in growing conditions such as temperature, day 

length, and nutrient availability are known to affect these growth rates (Eik: and 

Hanway, 1965; Tollenaar et ah, 1984; Hay and Delécolle, 1989). In the majority of 

such studies, leaf initiation and emergence rates in maize were found to be constant for 

a given genotype and environment. However, Thiagarajah and Hunt (1982) reported 

an increased rate of leaf initiation in maize just prior to the initiation of the tassel, a 

phenomenon also demonstrated in other species. Additionally, leaf emergence rates in 

maize may also be affected by the rate of intemode elongation (Warrington and 

Kanemasu, 1983). Results with genotypes of maize that differ in flowering time are 

inconsistent. Eik and Hanway (1965) found that early maturing hybrids tended to have 

higher rates of leaf emergence than later hybrids, whereas Shaver (1976) noted a 

tendency towards longer plastochrons in the early derivatives than in the inbred lines.
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Early flowering may be associated with a change in the duration of leaf production, 

as demonstrated in section 3.1.1.1, or by a changes in the rate of leaf initiation. The 

length of developmental phases during shoot development can be measured from the 

spatial arrangement of phase-specific traits only if the rate of leaf initiation is known.

In order to confirm that leaf number can be used as an adequate measure of the lenght 

(or beginning and end) of developmental phases throughout shoot development, plants 

were grown as described in chapter 2, and the leaf initiation and emergence rates were 

measured. These data are presented in figures 3.3 and 3.4.

There was no significant difference in the leaf initiation or leaf emergence rate of 

either inbred line and its corresponding early derivative. The rates of leaf initiation and 

of leaf emergence in both A632 and A632E were constant and similar until the 13th 

plastochron (figure 3.3). Unfortunately, these plants grew much slower than expected 

during the 35 days of recording, and the final part of shoot growth could not be 

monitored. During this period, the plastochron length was approximately 5.1 days for 

A632 and 5.8 days for A632E.

In Oh43 and Oh43E, the leaf initiation rate was constant until 13 DAP (figure 

3.4B). During this period, the length of the plastochron was approximately 2.3 days 

for Oh43 and 2.6 days for Oh43E. At 10 to 13 DAP, tassel initiation began in Oh43E 

and the leaf iniuation rate was accelerated (figure 3.4A). Leaf initiadon was constant in 

Oh43 undl 23 DAP in the same experiment. An increase in the leaf initiadon rate was 

also observed in Oh43 just prior to tassel initiation at 26 DAP (figure 3.4A). While the 

increase in leaf inidation rates prior to floral iniuadon has been reported before in maize 

(Warrington and Kanemasu, 1983), it is possible that this result is an artifact resuldng 

from the difficulty of disdnguishing the leaf primordia from the branch primordia of an 

early inflorescence meristem, which produces primordia at a much greater rate. The 

beginning of leaf emergence was delayed in Oh43 in one experiment, but proceded at a 

similar rate as in Oh43E (figure 3.4A).

These results show that the rates of leaf iniuadon and emergence are constant and 

similar in the inbred lines and their early derivatives; the early derivadves produce 

leaves for a shorter period of Ume, not at a faster rate. Therefore, it is possible to use 

leaf number as an adequate measure of the timing of developmental events during shoot 

growth.
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Days after planting

Figure 3.3 Leaf initiation and emergence in A632 and A632E plants. At 35 days 

after planting the tassels had not been intitated. All errors given as ±2 s.e.m.
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Days after planting

Figure 3.4A Leaf initiation and emergence in Oh43 and Oh43E plants. Tassel 

intitiation began at 13 days after planting in Oh43E and at 27 days after planting in 

Oh43. All errors given as ±2 s.e.m.

Days after planting

Figure 3.4B Leaf initiation in Oh43 and Oh43E plants. Tassel intitiation began at 

13 days after planting in Oh43E and at 26 days after planting in Oh43. All errors given 

as ±2 s.e.m.



3.1.1.3. R oot growth

Roots can affect flowering in at least two distinct ways. Roots have been shown to 

inhibit the transition to flowering in several species (Schwabe and Al-Doori, 1973; 

McDaniel, 1980; Smith and McDaniel, 1992), yet little is known about the relationship 

between the development of the root system and reproductive maturation of the shoot. 
Additionally, roots take up nutrients and water, and nutrient and water supply can affect 

flowering time, although results are inconsistent across species (Jackson and Sweet, 

1972; K inete t al„ 1985).

If substances produced by the root system, or good nutrient and water supply, 

directly or indirectly inhibit floral development in maize, early flowering may result 

from a decrease in the size of the root system. Thus, early flowering would be one 

aspect of a pleiotropic phenotype including a modified root size. A significant 

difference in root size prior to tassel initiation would be expected in this case. 

Alternatively, if the early flowering trait plays a role in the regulation of flowering time, 

its primary effect would be on the development of the shoot and any change in root size 

would likely be a secondary effect. To establish which possibility applies, the 

correlation between root length and weight and several shoot traits (weight, leaf area, 

leaf number) were examined in Oh43 and Oh43E from germination to tassel formation.

In maize, the root system is composed of the seminal root and a number of 

adventitious roots, also called nodal roots or prop roots, which originate from the basal 

nodes of the shoot and make up a large part of the root mass of a mature maize plant. 

The root size is known to vary with a large number of factors, including genotype, 

temperature, aggregate size, and water and nutrient availability (Alexander and Miller, 

1991; Demotes-Mainard and Pellerin, 1992; Donald et al., 1987; Veen et ah, 1992; 

Teyker, 1992). In order to minimise such environmentally conditioned effects and to 

provide constant nutrient levels, the plants were grown in sand that was regularly 

flushed with dilute Hoagland's solution.

Results show that there was no difference in root growth or shoot growth between 

Oh43 and Oh43E before tassel intiation. As discussed previously (figure 3.4A), tassel 

imitation occurred in Oh43E at about 13 days after planting when 4 leaves were 

partially visible and 2 leaves had fully emerged from the whorl (ligule visible). In 

Oh43, tassel initiation occurred when 7 leaves were visible and 5 leaves had fully 

emerged. Until that time, the total root length (adventitious roots and seminal root) and 

the shoot and total root dry weight increased in the same way in both genotypes
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(figures 3.5 and 3.6). Over time, the relative contribution of the adventitious and 

seminal roots to the total root change. To ensure that the adventitious and main roots 

had contributed to the root in the same way, the lengths and weights were examined 

separately for each part of die root (appendix). Again, there was no difference between 

the genotypes. Some aspects of root morphology such as the branching pattern may 

affect shoot development by way of changing die number of root meristems, but visual 

assessment of the roots did not indicate any difference in branching pattern here.

The amount of photosynthate can significantly affect the growth and development 

of a plant. To ensure that plant growth was not altered by differences in energy 

availability, the light exposed leaf areas were measured. No differences in the light 

exposed leaf areas were found between the genotypes. In both Oh43 and Oh43E, the 

area increased in the same manner when plotted against the number of leaves emerged 

(figure 3.7). Similarly, the shoot dry weight increased in the same fashion in the two 

genotypes (figure 3.5).

In summary, no differences in root length, root weight, shoot weight, or light 

exposed leaf area were found between Oh43 and Oh43E during the time measured here. 

These results indicate that changes in the flowering time conditioned by the early 
flowering trait are not correlated with changes in the growth rate of the root system or 

the shoot system in the time between germination and tassel initiation. This suggests 

that the early flowering phenotype is not caused by changes in the size of the root or by 

a reduction in the photosynthetically active leaf area. It is possible that other features of 

the root system, such as the meristem mass (as sites of hormone/ messenger 

production), transport efficiency or solute concentrations differ in the inbred lines and 

the early derivatives, but an analysis of these parameters was beyond the scope of this 

study.
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Number o f visible leaves

Figure 3.5 Root length as a function of developmental state (number of visible 

leaves) in Oh43 and Oh43E. All errors given as ±2 s.e.m.

0 1 2 3 4 5 6 7 8 9

Number o f visible leaves

Figure 3.6 Shoot and root dry weights as a function of developmental state (number 

of visible leaves) in Oh43 and Oh43E. All errors given as ±2 s.e.m.
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Number o f visible leaves

Figure 3.7 Leaf area as a function of developmental state (number of visible leaves) 

in Oh43 and Oh43E. All errors given as ±2 s.e.m.
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3.1.1.4. L ea f form

Because of the polar nature of shoot growth, many of the complex morphological 

changes that occur during ontogenesis result in morphological variation of the 

structures produced along the shoot. This phenomenon, called heteroblasty, is often 

most evident in the morphology of the leaves. Leaf shape is thought to be regulated in 

a complex manner by several factors (Ashby, 1948, 1950; Allsop, 1967; Jones, 1993). 

The polar nature of shoot growth makes it difficult to distinguish genetically regulated 

causes of heteroblasty from heteroblasty caused by quantitative changes in size or in the 

physiology of the plant, particularly if the morphology of the shoot changes gradually.

There is some indication that changes in leaf shape are related to the reproductive 

maturity of the plant. In cotton, the leaf shape changes from an entire, cordate leaf to a 

lobed leaf in the vegetative, non-flowering portion of the shoot. At flowering or 

shortly there after the final leaf shape, the climax leaf, is produced. Studies have 

shown that the rate at which the leaf shape changes and the ultimately attained leaf 

shape of the climax leaf can be greatly modified by the time to flowering (Stephens, 

1944a, b,c). A gradual change in leaf size and shape has also been described in maize 

(Abbe et al., 1941; Greyson et ah, 1982; Poethig, 1988a). These changes reflect 

cultivar specific differences as well as developmental changes during shoot growth.

For example, Greyson et al. (1982) found a relationship between leaf form and ear 

position, while Poethig (1988a) reported a change in leaf form in Teopod mutants, 

which have an altered expression of the early vegetative phase of development. Thus, 

these reports suggest that leaf form in maize is not thought to be a phase-specific trait, 

but rather a complex character that can be altered by a number of factors including tire 

vegetative phases of development and the reproductive maturity of the shoot.

To determine when the early flowering trait acts during shoot development, its 

affect on leaf shape was assessed. Activity of the early flowering trait early during 

shoot development would be expected to appear as a precocious change in leaf form to 

a form usually found at a later leaf position. Alternatively, if the early flowering trait 

acts very late, no such change in leaf form would be observed. To test these 

hypotheses, the dimensions of successive leaves of A632, A632E, Oh43, and Oh43E 

plants were measured. The length to width ratio was calculated as an indicator of leaf 

shape.

Tire leaf form in all four lines changed gradually and characteristically with leaf 

position, and the change in the early derivatives was distinctly different from that in the
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inbred lines beginning very early in shoot development. In all genotypes, the length to 

width ratio, rose steeply from leaf 1 to an early maximum at leaf 3, reached a second 

maximum, and then decreased in the upper half of the shoot (Figures 3.8; 3.9). The 

shapes of the seedling leaves was identical in the inbred lines and the early derivatives, 

but leaf shape between the inbred line and the early derivative was significantly 

different in the A632 background by leaf 7 and by leaf 5 in the Oh43 background.

Thus, the early flowering trait has an effect on leaf shape very early in shoot 

development. The length to width ratios remained lower and decreased earlier in the 

early derivatives. The leaf shapes were alike again by leaf 12 in A632 and by leaf 11 in 

Oh43.

In both the inbred lines and early derivatives, leaf length and leaf width increased 

steadily from the first seedling leaf to higher leaf positions, reached a maximum value 

near the ear and then decreased again (figures 3.10; 3.11; 3.12; 3.13). The rate of 

increase was greater in the early derivatives than in the inbred lines. However, the 

early derivatives produced the longest leaf earlier, that is, at a lower leaf position, than 

the inbred lines, and as a result, their maximum leaf length was shorter. A632 plants 

reached a maximum leaf length of 78.4cm ± 1.9 at leaf position 9, A632E have a 

maximum length of 68.6cm ±4.1  at leaf position 8. Similarly, the longest leaf in Oh43 

measured 82.2cm ± 2.3 at leaf position 8 , and 73.0cm ± 3.7 at leaf position 7 in 

Oh43E. Leaf width also changed in a similar manner in the inbred lines and the early 

derivatives, only it did so faster, that is, in fewer leaves in the early derivatives than in 

the inbred lines. The maximum leaf width in A632 was 5.3cm ± 0.2 at leaf position 

12, 5.1cm ± 0.6 at leaf 10 in A632E, 7.4 cm ± 0.2 at leafllin Oh43, and 7.7 cm ± 0.3 

at leaf8in Oh43E. While the leaf length in the early derivatives never increased as much 

as in the inbred lines, the maximum leaf width was not statistically different between 

the inbred lines and their early derivatives. This explains the difference in the length to 

width ratio between the lines. The range in total leaf number in each line was 17 to 18 

leaves in A632, 11 to 16 leaves in A632E, 14 to 15 leaves in Oh43, and 10 to 12 leaves 

in Oh43E; this accounts for the greater variability of the data at the higher leaf positions.

The results indicate that the changes in leaf shape and leaf size are affected by the 

time to flowering in maize. In the early derivatives, the leaf shape is altered by leaf 7 in 

A632 and leaf 5 in Oh43. The present results suggest that leaf length and leaf width are 

modified at a much earlier position, but it is not clear whether these changes are just a 

result of increased vigour in the early derivatives in this particular experiment, or an 

effect of the early flowering trait. Further experiments would be required to clarify this 

point. For now, it is concluded that the early flowering trait changes the leaf form no
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later than by leaf position 7 in A632 and position 5 in Oh43. Thus activity of the early 

flowering trait can be demonstrated before the vegetative phase change is completed, as 

indicated by the expression of phase-specific traits (table 3.2).

The two components of shape, length and width, are modified in a slightly different 

fashion. The increase in length proceeds at a faster rate in the early flowering lines, and 

comes to a stop earlier. Leaf width also increases at a slightly faster rate in the early 

derivatives, but reaches the same maximum width as the inbred line at a lower position. 

A similar effect has been reported in cotton (Stephens, 1944b, c), where early 

flowering on one hand limits the duration of the changes in leaf shape thus arresting the 

series earlier, and on die other hand accelerates the rate of changes in leaf shape.

Overall, the results in the inbred lines compare well with findings of other studies 

(Sharman, 1942 ; Greyson et al., 1982; Poethig, 1988a). Several different factors have 

been suggested to be involved in the changes of leaf shape (Abbe et al., 1941; Greyson 

et al., 1982). Abbe et al. (1941) found the increase in leaf widdi in leaves 6 to 12 to be 

associated with an increase in the circumference of the shoot apex, which is correlated 

with an increase in the number of cells in the apex (Abbe et al., 1941, 1951; Abbe and 

Phinney, 1951; Ledin, 1954). Greyson et al. (1982) point to the possibility that leaf 

shape changes as the reproductive maturity of the shoot changes. They also suggested 

that the developing ear may alter leaf shape, since the widest leaf was found to be 

located near or just below the ear. Greyson et al. (1982) suggested that the proximity 

of the developing inflorescence may cause leaves to grow larger, possibly through 

hormonal stimulation. In the present study, the ear was located near or above the 

longest leaf and near or below the widest leaf in all genotypes. The ear formed above 

the leaf with the greatest length to width ratio (arrows in figures 3.8 to 3.13). In the 

A632 background die length to width ratio had already decreased considerably before 

the ear was produced, whereas in Oh43, the ear was very close to the leaf with highest 

length to width ratio. Thus, the relationship between the changes in leaf shape and size 

and ear position are maintained in the early flowering lines. This is consistent with the 

hypothesis that the heteroblastic series is conditioned by a gradual shift from a 

vegetative to a reproductive physiology, with possible regulative interaction between 

the leaves and the inflorescence. However, the leaf shape is affected by the early 

flowering trait no later than by leaf 7 in A632E and leaf 5 in Oh43E. These leaves are 

initiated long before any reproductive structures are produced. If leaf form is 
determined by the developing inflorescence, the possibility that the shape of these 

leaves is determined late in the organogenesis of the leaves rather than at the time of 

their initiation may explain this effect.
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A different cause for the changes in leaf shape is suggested by the results of Poethig 

(1988a). In that study, leaf shape was found to be altered by the Teopod mutations, 

which are thought to cause constitutive expression of the early vegetative phase of 

development. Teopod plants have narrower leaves (higher length to width ratio) than 

wild type plants (Dudley and Poethig, 1991; Poethig, 1988a). If this is due to the 

prolonged expression of the early vegetative phase of development, then the production 

of fewer leaves with lower length to width ratios by the early derivatives might suggest 

that the early vegetative phase of development terminated earlier in these lines. Yet, it is 

not clear if leaf width is a phase-specific trait and if so, precisely which length to width 

ratio is con-elated with early vegetative or late vegetative development. In order to 

determine whether changes in leaf shape conelate with the vegetative phases of shoot 

development, several traits specific to the early vegetative phase and the late vegetative 

phase were scored (see table 2.3 for a description of the traits) (table 3.2). All the traits 

were located at a significantly lower position in Oh43E than in Oh43; in A632E only the 

location of the reproductive organs and prop roots was affected. Thus, the early 

flowering trait affects leaf shape in A632E, but does not affect any of the known 

morphological, phase-specific traits of the leaves. This is inconsistent with a link 

between the expression of the vegetative phases of development and leaf shape as 

suggested by the Teopod results. These results indicate that reproductive maturation 

does affect leaf shape, whereas the expression of one or the other vegetative phase does 

not necessarily do so.

Results also indicate that the vegetative phase change occurs at the same leaf 

position in A632 and A632E, whereas early vegetative growth ceases earlier and late 

vegetative growth begins earlier in Oh43 in the presence of the early flowering trait.

This phenomenon is studied further in the following sections.
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Leaf position

Figure 3.8 Leaf shape, as described by length/width ratio, as a function of leaf 

position in the lines A632 and A632E. The position of the ears is indicated by arrows. 

All errors given as ±2 s.e.m.

Leaf position

Figure 3.9 Leaf shape, as described by the length/width ratio, as a function of leaf 

position in the lines Oh43 and Oh43E. The position of the ears is indicated by arrows. 

All errors given as ±2 s.e.m.
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Leaf position

Figure 3.10 Leaf length as a function of leaf position in the lines A632 and A632E. 

The position of the ears is indicated by arrows. All errors given as ±2 s.e.m.

Leaf position

Figure 3.11 Leaf length as a function of leaf position in the lines Oh43 and Oh43E. 

The position of the ear is indicated by arrows. All errors given as ±2 s.e.m.
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Leaf position

Figure 3.12 Leaf width as a function of leaf position in the lines A632 and A632E. 

The position of the ears is indicated by arrows. All errors given as ±2 s.e.m.

Leaf position

Figure 3.13 Leaf width as a function of leaf position in the lines Oh43 and Oh43E. 

The position of the ear is indicated by arrows. All errors given as ±2 s.e.m.
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Table 3.2 Phase-specific, morphological traits of the plants used for leaf form 

measurements (N is the number of plants scored. All errors given as ±2 s.e.m. 

Significant differences between the inbred and its early derivative are indicated by bold 

print).

Last node 
with prop 
roots

First
partially
glossy
leaf

First leaf 
with
trichomes

Last
partially
glaucous
leaf

Ear
placement
node

Total
number of 
leaves

N

A632 6.5±0.3 6.5±0.3 4.5+0.3 10.6±0.3 12.0±0.0 17.5±0.3 11

A632E 5.7±0.3b 6 .1±0.2 4.6±0.3 10.2±0.4 8.5±0.4C 13.7±0.9C 11

Oh43 6.1±0.3 6.6±0.3 4.5±0.3 9.6±0.3 9.6±0.3 14.6+0.3 11

Oh43E 4.7±0.3C 5.1±0.2C 3.5±0.3C 8.1±0.3C 6.4±0.3C 11.1±0.5C 10

b: significantly different from inbred at p<0.01 (2-tailed t test) 

c: significantly different from inbred at p<0.001 (2-tailed t test)



3.1.2 Early flowering and the vegetative phases of  
d ev e lo p m en t

Having established that leaf number is an adequate way to measure the beginning or 

end of the phases of development, and that the early flowering trait acts early in shoot 

development, a study of the relationship between vegetative and reproductive 

development was undertaken. A preliminary examination of vegetative development of 

inbred lines and early derivatives (table 3.2) indicated that the vegetative phase change 

is independent of reproductive development in A632;A632E, whereas these two events 

appear to be coordinately regulated in Oh43;Oh43E. This would suggest that of the 

possibilities presented in figure 1.1 (section 1.4) both case 1 and case 2 can occur. To 

confirm this observation, a detailed examination of the effect of the early flowering trait 

on a variety of phase-spcific traits, including shoot morphology, leaf anatomy, leaf 

staining pattern, and the expression of genetic markers was conducted.

3.1 .2 .1 . V egetative m orphology

Several characters specific to the early vegetative or the late vegetative phases in 

maize are known, some of which can easily be scored in the field by visual examination 

(Bongard-Pierce, in preparation; Poethig, 1988a, 1990). These traits are considered 

phase-specific for two reasons. Firstly, they occur consistently either at basal (early) or 

at more apical (late) positions, and always in the same combinations of traits.

Secondly, the expression of the phase-specific traits is modified coordinately by the 

Teopod mutations, which prolong the expression of the early vegetative phase 

(Poethig, 1988a). The early vegetative phase is thus characterised by the presence of 

adventitious roots, the absence of macrohairs on the leaf blades and the presence of a 

visible form of epicuticular wax. This leaf wax produces a blue-gray bloom on the leaf 

surfaces, giving the leaf a glaucous appearance. In the late vegetative phase, the 

adventitious roots are absent, and macrohairs are produced on the adaxial leaf blades.

The lack of visible epicuticular wax gives the leaves a green, glossy appearance.

Most plant surfaces are coated with a mixture of very hydrophobic lipids which 

form a protective cover called (lie cuticle. The waxy components of the cuticle are 

thought to be synthesised in the epidermal cells (reviewed in Kolattukudy, 1970).The 

inner layers of the cuticle are made up of a network of cutin, waxes, and carbohydrate 

polymers (Kolattukudy, 1980). The outermost layer of the cuticle, the epicuticular

72
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wax, is deposited on the plant surface in the shape of plates, rods, tubes, or other 

forms. The chemical composition and morphology of the deposits is often 

characteristic of a species and a particular organ (see Kolattukudy, 1980; Bianchi and 

Avato, 1984; Thompson, 1980; Tulloch, 1973). The amount and nature of the wax 

may vary with environmental factors, such as humidity, light intensity, photoperiod, 

and temperature (Baker, 1974; Sutter and Langhans, 1982), or with factors such as leaf 

age (Faboya et al., 1980; Reicosky and Hanover, 1976; Sahai and Chinall, 1932; 

Wilkinson and Kasperbauer, 1972). Changes in the expression of epicuticular wax 

have been associated with the transition from the early vegetative to the late vegetative 

phase in several species, including maize (Blaker and Greyson, 1988; Franich et al., 

1977; Kurtz, 1950; Poethig, 1988a; Tulloch, 1973).

In order to investigate the relationship between the vegetative phase change and 

reproductive maturity in A632; A632E and Oh43; Oh43E, several traits specific of each 

phase of development were scored in families segregating the early flowering trait. By 

scoring F2 families derived from self-pollinated plants that were heterozygous for the 

early flowering trait (IL/ED x self) it is also possible to distinguish whether any 

vegetative changes are associated with the early flowering trait or result from another, 

unlinked factor accidentally introgressed into an early derivative from Gaspe Flint 

(GF). The plants were categorised according to their TLN and the expression of the 

phase-specific traits averaged in each group. The data are presented in three different 

ways. Firstly, the absolute position of each trait in leaf number is presented as a 

function of the TLN. This type of presentation was chosen because it can best show 

which traits are expressed at the same time in all maturity classes (i.e. at constant leaf 

position, and which traits are expressed at an earlier position in the earlier maturity 

classes (i.e. increasing leaf position with increasing TLN). Secondly, the position of 

each traits relative to TLN is presented as the percent of TLN for each maturity group. 

This kind of presentation will allow to distinguish if the vegetative phases of 

development are shortened proportionately in the early flowering lines (case 2 in figure 

1.1) or if only the early vegetative phase is shortened (case 3 in figure 1.1). If case 2 

applies, the phase-specific traits will be expressed at the same relative position (i.e. 

constant percent of TLN). If case 3 applies, the relative position would increase with 

increasing TLN. Finally, table 3.3 lists the regression coefficients for the absolute and 

relative position of each trait and TLN.

Several observations can be made from these experiments. Firstly, the ear

placement node in leaf number and TLN are highly correlated in both A632 and Oh43

(figures 3.14 and 3.16, table 3.3), whereas the relative position of the ear placement



node is constant and either not correlated with TLN (A632) or poorly correlated with 

TLN (Oh43) (figures 3.15 and 3.17, table 3.3). Thus, the ear is placed at a 

proportionately lower position as the TLN is reduced. This demonstrates that the 

positions of the ear and the tassel are equally affected by the early flowering trait, 

confirming the results of section 3.1.1.1.

Secondly, whenever vegetative traits are modified in early flowering plants, they 

are changed in a consistent pattern. The low variability of each trait indicates that the 

early flowering plants did not segregate into groups where in one group a trait was 

unaffected by the early flowering trait, whereas the same trait was found at a 

proportionately lower position in the other group. This indicates that the vegetative 

changes are associated with the early flowering trait and not with an unlinked factor that 

may have been introduced into an early derivative from Gaspe Flint.

Thirdly, the position of the last partially glaucous leaf blade describes two different 

patterns in A632 and Oh43, confirming earlier results. In A632, the position of this 

trait in leaf number remains the same in all maturity groups and correlates poorly with 

TLN. On the other hand, the relative position of this trait is negatively correlated with 

TLN; it increases as the TLN is reduced in the earlier plants (figures 3.14 and 3.15, 

table 3.3). In early flowering plants, a larger proportion of the shoot has glaucous 

leaves, which is indicadve of the early vegetative phase of development. This can be 

seen best when the position of the shoot trait is graphed as percent of the TLN (figure 

3.15). This suggests that in A632 families segregating the early flowering trait, the 

early vegetative phase of development is independent of changes in flowering time. In 

contrast, the position of the last partially glaucous leaf blade in leaf number is highly 

correlated with TLN in Oh43 (figures 3.16 and 3.17, table 3.3). In all maturity 

groups, the same proportion of the shoot has early vegetative leaves. This suggests 

that in the Oh43 families segregating the early flowering trait, the termination of the 

early vegetative phase of development and flowering time are coordinately regulated. 

Moreover, the expression of this character suggests that both phases are proportionately 

shortened in the earlier maturity groups (figure 3.17).

The expression of macrohairs and the loss of epicuticular wax in Oh43, and of 

adventitious roots in A632 do not conform with the above result. The appearance of 

macrohairs and of glossy patches on the blade is unaffected by changes in the flowering 

time in Oh43 families (figures 3.16 and 3.17, table 3.3). The position in leaf number 

of these traits is poorly correlated with TLN, whereas the relative position of these traits 

correlates well with TLN. The number of nodes with adventitious roots does not show
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the pattern of any other vegetative trait, but is highly correlated with TLN in A632 and 

Oh43 (figures 3.14 to 3.17, table 3.3). This is inconsistent with the results from the 

other vegetative traits and raises doubts about the validity of considering nodal roots as 

indicators of early vegetative development. These observation will also be discussed 

below.

The position of the last leaf with wax suggestes that in A632, the vegetative phase 

change is independent of reproductive maturity, and early flowering only reduces the 

number of late vegetative leaves. The leaf shape of A632E demonstrates that the effects 

of the early flowering trait can be detected no later than by leaf 7 (section 3.1.1.4 ). 

Since the visible epicuticular wax disappears by leaf 9 to 10 in all maturity groups, it is 

clearly not affected by the early flowering trait. In contrast, in Oh43 the early 

vegetative phase of development, as measured by the expression of epicuticular wax, 

terminates earlier in early flowering plants, indicating that the early vegetative phase 

and reproductive development are coordinately regulated. In Oh43, this result is 

supported by another observation. The expression of epicuticular wax and hairs on the 

leaf sheath of a F2 family was scored in order to establish whether diese two additional 

traits show a similar pattern. As is the case for the leaf blade, sheaths are characterised 

by a glaucous bloom and the absence of hairs in the early vegetative phase of 

development, whereas sheaths produced during the late vegetative are glossy and have 

visible hairs. Figures 3.18 and 3.19 and table 3.3 show that both of these traits change 

in the same fashion as leaf wax. The bloom disappears and hairs appear at a lower leaf 

position in the plants with fewer leaves, whereas the proportionate position of change 

(as percent of TLN) remains constant. This indicates that changes in epicuticular wax 

on the leaf blade are paralleled by changes in other phase-specific traits, including the 

production of trichomes, which is considered an indicator of the late vegetative phase. 

The expression of additional characters will be examined in the following sections.

The phase-specific, visible differences in wax expression are likely to result for 

differences in the wax composition. Differences in the composition of leaf wax 

between early vegetative and late vegetative leaves of maize have been demonstrated 

(Bianchi et ah, 1984, Blaker and Greyson, 1988). Studies with glossy mutants 

suggest that the glaucous bloom on the early vegetative leaves is a result of wax 

projections that are present in at least the first five leaves of wild type plants (Bianchi 
and Marchesi, 1960; Forenzoni and Salamini, 1975). Blaker and Greyson (1988) 

studied the composition and amount of leaf wax in Oh43 at different leaf positions and 

plant ages. They reported that overall, a higher amount of total wax was present in 

seedlings than in mature plants. They found that leaves could be grouped in to a
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seedling group (leaves 1 to 6) and a mature group (leaves 7 to 16) based on analysis of 

six compounds. In the analysis of leaf wax using gas chromatography, five peaks 

were highly correlated with seedling leaves (10 to 20 DAP), whereas another four 

peaks were highly correlated with mature plants (40 to 80 DAP). Two of the peaks 
representative of each group were analysed by leaf position. Peak 21 (n-C32 alcohol) 

constitutes a high fraction of the wax in early vegetative leaves. Its relative amount 

decreases slowly between leaves 5 and 9, reaching a plateau by leaf 10. In contrast, 
peak 13 (n-C3i alkane) is present in a low proportion in leaves 1 to 4. Its relative 

amount increases quickly in leaves 5 and 6, reaching a plateau by leaf 7. These 

changes are in good agreement with the changes observed in the waxy bloom on Oh43 

leaves. The transition from early vegetative to late vegetative wax begins by leaf 5 to 6, 

when glossy patches first appear, and the area that is covered with bloom decreases 

slowly with leaf position. In Oh43, the last partially glaucous leaves are observed 

around leaf position 10. This suggests that the observed change in epicuticular wax 

bloom is not a single, isolated modification. Rather, it is part of a complex change in 

the composition and morphology of cuticular waxes conditioned by the transition from 

one vegetative phase of development to the next.

The position of leaves with macrohairs or glossy patches is not affected by the early 

flowering trait in either A632 or Oh43. This observation is not consistent with the 

results for the last glaucous leaf, and with the findings in section 3.1.1.4 (table 3.2). 

This result means either that the expression of these traits is not modified by the early 

flowering trait, suggesting that the beginning of the late vegetative phase of 

development is unaffected, or that the early flowering trait does not consitently affect 

leaf traits that are expressed so early in shoot development, i.e. in basal leaves. The 

former possibility would imply that early vegetative and late vegetative development are 

not coordinalely regulated. This is consistent with results from the Teopod mutants, in 

which independent regulation of the early vegetative and the late vegetative phases of 

development has been suggested (Poethig, 1988a). However, the results presented in 

figures 3.18 and 3.19 suggest that the production of hairs on the leaf sheath, 

considered to be a trait characteristic of the late vegetative phase of development, can be 

affected by the early flowering trait in Oh43. The possibility that the early flowering 

trait does not consistently affect the expression of macrohairs and of glossiness, 

possibly because these leaves are formed at or before the time the early flowering trait is 

expressed, is supported by the following considerations. The effect of the early 

flowering trait on leaf shape is not detectable until leaf 5 in Oh43, suggesting that in 

earlier leaves leaf development is complete, or at least determined, before the effects of 

the early flowering trait are apparent. In Oh43, macrohairs appear on the leaves at leaf
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position 5 and glossy patches at leaf position 6. It is possible that these traits cannot be 

expressed at lower leaf positions because the character of the lower leaves is already 

specified by the time early flowering trait activity begins. Maize embryos initiate 4 to 5 

leaves before dessication (Hubbard, 1951). It is possible that leaves which are present 

in the embryo are affected differently by the early flowering trait. Also, the early 

flowering trait may have a smaller effect early in shoot development and a small 

proportionate change in the expression of phase-specific traits at a lower leaf position 

may be undetectable. Thus, an analysis of these two traits neither rejects nor supports 

the result obtained by assessing partially glaucous leaves. In order to understand why 

the position in leaf number of these two traits is not affected by the early flowering trait 

an assessment of further phase-specific characters, especially late vegetative traits and 

of leaf traits expressed in leaves 4 to 6, would be needed. For this purpose it would 

also be interesting to know when early flowering trait activity begins, and when the 

character of a leaf is specified.

Adventitious roots are produced at a proportionately lower position in early 

flowering plants in A632 and Oh43 (figures 3.14, 3.15, 3.16, and 3.17, table 3.3). 

This result suggests that the formation of adventitious roots and flowering time are 

coordinately regulated in both genetic backgrounds. In Oh43, this is consistent with 

the position of partially glaucous leaves. The number of nodes with adventitious roots 

is reduced in early flowering Oh43 plants even though adventitious roots occur only on 

the first 4 to 6 nodes, possibly because the adventitious roots are produced so late in 

shoot development. Adventitious roots develop at successively higher nodes well after 

the leaves at those nodes are fully mature (Sharman, 1942). In contrast to the leaf 

characters, where there may be a lower limit at which a trait can be affected by the early 

flowering trait, the position of adventitious roots is less likely to be limited by early 

specification. On the other hand, the number of nodes with adventitious roots is the 

only vegetative trait that is affected by the early flowering trait in A632. This 

observation casts doubt on whether this character is truly characteristic of the early 

vegetative phase, or instead is associated with the reproductive phase of development. 

Consistent deviation from the expression of other vegetative, phase-specific shoot traits 

would at least suggest that the number of nodes with adventitious roots is not a trait 

specific to the early vegetative phase of development. Given the inhibiting effect of 

roots on flower initiation and differentiation in other species (Schwabe and Al-Doori, 

1973; McDaniel, 1980; Smith and McDaniel, 1992), it is conceivable that the 

adventitious roots in maize are indicative of a non-reproductive phase of development in 

maize. Roots may affect flowering, or vice versa, or they may be regulated in an 

opposite manner by a common factor. Support for the suggestion that the presence of



adventitious roots is not a character specific to the vegetative phase of development, but 

associated with flowering time comes from observations in several mutant genotypes, 

including glossy 15 mutants (Evans et ah, submitted) and the late flowering mutants 

that will be described in section 3.2.

Overall, the analysis of the experiments presented in this section indicates that 

vegetative development is affected by the early flowering trait differently in A632 and 

Oh43. In A632, vegetative phase change is independent of reproductive maturity, 

whereas in Oh43, the vegetative phase change and reproductive maturity are 

coordinately regulated. Because not all vegetative traits showed the same pattern, an 

examination of further traits to support this result is clearly desirable and will be 

presented in the following sections.
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Ear node 
Last waxy leaf 
Last node with 
prop roots 
First glossy leaf 
First leaf with 
hairs

Total number o f leaves

Figure 3.14 Position of morphological traits in plants from three families 

segregating the early flowering trait in A632 (in leaf number).

Ear node
Last leaf with wax 
Last node with 
prop roots 
First glossy leaf 
First leaf with hairs

Total number o f leaves

Figure 3.15 Relative position of morphological traits in plants from three families

segregating the early flowering trait in A632 (in percent of total leaf number). All

errors given as ±2 s.e.m.
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Last waxy leaf 
Ear node 
First glossy leaf 
First leaf with 
hairs
Last node with 
prop roots

Total number o f leaves

Figure 3.16 Position of morphological traits in plants from five families 

segregating the early flowering trait in Oh43 (in leaf number).

Last waxy leaf 
Ear node 
First glossy leaf 
First leaf with 
hairs
Last node with 
prop roots

Total number o f leaves

Figure 3.17 Relative position of morphological traits in plants from five families

segregating the early flowering trait in Oh43 (in percent of total leaf number). All

errors given as ±2 s.e.m.



Table 3.3 The correlation coefficient r for the correlation of each phase-specific trait 

with TLN (in absolute leaf number and in relative position) in A632 and Oh43.

A632 Oh43

Trait Absolute Relative Absolute Relative
position position position position

Last node with prop roots 0 . 5 4 0.05ns 0 . 4 6 0.28

First leaf with hairs 0.16a 0 . 2 9 0 .20a 0 . 6 4

First partially glossy blade 0.17a 0 . 5 8 0.27 0 . 7 7

Last partially glaucous blade 0.29 0 . 5 2 0 . 8 3 0.40

Ear node 0 . 8 3 0.07ns 0 . 8 9 0.17a

Last partially glaucous sheath 0 . 7 4 0.31

First leaf sheath with hairs 0 . 7 8 0.18a

All traits were significantly correlated with TLN at least at p<0.01, unless otherwise

noted. The best correlations are emphasised in bold print.

ns: not significant, a: trait is significantly correlated with TLN at p<0.05.
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First leaf sheath 
with hairs 
Last waxy 
leaf sheath 
Ear node

Total number o f leaves

Figure 3.18 Position of morphological traits in plants from five families 

segregating the early flowering trait in Oh43 (in leaf number). Errors given as ±2s.e.m.

Ear node 
First leaf sheath 
with hairs 
Last glossy 
leaf sheath

Total number of leaves

Figure 3.19 Relative position of morphological traits in plants from five families

segregating the early flowering trait in Oh43 (in percent of total leaf number). All

errors given as ±2 s.e.m.



3.1.2.2. Epiderm al cell shape

The aim of the experiments presented in this section is to further investigate the effect of 

the early flowering trait on the vegetative phases of development by assessing 

additional phase-specific markers. A histological examination has revealed phase- 

specificity in the anatomy of leaves. In early vegetative leaves, the cells of the abaxial 

epidermis have few interdigitations and appear round in cross section, whereas in late 

vegetative leaves they are highly interdigitated and elongated in cross section (Bongard- 

Pierce and Poethig, in preparation). Since changes in the vegetative development were 

found to be associated with the early flowering trait (section 3.1.2.1), and not another 

unlinked, introgressed factor, it is sufficient to compare vegetative development in the 

inbred line and the early derivative. Leaf material from each line was sectioned and the 

changes in cell shape of the abaxial epidermal cells measured.

As illustrated in figures 3.20 and 3.21, the shape of the abaxial epidermal cells in 

cross section is round in early vegetative leaves and elongate in late vegetative leaves. 

This change can be quantitated by a shape factors calculated from the digitally traced 

sections. A perfectly round shape would be described by a shape factor of 1, whereas 

a shape approaching a line would have a shape factor approaching zero (for formula see 

section 2.2.6). Thus, the round epidermal cells in early vegetative leaves have a high 

shape factor, whereas this value is low for elongated, late vegetative epidermal cells.

When the line A632Ht and its early derivative A632E are compared, the shape of 

the epidermal cells is the same at each leaf position (figures 3.20 and 3.22). The cells 

in the early vegetative leaves have a shape factor of approximately 0.90 to 0.93, which 

decreases to less than 0.84 in the late vegetative leaves. In both genotypes, the 

transition takes place between leaf positions five and eight, with the greatest drop 

between six and seven. This result demonstrates that the early onset of reproductive 

maturity in A632E does not alter the timing of the vegetative phase change as measured 

by epidermal cell shape. Late vegetative traits, such as the first glossy patches on the 

leaf blade usually appear first in the middle of the leaf blade. This is also the leaf region 

that was sampled in this experiment. A comparison with the scores for epicuticular 

wax and epidermal hairs in the same plants reveals that the position of transition leaves 

as described by the phase-specific morphological traits and by the epidermal cell shape 

coincide (table 3.4). However, for unknown reasons, in this experiment, the first 

partially glossy leaf is at a significantly lower position in A632E than in A632 and the 

number of nodes with adventitious roots was unchanged, while the other traits are 

expressed as expected.
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In contrast, the timing of the transition from early vegetative to late vegetative cell 

shapes is significantly different between the inbred Oh43 and Oh43E. In Oh43, the 

shape factor of the epidermal cells decreases from an initial early vegetative value of 

0.90 to 0.85 to a value of 0.70 to 0.75 in the late vegetative leaves (figures 3.21 and 

3.23). This transition takes places between leaves five and eight, which is also the 

transition zone for other phase-specific traits in this line (table 3.4). The cell shape 

factor is consistently lower in Oh43E than in Oh43. In Oh43E, the transition from a 

shape factor of 0.86 to 0.87 in the early vegetative leaves to a shape factor of 0.67 to 

0.70 in late vegetative leaves takes place between leaves four and seven (figure 3.22) 

The greatest drop in value is between leaves five and six. This is about 1 to 2 leaves 

earlier than in Oh43, indicating that the leaf epidermal cell shape in Oh43E is also 

affected by the early flowering trait. This earlier transition in Oh43E coincides with 

changes in the phase-specific traits as discussed in the previous section. The 

morphological traits scored in the plants used for this experiment are consistent with 

previous results except for the position of the first glossy leaf and the first leaf with 

hairs. For unknown reasons, both were significantly lower in Oh43E than in Oh43.

In summary, the changes in leaf epidermal cell shape support the finding that the 

transition from the early vegetative phase to the late vegetative phase of development 

and reproductive maturaity are independent of each other in A632E, whereas the 

vegetative phase change and reproductive maturity are coordinately regulated in the 

Oh43.
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Figure 3.20 The cell shape of the o f the abaxial leaf epidermis changes from round in 

cross section in early vegetative leaves to rectangular in late vegetative leaves in cross 

sections of A632 (A to E) and A632E leaves (F to J). The change occurs at the same leaf 

position in both genotypes. The sections are from leaf 4 (A, F), leaf 5 (B,G), leaf 6 (C,H) , 

leaf 7 (D,I), and leaf 8 (E,J). Scale bar equals 100pm.
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Figure 3.21 Tlie cell shape of the of the abaxial leaf epidermis changes from round in 

cross section in early vegetative leaves to rectangular in late vegetative leavrs in cross 

sections of Oh43 (A to E) and Oh43E leaves (F to J). The change occurs at the same leaf 

position in both genotypes. The sections are from leaf 4 (A, F), leaf 5 (B,G), leaf 6 (C,H) , 

leaf 7 (D,I), and leaf 8 (E,J). Scale bar equals 100pm.
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Leaf position

Figure 3.22 Shape of the abaxial epidermal leaf cells in transverse sections as a 

function of leaf position in A632 and A632E. All errors given as ±2 s.e.m.

Leaf position

Figure 3.23 Shape of the abaxial epidermal leaf cells in transverse sections as a 

function of leaf position in Oh43 and Oh43E. All errors given as ±2 s.e.m.



Table 3.4 Morphological traits of the plants used for leaf sectioning (N is the 

number of plants scored. All errors given as ±2 s.e.m.).

Last node 
with prop 
roots

First 
partially 
glossy leaf

First leaf 
with
trichomes

Last
partially
glaucous
leaf

Ear
placement
node

Total
number of 
leaves

N

A632 7.0+0.0 7.0±0.0 5.2±0.4 10.8+0.4 11.8+0.4 17.8±0.4 5

A632E 6.6+0.5 6.0±0.0C’2 5.6+0.5 10.2±0.7 8.0±0.0C’2 11.2±0.4C>2 5

Oh43 6.0+0.0 6.2±0.4 5.6+0.5 10.8+0.4 9.6±0.5 14.6±0.5 5

Oh43E 4.8+0.4c>2 5.0±0.0C>2 S.O+O.tH-1 7.0+0.0c’2 6.0+0.0c’2 8.8+0.4c’2 5

a, 1: significantly smaller than inbred line at p<0.05 (1-tailed t test, 1-tailed U test)

b, 2: significantly smaller than inbred line at p<0.01 (1-tailed t test, 1-tailed U test)

c, 3: significantly smaller than inbred line at pcO.OOl (1-tailed t test, 1-tailed U test) 

(a,b, and c indicate results from Student's t test; 1,2, and 3 indicate results from the 

Mann-Whitney U test)

3 .1 .2 .3 . T issue sta in in g

Another useful phase-specific trait is the staining pattern of leaves in toluidine blue 

O. This stain is metachromalic at low pH, a characteristic which has been used for 

differential staining of plant tissues (O'Brien et ah, 1965; Sakai, 1973). Lignin, 

suberin, and some tannins can determine the coloration of plant tissues: most plant 

material stains purple, whereas lignified or suberised tissues stain turquoise (aqua). In 

maize, the adaxial epidermis of early vegetative maize leaves stains evenly purple, 

whereas the adaxial epidermis of late vegetative leaves has alternating strips of purple 

and aqua staining cells (Bongard-Pierce and Poethig, in preparation). The purple 

epidermal cells in these late leaves are the bulliform cells. In order to further examine 

whether different patterns of shoot development exist in A632; A632E and Oh43; 

Oh43E, successive leaves of each line were stained with toluidine blue O.

The results of this analysis confirm those reported in the previous two sections. The 

change from a leaf staining in a completely early vegetative fashion to one with a



89
completely late vegetative staining takes place over several leaves, similar to the 

changes in epicuticular wax. The epidermal staining pattern of tissues halfway along 

the length of the leaf is illustrated in figures 3.24 and 3.25. At this location, the 

transition from early vegetative to late vegetative staining occurs at leaf 7 in A632 and 

A632E. This transition takes place at leaf position 7 in Oh43 and between leaves 5 and 

6 in Oh43E. The position at which these changes occur coincides with the changes in 

phase-specific characters scored in the stained plants (table 3.5). The photographs in 

figure 3.24 and 3.25 also show that macrohairs are generally absent in early vegetative 

leaves that stain completely purple, and present in leaves that have aqua-and-purple 

staining tissue. This result corroborates the previous findings that the vegetative phases 

of development are regulated independently of the reproductive maturity in 

A632;A632E, whereas the expression of the vegetative phases of development is 

con-elated with the onset of reproductive maturity in Oh43;Oh43E. Given that the aqua 

coloration of tissue after staining usually, but not necessarily, is indicative of lignin 

(O'Brien et al., 1965; Sakai, 1973), this result also suggests that the epidermis of late 

vegetative leaves in maize may be lignified, whereas the epidennis of early vegetative 

leaves is not.

Table 3.5 Morphological traits of the plants used for the leaf tissue staining.

Last node 
with prop 

roots

First 
partially 

glossy leaf

First leaf 
with 

trichomes

Last
partially
glaucous

leaf

Ear
placement

node

Total 
number of 

leaves

N

A632 7.0±0.3 7.1+0.2 4.8±0.3 11,4±0.7 13.8+0.3 20.7±0.5 9

A632E 6.2±0.3C 7.0±0.0 5.1+0.2a 12.4±0.3* 10.4±0.4C 16.6±0.3C 9

Oh43 6.0±0.0 6.8+0.4 4.8+0.5 11.4+0.5 10.6±0.5 16.0+0.6 5

Oh43E 4.4±0.5C 5.8+0.4b 4.0+0.0b 9.0±0.9b 6.6±0.5C 11.4±1.2C 5

a: significantly smaller than inbred line at p<0.05 (1-tailed t test 

b: significantly smaller than inbred line at p<0.01 (1-tailed t test) 

c: significantly smaller than inbred line at p<0.001 (1-tailed t test)

*: significantly different from inbred line at p<0.01 in a 2-tailed t test
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Figure 3.24 Phase-specific staining patterns of A632 (A to F) and A632E leaves (G 

to L) stained with toluidine blue O. The samples were taken halfway along the length 

of the leaf at leaf position 4 (A, G), leaf 6 (B, H), leaf 7 (C, I), leaf 8 (D, J), leaf 9 (E, 

K), and leaf 10 (F, L). Veins (v) are visible in all leaves, macrohairs (m) are formed in 

late vegetative leaves from bulliform cells (b). Scale bar equals 0.5cm.
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Figure 3.25 Phase-specific staining patterns of Oh43 (A to F) and Oh43E leaves (G 

to L) stained with toluidine blue O. The samples were taken halfway along the length 

of the leaf at leaf position 4 (A, G), leaf 5 (B, H), leaf 6 (C, I), leaf 7 (D, J), leaf 8 (E, 

K), and leaf 9 (F, L). Veins (v) are visible in all leaves, macrohairs (m) are formed in 

late vegetative leaves from bulliform cells (b). Scale bar equals 0.5cm.



3.1.2.4. Expression o f a genetic m arker, R a e e e d l  ( R e l )
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Another way to investigate when the transition from the early vegetative to the late 

vegetative growth takes place is to assess the expression of mutant genes that are 

regulated in a phase-specific manner. One such mutation is the dominant Raggedl 

(7?g7)mutation which causes localised cytolysis of mesophyll cells, resulting in 

chlorotic spots and tearing of the leaf following leaf expansion (Mericle, 1950). In R gl 

mutants early vegetative leaves are normal, whereas late vegetative leaves show the 

Ragged phenotype (Evans, personal communication). The Ragged phenotype may 

thus be used to indicate the beginning of the late vegetative phase of shoot 

development. This mutation is also interesting as a phase-specific marker in that its 

primary effect is in the mesophyll. All previously examined traits are expressed by the 

epidermis. In order to establish if the expression of Ragged1 (Rgl) is modified by the 

early flowering trait in the pattern predicted by the previously examined traits, the 

mutation was crossed into the inbred lines and early derivatives, and families 

segregating R gl were scored for the appearance of the Rgl phenotype, glaucous 

leaves, and reproductive traits.

The results of this experiment are presented in table 3.6. In the families that were 

crossed to the early derivatives the TLN and the ear placement node are significantly 

lower than in those crossed to the inbred lines, indicating that the early flowering trait is 

effective also in these hybrid families. The position of the last partially glaucous leaf 

indicates that the same developmental pattern as observed earlier appears in these 

families: the position of this trait is the same in A632 and A632E, whereas it is 

significantly lower in Oh43E than in Oh43. This shows that the developmental pattern 

that was observed previously in the inbred lines and early derivatives is retained in 

these hybrid families. However, the position of the first leaf with a R gl phenotype 

was the same in A632 and A632E and in Oh43 and Oh43E, indicating that the 

expression of R gl was not affected by the early flowering trait. Overall, the position of 

the first R gl expression is somewhat less variable than TLN or ear placement node, as 

indicated by the small estimates of the standard error of the means.

The other two traits, the first leaf with glossy patches and leaf hairs, could not be 

reliably scored because of the distortion of leaf morphology caused by the R gl 

mutation. Yet, it was evident that the expression of the Rgl phenotype and of 

glossiness were associated. Beginning in the middle and the base of the leaf, the 

ragged area increased in subsequent leaves in the same fashion as the glossy patches.

In the partially glaucous leaves, the glaucous areas were not ragged, and the ragged



areas extended over the whole leaf only in the leaves above the last partially glaucous 

leaf. This suggests that the Rgl phenotype is expressed in the same manner as 

glossiness.

It is possible that the expression of R g l is not altered by the early flowering trait in 

Oh43E for the same reasons that the first appearance of hair and glossiness were 

unaffected by the early flowering trait (section 3.1.2.1). It has been suggested in 

section 3.1.2.1 that the morphology of the first 4 to 5 basal leaves may be already 

specified by the time early flowering trait activity begins. This is consistent with the 

observation that R g l is first expressed at the same leaf position where changes in leaf 

shape are first observed in Oh43E (leaf 5, section 3.1.1.4) and where hair and 

glossiness are first expressed. The alternative hypothesis that the onset of the late 

vegetative phase of development may not be linked to an early beginning of 

reproductive maturity is not consistent with the result that the production of hairs on the 

leaf sheath can be affected by the early flowering trait in Oh43E (section 3.1.2.1). 

Finally, variability resulting from the heterogeneity of these families may render any 

difference in R gl expression between Oh43 and Oh43E undetectable. Whereas the 

variability is not excessive as seen by moderate standard error of means estimates, this 

point must be stressed in light of the results that will be described in section 3.1.4. 

Those results indicate that the inbred background determines at least in part if vegetative 

phase change and reproductive maturity are coordinately regulated. Adequate 

convergence to the inbred lines and the early derivatives is therefo|clesirable before the 

expression of R g l can be assessed satisfactorily.

Table 3.6 Expression of the Raggedl mutation in normal and early-flowering 

plants (N is the number of plants scored. All errors given as ±2 s.e.m.).

First ragged 

leaf

Last partially 

glaucous leaf

Ear node Total leaf 

number

N

A632 5.7±0.2 8 .0±0.2 13.310.6 18.510.7 17

A632E 5.7±0.3 8.0±0.4 9.910 .4C 1 4 .4 1 0 .6 C 9

Oh43 4.5±0.3 7.210.3 11.810.5 17.310.4 22

Oh43E 4.5±0.4 6 .6 ± 0 .3 b 7 .610 .4C 1 2 .4 i 0 .5 c 19

b: significantly different from inbred line at p<0.01 (2-tailed t test) 

c: significantly different from inbred line at p<0.001 (2-tailed t test)



3.1.3 Genetic analysis of the early flowering trait
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The different patterns of vegetative development in A632;A632E and Oh43;Oh43E 

can be accounted for in either of two ways: firstly, A632E and Oh43E may each have 

received different genes from the donor parent Gaspe Flint. Those gene could be loci 

that condition the early flowering trait or closely linked modifiers of vegetative 

development. Alternatively, die inbreds A632 and Oh43 possess different modifiers of 

vegetative development, which become detectable in the presence of the early flowering 

trait. To study whether the first possibility applies, a genetic analysis of the early 

flowering trait in A632E and Oh43E was undertaken.

Time to maturity in maize is a quantitiative trait, with an unknown number of genes 

contributing to this trait. Estimates of the number of genes range from 2 to 20 loci, and 

most reports suggest 4 to 6 loci (Griesbrecht, 1969a,b; Hallauer, 1965; Mohamed, 

1959). Shaver (1976) suggested that few, possibly two loci have been introgressed 

from Gaspe Flint into near-isogenic early flowering lines. The genetic basis for early 

flowering in Gaspe Flint and in the lines A632E and Oh43E is not known. Gaspe 

Flint, the donor line for the early flowering trait, is a very early flowering, genetically 

heterogeneous cultivar that may possess several loci conditioning early flowering. As a 

result of the convergence of the early flowering trait, different loci may have been 

introgressed into A632E and Oh43E.

In order to investigate the possibility that different genes conditioning early 

flowering were converged into A632E and Oh43E, it is necessary first to estimate the 

number of genes that condition the early flowering phenotype in each of the lines, and 

then to establish whether the two lines share the same early flowering genes. The 

former task can be achieved by analysing segregation frequencies in families 

segregating for the early flowering trait. The identity of the genes can be determined by 

molecular genetic techniques.

3.1.3.1. Estim ate o f the num ber o f genes

The estimation of the number of loci controlling quantitative traits is difficult partly 

because continuous variation hinders the distinction of phenotypic classes. The 

presence of multiple loci, each with a different effect and expressivity, interaction 

between loci, and heterosis complicate matters further. Powers et al. (1950, 1955)
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proposed the partition method to estimate of the number of loci regulating quantitative 

traits. For this method, large populations of parental lines (PI and P2), single-cross 

hybrid families (FI), backcrosses of the FI to the parental lines (B1 and B2), and 

families obtained from self-pollinating FI plants (F2) are evaluated in several replicates 

over different environments to separate the environmental and genetic variances. The 

backcross and F2 populations are analysed by partitioning them into their component 

genotypes. Such a large experimental design was not employed in the present study. 

However, to achieve some estimate of the number of loci regulating the early flowering 

trait in A632E and Oh43E, F2 families segregating the early flowering trait that were 

derived from self-pollinated hybrid plants (IL/ED x self) were analysed.

As before, the families segregating the early flowering trait and the controls were 

evaluated for the total number of leaves they produced. The A632;A632E experiment 

was grown in the summer nursery (table 3.7), and three experiments involving 

Oh43;Oh43E were grown in different summer plantations or in the green house during 

the winter (table 3.8). The results are similar for A632E and Oh43E. Some effect of 

the environment on TLN is evident from the differences in TLN between inbreds 

grown in the three Oh43 experiments.

The total number of leaves in the F2 families were generally within the range 

expected from the inbred controls. This indicates that all factors conditioning fewer 

leaves were contributed by the early derivatives and all factors conditioning more leaves 

came from the inbred lines. However, in the F2 of A632 two plants with unexpectedly 

many leaves (TLN of 22 and 23 leaves) occurred, and the range of the TLN in all 

backcrosses extended slightly beyond that expected from the parents. This raises the 

possibility that some heterosis is present or that some loci conditioning fewer leaves 

were contributed by the inbred lines.

The genes conditioning early flowering were found to be incompletely dominant or 

additive in gene action. The means of the FI families always fell between that of the 

parental inbreds. In A632, the means of the backcrosses were between those of the FI 

and the inbreds and the means of the FI and the F2 were not significantly different 

from each other. This suggests additive gene action for the loci segregating in A632.

In the first Oh43 experiment, the means of the backcrosses were not clearly between the 

means of parental inbred and the FI. The means of the backcrosses were significantly 

lower than those of the later flowering parent, but they were also slightly lower and not 

significantly different from those of the earlier parent. This observation is within the



limits expected due to errors of random sampling if additive gene action is considered.

Yet, other types of gene action and heterosis may also play a role.

As can be expected for a quantitative trait, no distinct phenotypic classes could be 

discerned. The frequency distribution of plants grouped by TLN in the F2 populations 

segregating the early trait describes a normal distribution. In such a case, the number 

of segregating loci can only be estimated based on the frequency of occurrence of the 

most extreme phenotypes. In these experiments, any plants having as many leaves as 

the earliest plants of the early derivative controls or fewer were considered extreme.

The observed numbers of plants were compare to the expected numbers in a y }  

goodness-of-fit test. A statistical problem is encountered if the presence of several loci 

is considered and the expected number of plants with an extreme phenotype becomes 
too low to employ the y }  goodness-of-fit test. In such cases, a Poisson distribution 

approximation was performed and y }  was corrected for low numbers by using Yateses 

correction factor. All tests were considered significant at p=0.05. The fewest TLN of 

A632E plants was 15 leaves, thus only 2 plants of the total F2 population of 206 fell 

into the extremely early class. If three loci are segregating, .23 extreme plants can be 

expected. Both statistical tests show the best goodness-of-fit when 3 loci are assumed 
to segregate, but the presence of 4 loci cannot be excluded. For 3 loci tested, the y }  

value corrected with the Yates constant is 0.163, p>0.2; and the Poisson distribution 
approximation (PDA) yields a p==0.74. Similarly, in the second Oh43 experiment, 4 

plants out of 104 F2 plants have the extreme phenotype (9 leaves or fewer). Statistical 
analysis indicates the presence of 3 loci (expected number of plants 1.675, y }  value 

corrected with the Yates constant is 2.1978, p>0.1; PDA yields p=0.36). In the third 

Oh43 experiment, 4 extreme plants out of 148 were observed (10 leaves or fewer).

This result is consistent widi 2 or 3 loci segregating. When 2 loci are tested, the 
expected number of plants is 9.25, and the y}- is 3.178, p>0.05. For 3 loci tested,

2.31 extreme plant are expected. The y }  value corrected with the Yates constant is 

0.619, p>0.2, and the PDA gives p=0.44.

These results indicate that there are 2 to 4 major loci conditioning early flowering in 

A632E and Oh43E, probably fewer. These estimates of the number of genes are very 

conservative, given that the calculations are based on the most extreme phenotype of the 

early derivatives, rather than their mean phenotype. This precaution was taken so that 

less early genotypes would not be counted in the most extreme class. If the mean TLN 

of the early derivative is considered the early flowering phenotype, the estimated 

number of loci is reduced to 1 to 2 major loci.
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The above results are consistent with previous reports on the genetic control of 

early flowering. The estimate that only few genes controlling TLN segregate is 

consistent with an estimate by Shaver (1976) who suggested that no more than 2 to 3 

such loci were introgressed into the early derivatives Wf9E, Hy2E, Oh41E, and 38- 

1 IE. He also reported heterosis effects in crosses between the inbred lines and their 

early derivatives, presumably conditioned by heterozygosity for the transferred 

chromosome segments. In all lines except Oh41, additive or incompletely dominant 

gene action was observed. Mohamed (1959) has found 2 to 3 loci conditioning early 

flowering that segregate in crosses between the inbred lines E.G. 102 and E.G.205. 

Dominant gene action of the loci conditioning early flowering was found in these lines. 

Hallauer (1965) estimated 2 to 4 genes segregating in crosses between Oh45 and B14, 

and he observed additive gene action. Giesbrecht (1950, 1955) estimated 4 to 5 factors 

segregating in crosses between V3 and B14, and 4 factors between Mt42 and Wf9. In 

both studies, incomplete dominance of the genes conditioning early flowering was 

reported.

Table 3.7 Number of plants in each TLN group in the parental lines A632, A632E, 

the hybrid (FI), the F2 generation, and the backcross families segregating the early 

flowering trait.

TLN 14 15 16 17 18 19 20 >21 total mean

TLN

A632 2 9 7 1 19 19.3±0.3

FI x A632 1 8 44 52 19 2 126 18.7+0.2

Hybrid (FI) 7 8 15 18.5±0.3

FI x A632E 1 3 7 28 28 3 3 73 17.4±0.3

A632E 1 17 10 1 29 16.3+0.3

F 2 2 6 45 76 54 17 61- 206 18.2±0.2

tincludes one plant with 22 leaves and one with 23 leaves
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Table 3.8 Number of plants in each TLN group in the parental lines Oh43, Oh43E, 

the hybrid (FI), the backcross families, and the F2 populations segregating the early 

flowering trait trait. Plants for the first two experiments were grown in different 

summer plantations, and for the third experiment in the greenhouse in the winter.

TLN 8 9 10 11 12 13 14 15 16 17 >18 total mean TEN

Oh43 5 9 5 5 24 16.4±0.4

F I x Oh43 7 12 11 12 5 3+ 50 15.1±0.6

Hybrid (FI) 1 6 4 11 15.3±0.3
FI x Oh43E 2 14 22 23 21 20 12 1 115 12.4±0.7

Oh43E 2 6 10 4 1 23 12.8±0.4

Oh43 3 1 3 7 15.0+0.5

Oh43E 3 5 2 10 9.9±0.3

F2 (summer) 1 3 28 18 24 13 10 4 3 104 11.7+0.7

Oh43 2 2 2 6 15.0±0.5

Hybrid (FI) 7 7 14 14.5±0.2

Oh43E 1 3 4 8 11.4±0.3

F2 (winter) 1 3 12 20 44 45 21 2 148 13.2±0.5

tincludes one plant with 19 leaves

3.1 .3 .2 . R FLP analysis

Having established that the early flowering trait in A632E and Oh43E is a 

quantitative trait likely to be conditioned by a very small number of major loci, the 

question arises as to whether the early flowering trait in these two lines is conditioned 

by the same loci. Shaver (1976) suggested that during the introgression of the early 

flowering trait from Gaspe Flint, the same number of loci was transferred to each early 

derivative, but that these loci may be different from one early derivative to another. If 

each line possesses a different array of genes conditioning early flowering, these 

differences may account for the distinct patterns of vegetative development observed in 

A632E and Oh43E. The aim of this experiment was to investigate whether A632E and 

Oh43E share transferred loci that condition early flowering.

Quantitative traits are difficult to study and select for because the identity of 

individual loci and their contribution to the trait cannot easily be established. In 

selecting for quantitative traits, breeders have long made use of polymorphic 

chromosomal markers, such as colour genes or isozyme loci (reviewed in: Dudley,
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1993; Edwards et al., 1987). The use of restriction fragment length polymorphisms 

(RFLPs) has greatly increased the number of available markers and has allowed the 

development of linkage maps with a high degree of resolution. The mapping of 

quantitative trait loci using molecular marker has also benefitted from an elaboration of 

the analytical methods (Lander and Botstein, 1989; van Ooijen, 1992). Linked 

molecular markers can serve to identify quantitative trait loci as well as to assess the 

relative effect of each locus (Beckmann and Soller, 1988; Reiter et al., 1991; Stuber et 

al., 1992). Theory and results so far suggest that marker-assisted evaluation of 

breeding stock can speed conversions and aid selection (Cowan et al., 1990; Dekkers 

and Dentine; 1991; Dudley; 1993).

In maize, the time to reproductive maturity and several associated traits, such as 

days to pollen shed, plant height, or TLN, have been genetically dissected using 

isozyme and molecular markers (Abler et al., 1991; Koester et al., 1993; Phillips et al., 

1992; Stuber et al., 1992). These studies typically analyse segregation of traits and 

markers in F2 or F3 families generated from crosses between unrelated inbred lines or 

between inbreds and near-isogenic, early-flowering lines, or in families derived from 

backcrosses between inbred lines. In the context of this study, a complete genetic 

dissection of reproductive maturity in A632;A632E and Oh43;Oh43E using molecular 

markers was not feasible. Instead, it was decided to investigate whether markers that 

have been associated with early flowering in other studies are also associated with early 

flowering in the lines used in the present study.

Depending on the trait that is used to assess reproductive maturity (e.g. days to 

anthesis, days to silking, plant height, TLN, grain moisture) and on the inbred lines 

studied, previous studies have identified several chromosome regions that are correlated 

with aspects of the early flowering phenotype (table 3.9). One region on the long arm 

of chromosome 8 near RFLP markers UMC12 and UMC89 is particularly interesting 

because it is consistently associated with early flowering in a variety of genetically 

diverse inbreds. Additionally, this region has a large effect on the early flowering 

phenotype. Koester et al. (1993) have studied the early flowering trait in two inbreds 

(Sc76, B73) and their early derivatives (Nc264, B73G) both of which were developed 

by introgressing the early flowering trait from Gaspe Flint. The strongest and most 

consistent associations of days to anthesis, days to silking, plant height, and TLN are 

with markers on chromosomes 1, 8, and 10. Stuber et al. (1992) reported markers on 

chromosome 8 to be associated with plant height, days to tassel, and grain moisture in 

crosses between B73 and M ol7. Association of days to silking and plant height with 

chromosome 8 has also been reported by Abler (1991). Phillips et al. (1992) reported
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that in crosses between A662 and B73, days to pollen shed, days to silking, plant 

height, and node number were all associated with UMC12. This marker explained the 

largest portion of the phenotypic variance of each trait. A second marker on 

chromosome 9 was associated with days to pollen shed, days to silking, and node 

number. Moreover, days to pollen shed and days to silking were both associated with 

two markers on chromosomes 3 and 5, whereas two other markers (chromosomes 4 

and 5) were associated with internode length and plant height. This indicates that each 

of these traits is regulated by several loci, and suggests common components of the 

traits: for example, of the three markers that are associated with plant height, one is also 

associated with node number and two with internode length. Only the region marked 

by UMC12 was found to be associated with all traits. Finally, UMC12 was also 

associated with days to pollen shed in 4 other lines (A679, A680, A681, N28E), but 

was not polymorphic in Oh43E (Phillips et al., 1992).

In order to examine whether any of these chromosome regions, particularly the 

region near UMC12, are associated with TLN in A632;A632E and Oh43;Oh43E, these 

lines were investigated for polymorphisms with RFLP markers, and plants from F2 

and backcross populations studied for segregation of the polymorphisms. Since 

selective genotyping of the phenotypic extremes is effective in detecting important 

marker-trait associations (Koester et al., 1993), only the extremes of the segregating 

populations were sampled.

Several of the RFPL markers that have been associated with early flowering in 

other studies were tested in A632;A632E and Oh43;Oh43E (table 3.9). The markers 

that were chosen were those suggested by the results of Koester et al. (1993) or 

Phillips et al. (1992): BNL5.59 (1L), UM C119 (1L), UMC32 (3S), UMC39 (3L), 

NPI419 (6L), UMC12 (8L), NPI445 (10L). With nine different restriction enzyme 

digests, only UMC12 showed a polymorphism between the parental lines in the major 

band. In each of the three restriction enzyme-RFLP marker combinations that showed 

a polymorphism between A632;A632E and between Oh43;Oh43E, the restriction 

fragments in A632E and Oh43E were of the same size, whereas the fragments in A632 

and Oh43 were of different sizes (figure 3.26). This indicates that this chromosome 

region is altered in the same way in A632E and Oh43E after introgression of the early 

flowering trait, suggesting that both lines now carry genetic material from Gaspe Flint 

in this region. A comparison between the sizes of the restriction fragments of all 

genotypes would be needed to ascertain that the polymorphic region on chromosome 8 

was indeed introgressed from Gaspe Flint in both A632E and Oh43E, but no Gaspe 

Flint DNA was available at the time of the experiment.
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When the plants with an extreme phenotype from the segregating families were 

genotyped with UMC12, a significant association between this marker and the TLN 

was detected. Segregation of the polymorphism was examined in digestions with 

EcoRI endonuclease (illustrated in figure 3.27) and with Kpnl endonuclease. In the F2 

progeny of A632/A632E plants, only 3 out of 22 chromosomes in tire phenotypically 

late class were recombinant for UMC12 and only 2 out of 20 chromosomes in the early 

class were recombinant for this marker. In the case of Oh43, where backcross families 

were used for this experiment, none of the 8 late plants examined was recombinant for 

UMC12 (0 out of 8 chromosomes) and only 1 out of 13 early plants was recombinant 

for UMC12 (1 out of 13 chromosomes). The analysis was performed by calculating 

the exact binomial and using a one tailed test for each phenotypic class. In each class, 

the association in A632 was significant at p<0.001 (extremely late plants p=0.000359, 

extremely early plants p=0.000382) and in Oh43 at p<0.01 (extremely late plants 

p=0.00390, extremely early plants p=0.00171).

There is evidence suggesting that a major locus regulating flowering time and TLN 

is located in the chromosome region near UMC12 (table 3.9, Abler et al„ 1991;

Koester et al., 1993; Phillips et al., 1992; Stuber et al., 1992). The result that both 

early derivatives, A632E and Oh43E, are polymorphic in this region when compared to 

their inbred lines, but not for any of the other RFLP markers tested, indicates that this 

region is also the major factor determining early flowering and low TLN in the early 

derivatives. This observation would suggest that A632E and Oh43E share a major 

locus regulating flowering time, and probably also closely linked chromosome regions. 

Thus, the difference in the pattern of vegetative development between the lines is likely 

conditioned by factors residing elsewhere in the genome. However, these results are 

not conclusive: it is conceivable apart from the locus on 8L, there are different "early 

flowering" genes present in the two early derivatives, or that parts of the Gaspe Flint 

genome, linked to the "early flowering" locus on chromosome 8L, were retained in one 

early derivative and not the other. Alternatively, it is possible that the inbred 

backgrounds themselves carry or lack a modifying factor.
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Size in Size in
A  1 2 3 4

- 5 .09

B kbp

4 . 0 7 5.09

4 . 0 7

Figure 3.26 Southern blot of A632 (lanel), A632E (lane2), Oh43 (lane3), and 

Oh43E DNA (lane4) digested with A) X bal and B) Kpnl endonucleases and probed 
with UMC12.

Size in
Lanes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 kbp

Figure 3.27 Southern blot of A632 (lanel), A632E (lane2), phenotypically early 

flowering plants (lanes 3 to 7), and phenotypically wild type plants (lanes 8 to 14), 
digested with EcoRI and probed with UMC12.

t 4.07

5.09
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Table 3.9 List of chromosome regions determined to be significant for the 

expression of time to flowering, plant height and TLN in maize according to results in 

the cited references. The chromosome regions tested in this study are indicated (#).

Abler et al., 
1991

Bubeck, 
19911

Koester et 
al., 1993

Phillips et 
al., 1992

Stuber et 
al., 1992

IS DAN *** ***2
1L # DAN *** **

SLK **
PHT *** ***
TLN ***

3S # DAN *
3L # DAN ***

SLK **
PHT ***
TLN *

4L PHT *** ***

5L DAN **
SLK **
PHT ***

6L # DAN *
PHT *

8L # DAN ** *** *** ***
SLK *** * ***
PHT *** *** *** ***
TLN *** ***

9L DAN * *
SLK *** *
PHT *** * * ***
TLN **

10L # DAN ***
SLK **
PHT *** ** Hi**

TLN *

# Chromosome regions tested in this study.

*,**,*** Significant at p<0.05, 0.01, 0.001, respectively.

^as cited in Koester et at., 1993.

^Significance given in LOD score, all scores higher than 3.5.

DAN: Days to anthesis, SLK: Days to silking, PHT: Plant height, TLN: Total leaf no.
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3.1.4 Does the genetic background determine the pattern of  
shoot developm ent?

3.1.4.1. A dditional inbred lines and early derivatives

The observed differences in vegetative development between A632; A632E and 

Oh43; Oh43E can be conditioned either by a factor that has been introgressed from 

Gaspe Flint (early flowering trait or a linked modifier) or by an unlinked modifier that 

is present in the genetic background of the inbreds. In the previous section 3.1.3, it 
was shown that both A632E and Oh43E have a polymorphism on chromosome 8L, a 

region frequently associated with a major factor regulating flowering time. Having 

been unable to resolve any other polymorphisms, attention was shifted to the question 

if the genetic background of the inbreds conditions the different patterns of shoot 

development. It should be possible to shed light on this problem by studying how 

common each pattern of vegetative development is in other early derivatives. In order 

to investigate this question vegetative development in several inbreds and their near- 

isogenic, early flowering lines was assessed.

A number of lines that differ in the pedigree of the inbred line and the direct origin 

of the early flowering trait were chosen for this experiment (table 2.1). Some inbred 

lines are akin in their parentage, as suggested by the material from which the inbreds 

have been generated (table 2.2). In some cases, the early derivatives were derived 

directly from Gaspe Flint in a series of crosses to the recurrent inbred parent (e.g. 

B73G, C123E, M ol7E , N28E, Nc264, Oh43E). In other lines the early flowering trait 

was first introduced into another inbred line, and then converged to the recipient inbred 

line. For example, A635E and H100E are both derived from A632E, which along with 

other lines derived its early flowering trait from Wf9E, which in turn received it from 

Gaspe Flint (Shaver, personal communication).

Seven inbreds and their respective early derivatives were compared (Table 3.10). 

Among the independently derived lines (A619E, B73G, C123E, M ol7E, N28E, 

Nc264) each type of pattern of vegetative development was observed in about half the 

cases: the transition from early vegetative to late vegetative growth was independent of 

reproductive maturity in C123E, M ol7E, and N28E, whereas it took place earlier in 

A619E, B73G and Nc264. If the pattern of vegetative development is determined by 

an introgressed modifier, this result would indicate that the linkage between the early 

flowering trait and the modifier is not very close, since the two can be unlinked within a
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small number of backcrosses in half the lines. This would be contrary to the 

observation that the early flowering trait and the pattern of vegetative development do 

not segregate in families segregating for the early flowering trait (section 3. 1.2.1). If a 

modifier is part of the inbred genome, this would indicate that both patterns of 

vegetative development are frequent.

In all early derivatives tested here, the effect of the early flowering trait on 

reproductive maturity was similar: the TLN was reduced and the ear was placed at a 

lower position. The results indicate that related inbred lines also have a similar pattern 

of vegetative development. According to the published pedigrees, C l23 and Mo 17 are 

related, N28 is related to H I00, A619 is related to Oh43, and A635 is related to A632 

(table 2.2). B73 and Sc76 are not related to any of the studied lines. Overall, there 

was no effect of the early reproductive maturity on the vegetative phase change in 

C123E, M ol7E , N28E, and H100E. In those lines, only two traits were found at a 

significantly lower position in the early derivative than in the inbred line: leaf hairs in 

C123E and adventitious roots in N28E. A619E showed a pattern of vegetative 

development similar to that of Oh43E, as did B73G and Nc264. The notable exception 

was A635, in which the vegetative phase change took place at a lower leaf position in 

the presence of the early flowering trait. In the related line A632; A632E, the transition 

from early vegetative to late vegetative growth is not linked to reproductive maturity. 

This observation is particularly interesting because the early flowering trait in A635E 

was introgressed from A632E. H100E also received the early flowering trait from 

A632E, and its pattern of vegetative development is like that of A632E. In contrast to 

A635E, this is consistent with the inbred pedigree of H I00 and with the source of the 

early flowering trait in H100E.

In summary, the results of this experiment, although not conclusive, suggest that the 

type of vegetative pattern observed in the early derivatives is conditioned by modifiers 

in the inbred background, and not by a gene that was introgressed from Gaspe Flint.
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Table 3.10 Expression of vegetative and reproductive traits in several inbreds and 

near-isogenic, early-flowering lines. For the pedigree of the standard inbreds and the 

sources of the early flowering trait, see table 2.2 (N is tire number of plants scored. 

All errors given as ±2 s.e.m.).

Inbred
back

ground

Last node 
with prop 

roots

First 
partially 

glossy leaf

First leaf 
willi hairs

Last
partially
glaucous

leaf

Ear
placement

node

Total 
number of 

leaves
N

A619 8.4+0.5 7.210.2 4.110.4 11.210.2 10.910.2 16.310.4 12

A619E 7.7±0.4a 6.710.4a 3.510.4a 9.010.0° 9.310.4° 14.510.5° 6

A635 9.510.3 8.310.3 5.010.3 11.010.7 14.710.6 20.110.7 10

A635E 9.0+0.8 7.110.3° 4.610.4a 9.710.9a 11.910.9° 1 7 .7 il.3 b 7

B73 11.510.4 6.510.4 6.510.4 7.210.3 15.710.4 20.710.4 6

B73G 9.9i0.5c 5.910.3a 5.610.4b 6.410.4b 12.110.3° 17.110.3° 7

C123 7.310.2 5.010.0 4.510.3 6.010.0 11.510.3 15.710.3 15

C123E 7.110.2 5.010.0 4.010.3a 6.110.2 10.110.2° 14.210.3° 10

HI 00 11.310.5 7.010.0 6.410.3 9.010.2 15.110.4 21.911.0 13

H100E 10.710.7 7.010.0 6.310.7 8.710.7 14.010.0a 19.310.7a 3

Mo 17 5.210.4 5.010.0 5.010.0 7.010.0 10.210.4 15.010.0 5

M ol7E 6.010.0* 5.010.0 5.010.0 7.010.0 8.810.4° 13.810.4° 5

N28 13.710.4 6.710.4 5.110.3 7.710.4 16.410.4 22.110.5 7

N28E 11.6i0.4c 6.910.3 5.3.10.4 7.610.4 13.710.4° 19.410.4° 7

Sc76 10.010.4 7.110.2 3.410.3 9.010.3 17.910.5 23.410.5 10

Nc264 9.1i0.3c 6.610.3b 3.610.3* 7.910.3° 13.610.3° 18.410.5° 14

a: significantly smaller than standard inbred at p<0.05 (1-tailed t test) 

b: significantly smaller than standard inbred at p<0.01 (1-tailed t test) 

c: significantly smaller than standard inbred at p<0.001 (1-tailed t test)

*: Value is greater in the early flowering line than in the standard inbred, and was not 

tested with the 1-tailed t test.



3.1 .4 .2 . E nvironm entally  conditioned early flow ering
107

Having established in section 3.1.2 that the presence of a genetically conditioned 

early flowering trait can modify vegetative development, the experiments in this section 

focus on whether the different response patterns of vegetative development between the 

two early derivatives are due to modifiers in the inbred background, or to the 

introgression of different genes from Gaspd Flint. This issue is studied by using 

photoperiodic induction to induce early flowering in the inbred lines, and studying the 

vegetative development in the photoinduced plants.

One of the best known environmental factors that can induce flowering in plants is 

day-length. The type of photoperiodic requirements for floral induction is species- 

specific. Photoperiodic induction in plants is thought to be a stepwise process. Day- 

length is most efficiently perceived by the leaves, generating a graft-transmissible floral 

signal of unknown nature (Bernier et al., 1981a). The sensitivity of the leaves depends 

on several factors, including the physiological age of the leaf and the position of the leaf 

on the stem. The floral signal is translocated from the leaves to the meristem, which 

becomes florally determined (Bernier et al., 1981a; Bernier, 1988; Evans, 1960; 

McDaniel et al., 1992).

Maize is a short day (SD) plant; most varieties grown in temperate climates 

nowadays are quantitative SD plants. These cultivars will flower under the long day 

(LD) conditions of the northern summer, yet the plants can still be induced to flower 

earlier when grown under short day conditions (Russel and Stuber, 1983). A few 

lines, including Oh43 and Gaspd Flint, are thought to be day-neutral, which means that 

their flowering time is largely independent of photoperiodic conditions (Francis et al., 

1969; Hesket et al., 1969; Hunter et al., 1974; Russel and Stuber, 1983). In many 

species different environmental stimuli can interact to cause floral induction. In maize, 

there is, for instance, a significant interaction between day-length and temperature.

Cool temperatures enhance the effectiveness of SD conditions (Coligado et al., 1975; 

Hunter et al., 1974, 1977). Photoinduction causes a reduction in leaf number similar to 

that described for the genetically conditioned early flowering. The advantage of 

environmentally induced early flowering is that it can be used to determine the effects of 

early flowering in genotypes lacking the early flowering trait. This provides a means to 

assess the effect of early flowering on vegetative development in a standard inbred line 

without the need to genetically alter the lines. Additionally, differences in the day- 

length requirements of A632, A632E, Oh43, and Oh43E may point to genotypic 

differences with regard to genes conditioning early flowering. Such differences could
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potentially account for the two observed patterns of vegetative development. To 

investigate if the inbred background determines if vegetative phase change and 

reproductive maturity are coordinately regulated, plants of all four genotypes were 

grown under continuous SD conditions between 18 to 38 days after planting (DAP) 

(A632, A632E), 8 to 38 DAP (Oh43), and 8 to 23 DAP (Oh43E). These timing of 

these treatments was designed to ensure that photoinduction would occur in all SD 

sensitive lines. Oh43E was not used in the later SD treatments because tassel initiation 

is completed much earlier. In Oh43E, this usually occurs when 2 ligules and 4 leaves 

are visible. It is shown that all lines can be photoinduced and that the different patterns 

of vegetative development in A632E and Oh43E are specific to the inbred background.

Compared with the control plants grown under LD conditions, all plants grown 

under SD had significantly fewer leaves (t and U tests) (table 3.11). The TLN was 

reduced by SD conditions by an average of one (Oh43E) to three leaves (A632). All 

lines also had a significantly lower ear placement node under SD conditions, and as in 

the early derivatives, the car placement node is proportionately reduced relative to the 

TLN (section 3.1.2.1). Althought the magnitude of the response varied between the 

lines and was smaller in the early derivatives than the inbred lines, all lines tested here 

respond to SD conditions. This indicates that while there are some genetic differences 

in the regulation of flowering between the lines, there is no qualitative change in the 

photoperiodic requirements of the early derivatives.

Previous reports suggest that Oh43 is a day-neutral line, which would make its 

photoperiodic requirements qualitatively different from the ones of A632 (Francis et al., 

1969; Russel and Stuber, 1983). The present results demonstrate that Oh43 does not 

differ in its photoperiodic requirements from A632. It is possible that previous 

research failed to detect the SD requirements of Oh43 because growing conditions were 

not controlled sufficiently, and the response to photoinduction was eliminated. In fact, 

Russel and Stuber (1983) detected a lower TLN in photoinduced Oh43 plants, but still 

classified this line as day-neutral.

It is evident from table 3.11 lhat the pattern of vegetative development in 

photoinduced inbred line plants is the same as the one found when the early flowering 

trait is present. There was no change in the number of leaves expressing early 

vegetative epicuticular leaf wax in A632 plants grown under LD or SD. A632 

produced 10.6±0.4 partially glaucous leaves under LD conditions, and 10.6±0.5 

partially glaucous leaves under SD. Similarly, the expression of wax was unaffected 

by day-length in A632E (9.310.3 leaves under both LD and SD). The loss of
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epicuticular wax occurred at an unexpectedly low leaf position in A632E. The reason 

for this is unclear, yet the phenomenon is considered unimportant in the present 

context, because there is no difference between A632E plants grown under LD or SD 

conditions. Loss of the early vegetative epicuticular wax takes place at a significantly 

lower node under SD conditions than under LD in Oh43 and Oh43E (table 3.11). 

Photoinduced early flowering thus causes the same type of changes in vegetative 

development in A632 and Oh43 as genetically induced early flowering. This strongly 

suggests that the genetic make-up of the background determines at least in part if 

vegetative phase change and reproductive maturity are coordinately regulated.

The experimental design employed here does not allow for a distinction of 

photoperiodic effects and effects caused by differences in the total amount of light 

received the the LD and SD grown plants. The SD treated plants can thus be expected 

to have received less light than the plants treated with LD. This problem could have 

been prevented by using SD conditions combined with night interruptions rather than 

LD treatments. Unfortunately, this was technically impossible with the available 

facilities. However, the questions in this study are whether and how the different 

genotypes respond to a given set of environmental conditions. The exact nature of the 

floral induction is not under investigation. Thus, differences in total light exposure 

between LD and SD treatments in this and the following experiments are just part of the 

environmental conditions that cause early flowering.
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Table 3.11 The effect of continuous SD conditions on tassel initiation, ear 

placement, and expression of epicuticular wax in A632, A632E, Oh43 and Oh43E 

plants. All errors given as ±2 s.e.m.

Genotype Treatment
(DAP)

No. of No. of Last Ear Total leaf 
emerged emerged partially placement number 
ligules* leaves* glaucous node

leaf

A 6 3 2 LD

SD

(8-38)

10.6+0.4 12.2±0.3 18.310.3 

0-5 2-7 10.610.5 10.3i0.3c’3 15.310.6C-3

A 632E LD

SD

(8-38)

9.310.3 8.410.4 14.110.4 

0-5 2-8 9.310.3 7.410.4C-2 12.1i0.3c>3

O h43 LD

SD

(8-38)

9.810.3 9.310.3 14.010.4 

0-4 2-6 9.1i0.3b>1 7.510.3C’3 11.710.3C-3

O h43E LD

SD

(8-38)

7.510.4 5.610.5 9.810.7 

0-4 1.5-6 6.910.2b-1 5.1i0.2a 8.710.3b-1

a, 1: significantly smaller than LD control at p<0.05 (1-tailed t test, 1-tailed U test)

b, 2: significantly smaller than LD control at p<0.01 (1-tailed t test, 1-tailed U test)

c, 3: significantly smaller than LD control at p<0.001 (1-tailed t test, 1-tailed U test) 

a, b, c refer to results from t test, 1, 2, 3 refer to results from U test

*: before and after SD treatment



3.1.5 Placing the early flowering trait in a developm ental 
pathway

3.1.5.1. Teopod  and the early flow ering trait

In the previous sections, it was shown that both the presence of the early flowering 

trait or photoinduction, can modify when the vegetative phase change occurs, 

depending on the inbred line. This suggests that the early flowering trait may be part of 

an independently regulated reproductive phase of development, and that the effect on 

the expression of the vegetative phase of development may be achieved indirectly via 

(a) modilier(s) present in the inbred background. If this is true, die early flowering trait 

should not be epistatic to genes regulating the expression of the vegetative phases of 

development. In order to test this hypothesis the expression of the early flowering trait 

and of mutations modifying the length of the early vegetative phase (Teopodl (T p l) 

and Teopod2 (Tp2)) was assessed in families segregating both traits.

Tpl and Tp2 are non-cell autonomous, gain-of function mutations that condition a 

prolonged expression of the early vegetative phase of development. Phytomers in late 

vegetative positions express early vegetative traits and vegetative structures are formed 

in the ear and tassel (Dudley and Poethig, 1991, Lindstrom, 1925; Poethig, 1988a, b; 

Weatherwax, 1929). The expression of all known early vegetative traits is modified in 

Tp mutants, suggesting that these genes play a role in the regulation of phase change.

The mutations cause an increase in TLN, but no delay in flowering time. If the 

prolonged expression of the early vegetative phase of development does not interfere 

with the expression of the reproductive phase of development, as suggested by the 

results reported by Bassiri et al. (1992), the Tp mutations should not interfere with the 

expression of the early flowering trait. Thus, while the Tp plants will be expected to 

have a higher TLN than wild type, the range of TLN among wild type and Tp plants in 

a F2 family segregating the early flowering trait should be the same. Alternatively, if 

the transition to the reproductive phase of development is dependent on the termination 

of the early vegetative phase of development, the Tp mutations will suppress the 

expression of the early flowering trait, and the range in TLN will be smaller in the Tp 

plants than in the wild type plants. The effect of the early flowering trait on the Tp 

phenotype may depend on the aspects of phenotype that is considered. Results in Tp2 

and another mutation that causes a similar phenotype, Comgrassl (C g l), suggest that 

environmental conditions that favour early flowering, that is, short photoperiods and 

cool temperatures, can partially normalise the mutant phenotype of tire tassel (Bassiri et

I l l
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al., 1992; Ritchings and Tracy, 1989). If this is a result of the increased ability to 

flower, a normalised tassel may also be expected in Tp2 plants that carry the early 

flowering trait.

The results for both inbred backgrounds (A632 and Oh43) and both Tp mutations 

show that Tp and the early flowering trait do not interfere with each other's expression 

(tables 3.12 and 3.13, figures 3.27, 3.28 ). In all families, Tp plants were easily 

distinguishable from their wild type sibs by the narrow leaves, increased number of 

nodes with adventitious roots, increased number of partially glaucous leaves, increased 

TLN, and the vegetatively transformed tassel; all these characters are typical of the Tp 

phenotype (Poethig, 1988a). Examples of the phenotype of Tp plants in inbred line 

and early derivative families are shown in figure 3.27 and 3.28.

The tassel morphology of Tp2 plants in A632 (Tp2-E2) or Oh43 (Tp2) families 

segregating the early flowering trait was not changed in the presence of the early 

flowering trait, indicating that increased potential to flower earlier does not alter the 

tassel morphology (table 3.14). This was not anticipated in the light of previous 

reports indicating that tassels of wild type plants that were environmentally induced to 

flower early tend to be smaller and bear fewer staminate spiklets (Hanway and Ritchie, 

1985; Ritchings and Tracy, 1989). On the other hand, tassels of two of the dominant 

Tp-like mutations, Tp2 and C gl, produce more staminate flowers when 

environmentally induced by SD and cool temperatures (Bassiri et al., 1992; Ritchings 

and Tracy, 1989). Given that such normalisation of the tassel did not occur in Tp2 in 

the presence of the early flowering trait, it is possible that the reported partial reversion 

in photoinduced Tp2 and C gl plants is not a result of changes in the reproductive 

ability.

Two results indicated that the early flowering trait was also expressed in a normal 

fashion (tables 3.12 and 3.13 ). Firstly, the mean TLN of Tp plants from FI families 

(all plants heterozygous for the early flowering trait (IL/ED) and half the plants 

heterozygous for Tp) and from F2 families segregating both traits was similar, and 

lower than the corresponding TLN of Tp plants in the inbred lines (A632 or Oh43).

The mean TLN of Tp plants from FI families was also higher than the TLN of plants 

from early derivative-backcrossed families in all cases except in Tp2-E2 plants. This 

discrepancy is probably caused by the limited number of backcrosses to the early 

derivative: plants heterozygous for the early flowering trait are expected to segregate in 

a 1:1 ratio in this family. Secondly, the range of TLN in Tp plants from the F2 families 

was in all cases larger than the range of TLN in the wild type sibs. While a small
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amount of heterosis cannot be excluded in these near-isogenic lines, this increase in 

range is more likely a result of the variability in TLN inherent to the Tp phenotype.

This can best be confirmed in families segregating only Tp. The Tp plants always 

cover a greater range of TLN then their wild type sibs, and this increase is similar to the 

one seen in the F2 families.

In conclusion, the results indicate that the early flowering trait and Tp phenotypes 

are both expressed in a normal way in plants carrying both traits, suggesting that the 

early flowering trait and the Tp mutations act in different developmental pathways.

This is consistent with the findings that the early flowering trait is part of a 

developmental pathway that regulates the reproductive phase of development, whereas 

the Tp genes are thought to regulate vegetative development (Bassiri et al., 1992; 

Poethig, 1988a).

Table 3.12 Expression of early flowering and Tpl in A632 and Oh43 recorded as 

mean TLN and the range of TLN (N is the number of plants scored. All errors are 

given as ±2 s.e.m.).

wild type 

(+/+)

Teopod

(TpJU)

Genetic

background

TLN Range in 

TLN

N Total number Range in 

of nodes node number

N

A632 20.6±0.5 19-21 8 23.710.8 22-26 1 1

A632/A632E 18.6±0.4 18-20 1 1 20.610.6 19-21 8

A632E 17.8±0.6 16-20 14 21.011.5 18-22 6

F2* 19.2±0.3 16-21 52 21.810.5 19-27 53

F2 1 8.3±0.3 16-20 43 20.810.5 17-25 59

Oh43 14.9±0.4 14-16 13 17.110.3 15-19 44

043/0h43E 14.310.4 14-15 6 16.210.5 15-18 13

Oh43E 11.410.5 10-12 8 13.810.4 12-15 12

F2 13.210.2 10-15 60 15.210.2 12-18 62

F2 12.910.4 9-15 51 14.810.4 10-18 84

F2 13.810.3 12-16 32 16.010.2 13-20 62

*: F2 families were generated by crossing wild type and Tp siblings in families 

produced by the fol lowing cross: ED x Tpl+; IL
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Table 3.13 Expression of early flowering and Tp2-E2 in A632 and of Tp2 in Oh43 

recorded as mean TLN and the range of TLN (N is the number of plants scored. All 

errors are given as ±2 s.e.m.).

Genetic

background

TLN

wild type

(+/+)
Range in 

TLN

N Total no. of 

nodes

Teopod

(Tp2/+)

Range in node 

number

N

A632 20.0±0.4 19-21 7 22.110.6 21-23 9

A632/A632E 18.0±0.3 17-19 11 20.010.4 19-21 7

A632E 16.25±0.5 16-18 4 18.010.8 17-19 4

F2 17.8+0.4 15-21 47 19.910.4 17-23 49

Oh43 17.810.4 17-19 13 22.111.2 18-23 8

043/0h43E 14.610.5 13-15 9 20.911.0 18-22 8

Oh43E 12.010.5 10-14 19 16.311.0 14-18 7

F2 13.510.3 10-17 72 18.710.6 13-23 76

Table 3.14 Effect of early flowering on the tassel morphology of Tp2 plants in F2 

families segregating Tp2-E2 and the early flowering trait in A632 and Tp2 and the early 

flowering trait in Oh43 (N is the number of plants scored. All errors are given as ±2 

s.e.m .).

Total number 

of nodes

Tassel score 

(Tp2-E2; A632)

N Tassel score 

(Tp2; Oh43)

N

13 - - 7.010.0 4

14 - - 7.010.0 6

15 - - 5.014.0 2

16 - - 7.0 1

17 3.310.7 3 7.010.0 3

18 3.710.7 3 7.010.9 9

19 3.310.4 14 7.410.4 20

20 3.310.3 14 6.810.6 14

21 3.510.3 10 6.911.0 11

22 3.010.0 3 6.311.3 3

23 3.511.0 2 7.710.7 3
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Fjgure 3.2?} Phenotype of wild type and Tpl plants in the absence or presence of 

the early flowering trait. (A, from left to right) A632 -  Tpl/+; A632 -  A632E -  

Tpl/+; A632E(2) and (B) Oh43 -  Tpl/+- Oh43 -  Oh43E -  Tpl/+; Oh43E(3).
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Figure 3.29 Phenotype of wild type and Tp2 plants in the absence or presence of 

the early flowering trait. (A, from left to right) Tp2/+\ A632 -  7/;2/+; A632/A632E -  

Tp2/+ ; A632E(2) and (B) Oh43 -  Tp2/+ ; Oh43 - Tp2/+; Oh43E(4) -  Oh43E.
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Given that the early flowering trait and the ability to be photoinduced can be 

assumed to play a role in the developmental pathway that regulates flowering, it should 

be possible to place these two traits relative to each other in that pathway. The ability to 

perceive and respond to the photoinduction marks an early part of the reproductive 

phase of development. If the early flowering trait act prior to die photoperiodic 

requirement in the regulation of flowering, the photoperiodically sensitive period 

should be expressed earlier. This possibility is raised by result reported earlier: the 

changes in leaf shape reported in section 3.1.1.4 indicate that the early flowering trait is 

active early in shoot development. The activity of the early flowering trait is detectable 

through its effect on leaf shape no later than leaf 7 in A632E and leaf 5 in Oh43E. In 

order to determine when plants are able to perceive and respond to photoinduction, and 

to test whether this ability is expressed at an earlier time in the presence of the early 

flowering trait, plants of the four genotypes, A632, A632E, Oh43, and Oh43E, were 

grown under SD conditions at different times of shoot development. The plants used 

for the experiment described in section 3.1.4.2 were used as controls in this 

experiment.

Figure 3.30 summarises the results of the experiments grown in winter 1992/3. In

the first experiment figure 3.30A), the strongest photoinduction in A632 occurred at 28

to 33 DAP (3 to 4 entirely emerged leaves and 6 to 7 leaves visible) (see appendix for
ex

details). A632 plants photinduced during this period produced significantly te\\j[leaves 

and formed the ear at a significantly lower position (appendix). Some induction was 

also detected in plants exposed to SD conditions at 23 to 28 and at 33 to 38 DAP, but 

this is reflected only in a change in TLN. In the same experiment, a small but 

significant reduction in TLN could be seen in A632E when exposed to SD conditions at 

18 to 23 DAP (2 to 3 entirely emerged leaves and 4 to 5 leaves visible). This 

experiment suggests that A632E is sensitive to photoinduction between 18 and 23 

DAP. This period is earlier than in A632, where it occured at around 28 to 33 DAP.

Oh43 plants were found to be sensitive to SD conditions at 23 to 28 DAP (2 to 3 

entirely emerged leaves and 4.5 to 5.5 leaves visible) and at 28 to 33 DAP (3 to 4 

entirely emerged leaves and 5.5 to 6.5 leaves visible) (figure 3.30B, appendix). In 

Oh43E, a significant reduction in TLN occurred in plants exposed to SD conditions at 8 

to 13 DAP (0 to 1 entirely emerged leaves and 1 to 3 leaves visible). These results 

show that the photosensitive requirement is expressed earlier in the early derivatives 

than in the inbred lines, indicating that the reproductive phase of development does



indeed begins earlier in these genotypes. This suggests that the early flowering trait is 

either upstream of the photoperiodic requirement in the regulation of flowering, or is in 

a completely separate pathway that interacts with the photoperiod pathway.

The results also suggest that the reproductive phase of development, as described 

by the ability to perceive and respond to SD conditions, begins at least two leaves 

before changes in the leaf shape can be detected. In most plants, the photoperiod 

stimulus is best perceived by the leaves that are exposed to light. The leaves then 

produce a graft-transmissible floral signal that is translocated to the meristem. The 

meristem becomes florally determined when it is competent to do so and the threshold 

for the floral signal from the leaves is surpassed (Bernier et ah, 1981a; Bernier, 1988;

Evans, 1960; McDaniel et ah, 1992). This model is thought to be generally true for all 

plants, although it has not been confirmed in maize, where grafting is not possible. If 

floral induction in maize is regulated by a factor produced by a photoinduced leaf, then 

this leaf or leaves must be one of the leaves visible on a plant at the end of an effective 

SD treatment.

In the experiments described here, the last leaf emerging from the whorl during the 

earliest effective SD treatment would be the youngest possible photoinduced leaf. The 

youngest visible leaf exposed during the sensitive period are leaves 6 to 7 in A632, leaf 

5 for the tassel initiation in A632E, leaves 5 to 6 in Oh43, and leaf 3 in Oh43E. This 

indicates that the perception of the photoperiod stimulus and the production of the floral 

signal, both early components of the reproductive programme, occur at least two leaves 

before changes in leaf shape become apparent.

This also would suggest that the leaves that perceive the photoperiodic stimulus are 

early vegetative leaves. Leaves are usually completely glaucous until leaf 5 in A632E 

plant, and leaf 4 in Oh43E. Hairs generally appear on the leaf blade at leaf position 4 to 

5 in A632E and at leaf 3 to 4 in Oh43E (see section 3.1.2.1 ). This indicates that the 

ability to produce a floral stimulus begins during and overlaps with the early vegetative 

phase of development. This is consistent with results from Pisum , where genes that 

regulate reproductive maturity are expressed as early as in the cotyledons (Murfet 

1973b).
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Another approach to studying the relationship between the vegetative and the 

reproductive phases of shoot development is to examine the vegetative development in 

plants that are delayed in flowering. In accordance with the findings reported for early 

flowering plants, late flowering generally causes an increase in TLN and plant height. 

As before, three different patterns of vegetative development are possible in late 

flowering plants (see section 1.4): 1-Only the length of the late vegetative phase of 

development is increased. The early vegetative phase would in this case be regulated 

independently. 2-Both the early vegetative and the late vegetative phases of 

development are increased in length. This would indicate that the vegetative phases and 

the reproductive phase of development are coordinately regulated. 3-Only the length of 

the early vegetative phase is increased, also indicating coordinate regulation between 

vegetative phase change and reproductive maturity.

Two previously described genes causing late flowering in maize, Leafy 1 (L fy l) and 

indeterminate growth habit ( id l ) , as well as two newly identified, ethyl methane 

sulfonate-induced mutations, delayed flowering (dlf) (isolated by M.G.NeulTer, 

personal communication) and late flowering (1ft) (mutagenesis by E.H.Coe, screened in 

the summer plantations in New Jersey), were used to study patterns of vegetative 

development in late flowering maize plants.

3.2 Late flowering mutants

3.2.1 L e a f y l

Leafy 1 (L fyl) is a dominant mutation that was first identified in 1971 (Shaver, 

1983). Its primary effect is a delay in the transition from a vegetative shoot apex to the 

tassel, resulting in an increased number of leaves between the ear and the tassel, an 

increased TLN and an increase in the number of days to anthesis. The ear placement 

node is generally at a slightly higher position in Lfyl plants than in their wild type sibs. 

The expression of Lfyl is strongly affected by the inbred background, suggesting the 

presence of several modifiers. The early flowering trait is evidently one such modifier. 

It can partially suppress the Lfyl phenotype: in Lfyl plants carrying the early flowering 

trait, the ear is located at the same position as in wild type plants, and the number of 

leaves between the ear and the tassel, while still not normal, is reduced (Shaver, 1983).



The location of Lfyl in the genome is not known, and mapping experiments are 

currently under way.

In order to further study the effect of the Lfyl mutation, a phenotypic 

characterisation was carried out in A632 families segregating Lfyl. The observation 

reported by Shaver (1983) regarding TLN, ear position and the number of leaves 

between the ear and the tassel for the expression of Lfyl in A632 were confirmed 

(figure 3.31, table 3.15). L fyl caused a significant increase in the TLN and the 

number of leaves between the ear and the tassel as well as a slightly, but significantly 

higher ear placement node. In the presence of the early flowering trait, both in plants 

heterozygous for the early flowering trait and in families backcrossed three limes to 

A632E, the L fyl phenotype was partially suppressed (table 3.15). The TLN and the 

ear placement node in plants heterozygous for Lfyl and the early flowering trait was 

slightly but significantly lower to that of wild type Lfyl plants and the number of leaves 

between the ear and the tassel was reduced, although the Lfyl phenotype was clearly 

present. These results indicate that Lfyl and the early flowering trait are expressed in 

an additive fashion, which suggests that they act in different developmental pathways: 

the early flowering trait is part of a reproductive pathway, whereas Lfyl may be part of 

a vegetative pathway. This finding is supported by observations that indicate that the 

Lfyl and Tp2 mutations act synergistically. Plants heterozygous for both Lfyl and 

Tp2 in A632 were found to produce a very large number of leaves, a very high ear 

placement node, many more partially glaucous leaves and many nodes with 

adventitious roots (table 3.15). The increase in TLN is more than could be expected if 

both mutations were expressed additively. This suggests that the two mutations affect 

the same developmental pathway, that is, a pathway regulating vegetative development. 

However, the number of seeds available for this experiment was very small and further 

study is needed.

Finally, the effect of Lfyl on the vegetative phases of development was studied by 

assessing phase-specific traits in families segregating Lfyl plants (table 3.15). The last 

partially glaucous leaf is representative of the vegetative leaf traits; data for the first 

partially glossy leaf and the first leaf with hairs are presented in the appendix. The 

position of none of these traits was affected by the Lfyl mutation, suggesting that Lfyl 

does not affect the vegetaive phase change. Whether this is ti’ue per se or only in A632 

could not as yet be determined because the mutation had not been converged to Oh43. 

Convergence is currently under way to examine this question.
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Figure 3.31: Field-grown plants heterozygous for Lfyl and wild type siblings in 

A632: wild type, Lfyl plant. Lfyl plant in A632E, wild type sibling in A632E (from 

left to right). Note that the ears are approximately at the same positions, whereas the 

tassels are produced much later in the Lfyl plants.
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The recessive indeterminate growth (idl) mutation was first reported by Singleton 

(1946) and is located on chromosome 1L-104+. It causes a severe increase in the 

TLN, usually delaying flowering so much that no tassels are produced in field grown 

plants. Photoinduced id l plants grown for an extended period can produce tassels, but 

ears are generally not produced.

In order to investigate the effect of id l on vegetative development, families 

segregating the id l mutation in an unknown genetic background (+/idl x self) were 

scored for several phase-specific traits. The field grown id l plants produced no ears 

and died before a tassel was initiated, so the TLN in these plants indicates the last 

visible leaf. The TLN and the number of nodes with prop roots are significantly higher 

in the id l plants (id l/id l)  than in their wild type sibs (+/+ and +lidl) (table 3.16). In 

contrast, the position of the last partially glaucous leaf is only slightly, but significantly 

higher in the id l plants. The increase in the number of partially glaucous leaves is not 

proportionate to the increase in TLN. The expression of leaf hairs and the position of 

the first partially glossy leaf were unchanged. Thus it is concluded that the expression 

of the early vegetative phase it is not strictly coupled with the reproductive phase of 

development in id l plants. The mutation is being converged into several inbred lines 

for further study.

3.2.2 Indeterminate growthl  (i d l )

Table 3.16 Expression of phase-specific traits in id l plants and their wild type 

siblings in a family segregating id l (N is the number of plants scored.

All errors are gives as ± 2 s.e.m.).

Nodes 
with prop 

roots

First part, 
glossy 
leaf*

First leaf 
with 

hair*

Last part, 
glaucous 

leaf

Ear
node

Total 
number 
of leaves

N

wild type 8.7±0.3 7.0+0.3 6.9±0.5 7.6+0.5 12.8+0.4 18.5±0.5 33

id l plants 18.4±3.0C 7.0±0.0 6.7±0.7 8.2±0.3a - 31.0±1.6C 13

*: N=3 in id l and N=9 in wild type plants.

a: significantly different from wild type at p<0.05 (2-tailed t test)

c: significantly different from wild type at pcO.OOl (2-tailed t test)
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This recessive mutation has recently been identified by Dr. M.G. Neuffer (pers. 

comm.), who kindly provided the seed. The mutation is little characterised and has 

preliminarily been named delayed flowering (dlf). To study the effect of d lf on the 

vegetative phases of development, phase-specific traits were scored in families that 

were either homozygous or heterozygous for dlf, and in wild type plants from families 

segregating the mutation. These families are B73;M ol7 hybrids in their genetic back 

ground. The results indicate that the TLN, the ear placement node and the number of 

nodes with prop roots were significantly higher in the dlf plants than in the wild type 

plants, whereas the position of the first leaf with hair, of the first partially glossy leaf 

and of the last partially glaucous leaf were unaffected (table 3.17, figure 3.32). Thus, 
it is concluded that the transition from early vegetative growth to late vegetative growth 

is not modified by the ¿/// mutation. Convergence of this mutation into other inbreds 

for further study and allelism tests with other late flowering mutations have been 

initiated.

3.2.3 Delayed f lowering  (dlf)

Table 3.17 Expression of phase-specific traits in dlf plants and their wild type 

siblings in a family segregating d lf (N is the number of plants scored.

All errors are gives as ± 2 s.e.m.).

Last node First First Last part. Ear Total N
with prop part. leaf with glaucous node number of

roots glossy hair leaf leaves
leaf

wild
type 9.4±0.4 6.7±0.3 4.8±0.4 9.1±0.2 14.4±0.5 19.8+0.6 9

dlf 1 0 .2 ± 0 .4 a 6.2±0.4 4.6+0.5 9.6±0.5 1 6 .2 ± 0 .4 C 2 3 .4 + 0 .5 c 5

a: significantly different from wild type at p<0.05 (2-tailed t test) 

c: significantly different from wild type at pcO.OOl (2-tailed t test)
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F igure 3.32 Field-grown dlf plant and a wild type sibling from a family segregating 
dlf.
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This mutation has recently been identified in plants coming out of a EMS pollen 

mutagenesis in A632 (provided by E.H. Coe) and has been named late flowering  (Ilf) 

pending the results from allelism tests. The ll't plants have an increased TLN and 

flower about six weeks later than wild type plants. The tassels of 1ft plants are very 

large and have leafy structures that always subtend tassel branches (figures 3.33 and 

3.34). The ears tend to bear pistillate spiklets only in the basal half, whereas the distal 

half carries staminate spiklets. M3 families homozygous for the mutation or 

segregating Itf and an A632 family were scored for the phase-specific traits. Although 

the position of prop roots, of the last glaucous leaf, and of the ear were slightly but 

significantly different between A632 plants and the wild type sibs of the segregating 

families, the plants were similar, indicating no or little negative effect of the 

mutagenesis. The results indicate that the TLN, the ear placement node, and the 

number of nodes with prop roots were significantly increased in the ltl'l plants, 

whereas the number of partially glaucous leaves and of leaves with hair were 

unchanged (table 3.18). The number of partially glossy leaves is slightly smaller in ltf 

plants than in wild type plants, a change that is not significant in Mann-Whitney U-test. 

This indicates that the change from the early vegetative to the late vegetative phase of 

development was not affected by the presence of Itf. Elowever, this experiment has 

been earned out only in A632, in which vegetative and reproductive development are 

also uncoupled in early flowering plants. In order to characterise this mutation further, 

Itf is currently being converged into other inbreds including Oh43.

3.2.4 Late flowering (Itf)

Table 3.18 Expression of phase-specific traits in A632 plants and in ltf plants and 

their wild type siblings in a M3 family segregating Itf in A632 (N is the number of 

plants scored. All errors are gives as ± 2 s.e.m.).

Last nodes 
with prop 

roots

First part, 
glossy 

leaf

First leaf 
with hair

Last part, 
glaucous 

leaf

Ear
node

Total 
number of 

leaves

N

A632 9.1±0.1c 7.0±0.1 4.910.2 9.910.2^ 13.810.3C 19.610.3 16

wild type 9.9+0.2 7.010.0 4.710.2 9.310.2 14.910.4 20.110.5 16

ltf 14.7±0.7C 6.7i0.7a 4.710.7 9.310.7 21.710.7e 28.010.0e 3

a: significantly different from wild type at p<0.05 (2-tailed t test), not significant in 2- 

tailed U test

b: significantly different from wild type at p<0.01 (2-tailed t test)

c: significantly different from wild type at pcO.OOl (2-tailed t test and 2-tailed f/-test)

a, b, c refer toresults from t test; 1, 2, 3 refer toresults from U test
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Figure 3.33

Ilf. Note the

Field-grown ltf plant and wild type sibling from a family segregating 

enlarged tassel of the ltf plant.

Figure 3.34 Tassel morphology of ltf and wild type plants. The ltf tassel is larger 

and has leaves subtending many of the tassel branches.



3.2.5 Summary

In summary, the transition from early vegetative growth to late vegetative growth 

was uncoupled from reproductive development in all of the late flowering mutations. 

This suggests that only certain parts of the reproductive phase of development affect the 

change from the early vegetative to the late vegetative phase of shoot development. It is
■j-WC'

possible that foij/type of coupling of the vegetative and reproductive development 

studied here, activity is required early in shoot development. It may be that the genes 

conditioning late flowering act late in shoot development, as is suggested by the 

phenotype of L fy l, whereas the early flowering trait is active early. Given the presence 

of modifiers of the early flowering trait in inbred lines, a better understanding of the 

relationship between the late flowering mutations and vegetative development requires a 

better characterisation of these mutants in different inbreds.



CHAPTER 4

CONCLUDING DISCUSSION AND  
POSSIBILITIES FOR FUTURE RESEARCH



4.1 H eterochrony in plant development
132

All organisms go through distinct phases of development during ontogenesis. The 

correct timing of developmental events is important for proper growth and development 

of an individual. Changes in the relative timing of developmental events or in the rate 

of developmental processes, a phenomenon called heterochrony, are thought to play an 

important role in evolutionary changes of species (Gould, 1977, 1982; Raff and Wray, 

1989; Takhtajan, 1972). Heterochrony is most frequently considered when a shift of 

vegetative (somatic) events in development relative to reproductive maturity is 

observed. In animals, developmental phases define distinct periods in the life of the 

whole individual, whereas in plants developmental phases are episodes in the life of the 

apical meristem. Since changes in time and position occur simultaneously in plant 

growth, it is extremely difficult to distinguish whether variation of developmental 

events along the axis of a plant is heterochronic (changes in temporal information) or as 

homeotic (changes in positional information) in nature.

Changes in the relative timing of developmental events are considered a major 

source of phenotypic variation in evolution. The role of heterochrony in plant evolution 

has been considered for various aspects of plant development, including leaf 

development and flower development (Guerrant, 1988; Jones, 1992, 1993; Kellog, 

1990; Lord et al„ 1989; McLellan, 1990, 1993). In maize shoot development, 

heterochronic mutations that alter the timing of the early vegetative phase (Teopod 

mutations) can significantly alter the appearance of the shoot (Poethig, 1988a). The 

results of the present study show that the shoot phenotype can also modified by 

changes in reproductive maturity relative to vegetative phase change. Given the distinct 

phenotypic character of phytomers produced during each phase of shoot development, 

a question arises as to the functional significance and possibly selective advantage of 

the vegetative phases of shoot development. While it has been suggested that the 

functional value of the vegetative phase of development lies in the prevention of 

precocious flowering (von Denffer, 1950), the early vegetative phase and the late 

vegetative phase may each have another adaptive significance. It is possible that the 

change from one vegetative phase to another allows the plant to change its vegetative 

phenotype in preset ways at ontogenetically predetermined times. This may be adaptive 

when predictable environmental changes occur throughout the season. Little research 

has been directed towards uncovering adaptive features of each of the vegetative phases 

of shoot development, yet some features of one or the other vegetative phase of 

development may hold selective advantages. In English ivy, for instance, a change in



leaf form from a shade leaf type to a sun leaf type takes places at the transition from 

early vegetative to late vegetative growth regardless of light exposure (Bauer and 

Bauer, 1980). Presumably, the late vegetative leaves are more likely to be exposed to 

high light conditions as the late vegetative growth normally occurs high up on trees. 

Phase-specific resistance against pests or pathogens has been reported for several 

species. In Pinus radiata, rooted cuttings from the late vegetative phase of development 

were found to be more resistant to western gall rust, but more susceptible to feeding by 

hares than the early vegetative growth (Libby and Hood, 1976; Zagory and Libby,

1985). Zagory and Libby (1985) suggest that a feeding repellent may be present in the 

early vegetative growth because feeding damage in the rooted late vegetative clones 

occurred although the early vegetative needles were greener, more abundant, and less 

stiff. The authors suggest that such a trait would be adaptive because normally early 

vegetative growth is more accessible to hares. In Populus angustifolia , Kearsley and 

Whitham (1989) reported selective colonisation of early vegetative leaves by a leaf- 

feeding beetle, and of late vegetative growth by a gall-forming aphid. In both cases 

growth and survival of the pests was better in the preferred environment, suggesting 

the presence of pest-specific and phase-specific resistance. The authors suggest that 

developmental changes in resistance can occur rapidly within one plant and are 

important components in determining the distribution of plant pests. In maize, there is 

also some evidence of potentially adaptive, phase-specific features. Preliminary 

observations, made in field-grown and greenhouse-grown plants of different genotypes 

and in different years, indicate that feeding damage by thrips occurs preferentially on 

early vegetative tissues, whereas late vegetative leaves appeal- resistant to attack 

(appendix). Variation in the relative timing of the two vegetative phases of shoot 

development may thus be adaptive under certain environmental conditions.

1 3 3

4.2 A model o f shoot development

Heterochronic expression of developmental events requires independence in the 

regulation of these events, and one of the most important questions in the study of 

development is the extent to which developmental events are independent of each other. 

Events that are regulated completely independently of each other can be shifted relative 

to each other, whereas events that are causally related have to be expressed in a 

predetermined order. In maize shoot development, the relative timing of the phases of 

development can be shown to change. Phytomers that are produced during the 

transition from early vegetative to late vegetative growth usually express traits



characteristic of both phases. Characters specific to one or the other phase are generally 

located in distinct regions of these transition phytomers. This observation and the 

existence of mutations that specifically modify the expression of one phase of 

development, such as the Teopod mutations, suggest that the two vegetative phases of 

development are regulated by at least two independent developmental programmes that 

interact and specify the vegetative character of the shoot in a combinatorial fashion.

Contrary to the assumption of the traditional model of shoot development that 

changes in the vegetative morphology are correlated with changes in the reproductive 

maturity, findings in maize shoot development point to the independent regulation of 

vegetative phase change and reproductive maturation This is suggested not only by the 

results presented in this study for A632, A632E, but for several other inbred lines and 

late flowering mutants as well. The timing of the photoperiod-sensitive period of the 

Teopod mutants also indicates that the prolonged expression of the early vegetative 

phase has no or only a very small effect on the onset of reproductive maturity (Bassiri 

et al., 1992). On the other hand, the transition from early vegetative growth to late 

vegetative growth is linked to reproductive maturation in Oh43 and several other lines.

These findings suggest that the phases of shoot development are regulated largely 

independently, but that they can interact. Specifically, reproductive maturity and 

vegetative phase change can in some cases be coordinately regulated. The presence of 

both types of patterns, independence and coordinate regulation of the vegetative phase 
change and reproductive maturity, suggests a developmental plasticity that may hold 

evolutionary advantages for the species.

The findings in maize so far favour a model of shoot development in which there

are at least three discrete phases of development. A question remains as to how the

vegetative phases and the reproductive phase interact to produce a normally developed

shoot. Von Denffer (1950) suggests that flowering is a primary function of a plant,

and that an extended vegetative phase serves to suppress the inherent ability to flower in

order to improve the fitness of the plant. This author points out that in lower plants,
such as Chlamydomonas eugametos, meiosis immediately follows the formation of the

zygote, whereas in phylogenetically more advanced plants, the sporophytic phase is
s

emphasised. Higher plants generate vegetative growth for extended period^of time and 

reproductive maturation is delayed. Von Denffer (1950) also cites the not infrequent 

occurrence of precocious flowering as an indication that higher plants can enter 

reproductive maturity very early on and do not have to rely on floral stimuli to be 

produced later in shoot development. Flowering in higher plants would thus be 

promoted not only by an increased ability to flower, but by a decrease in the
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suppression of reproductive maturation. Von Denffer's hypothesis is supported by the 

existence of the embryonic flow er  mutations in Arabi clops is thaliana (Sung et al.,

1992). If these recessive alleles are loss-of-function mutations, the wild type allele 

would function to promote vegetative growth and to suppress reproductive 
development.

It is unclear, however, if there is a vegetative stimulus that can suppress flowering 

directly, and whether such stimulus would be part of any of the vegetative phases of 

development, or whether flowering is suppressed in an independent pathway and 

leaves are produced until flowering occurs. Results in Teopod mutants and in a variety 

of inbred lines indicate that early vegetative growth per se is not antagonistic to 

reproductive maturation, although the phenotype of the Teopod mutants clearly 

suggests that the prolonged expression of the early vegetative phase can greatly alter 

floral differentiation, that is modify the identity of the reproductive phytomers (Bassiri 

et al., 1992; Poethig, 1988a; Poethig and Passas, 1993). The findings that early 

vegetative leaves are apparently involved in photoinduction and that the timing of the 

transition from early vegetative to late vegetative growth is unchanged in A632E and in 

photoinduced A632 plants also suggest that early vegetative growth has no negative 

effect on the reproductive phase of development.

However, the results presented here for plants carrying the early flowering trait or a 

late flowering mutation indicate that the number of nodes with prop roots is correlated 

with flowering time, and not with the early vegetative traits. This suggests that this trait 

may not be specific to the early vegetative phase of development as previously thought 

(Poethig, 1988a, 1990), but instead correlated with total leaf number. This observation 

is consistent with the results from the Teopod mutations. Poethig (1988a) reported that 

in Tp2 plants, the number of additional vegetative phytomers is approximately the same 

as the number of additional nodes with prop roots, whereas many more phytomers with 

epicuticular wax are produced. The association of adventitious roots (or rooting ability) 

with the non-flowering (juvenile) phase in the traditional model of shoot development 

and the finding that roots negatively affect floral determination and differentiation are 

also consistent with this assumption (Doorenbos, 1965; Geneve et al., 1988; McDaniel,

1980; Schwabe and Al-Doori, 1973; Smith and McDaniel, 1992; Robbins, 1957b,

1961; Steele et al., 1990; Stein and Fosket, 1969).

Based on these observations it is possible to suggest a working model of maize 

shoot development. A model for the regulation of phase change during the floral 

induction process in Arabidopsis thaliana has recently been proposed (Schultz and 

Haughn, 1993). Phase change is suggested to take place only in the meristem. The
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authors propose that phase change occurs as a result of gradual changes in the activity 

of a mechanism controlling phase switching. The authors suggest that a set of 

regulatory genes, the floral induction process genes, regulates the activity of the 
mechanism controlling phase switching. A similar model based on a single gradient 

that regulates the expression of different phases could also be proposed for maize shoot 

development. The question would then be how independent expression of the phases 

is achieved.

In the model preferred here, three largely independently regulated phases of 

development are assumed, and the way in which coordinate regulation of the phase 

takes place is studied. This model is proposed as a working model that is distinct from 

the traditional model of shoot development, and that is expected to change and improve 

as new observations are made. In figure 4.1, the two vegetative phases and the 

reproductive phase of development are depicted as triangles which represent the 

expression of each developmental programme. Developmental events occurring at the 

base of the plants are depicted at the bottom of the diagramme, and apical growth at the 

top. The observed phase-specific traits are schematically presented to the right of the 

diagrammme. The two vegetative phases of development overlap, producing several 

transition leaves with traits from both phases. The overall length of the vegetative 

phase is determined by the time of tassel initiation (or vice versa): vegetative growth 

and reproductive growth are presumed to be mutually exclusive under normal 

circumstances (indicated by the inhibitory symbols and the question mark at the top).

The effect of the onset of the reproductive phase of development on the vegetative 

phase change is indicated by the inhibitory symbol at the bottom. This link is not 

obligatory, and is expressed only in certain genotypes such as Oh43. It is clearly tied 

to changes in the reproductive development, but it is unclear whether it is an integral 

part of the reproductive phase of development or a separate pathway. The time of 

expression of this link is also uncertain, indicated by the vertical arrows (open arrow 

heads).

The earliest measurable trait of the reproductive phase is the sensitivity to 

photoinduction; in the diagramme, this event is placed at the bottom tip of the triangle 

representing the reproductive phase. The early flowering trait acts prior to the 

appearance of photoperiodic sensitivity and affects the whole reproductive phase of 

development. Thus, the triangle representing the expression of reproductive 

development would move downwards (to an earlier time) in plants carrying the early 

flowering trait. The reproductive phase of development, as represented by the early
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flowering trait and by photoperiodic sensitivity, begins early during shoot development 

and overlaps in its expression with both vegetative phases of development. Following 

photoinduction, reproductive traits are expressed earlier. This effect probably results 

from an increase in the expression of the reproductive programme, which can be 

represented in the diagramme as a broadening and shortening of tire reproductive 

triangle. Assuming that the position of the ear and the tassel and tire position of the 

transition from early vegetative to late vegetative growth are regulated by the expression 

of this programme, this would explain die expression of the phase-specific traits at a 

lower position on the shoot.

S en sitiv ity  to 
pho toperiod

H IT

Legend: T assel 

I  Lar

■■■ G lossy  leaves

M acrohairs  

( i laueous  leaves 

Prop  roots

F ¡aure 4.1: Proposed working model of shoot development in maize. 

For explanations see main text.
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4.3 Possib ilities for future work

Given that so far none of the late flowering mutations in maize has been shown to 

modify vegetative phase change, these mutations may act late in shoot development. 

Based on the model presented in figure 4.1, the question may be asked whether these 

mutations act in a vegetative or in a reproductive progamme. Lfyl for example appears 

to interact synergistically with Tp2, but is expressed in an additive fashion with the 

early flowering trait, suggesting that the gene may be part of the vegetative phase of 

development. Further work is needed to establish the placement of these late flowering 

mutations in the regulation of either the vegetative or the reproductive phases of shoot 

development.

At present our knowledge of the regulation of shoot development is very limited, 

and any model will be far from comprehensive. Our understanding of the 

developmental processes would greatly benefit from a better characterisation of known 

mutations and from the identification, isolation, and characterisation of additional genes 

regulating shoot development. The large number of genes affecting flowering time and 

floral differendation in Arabidopsis thaliana, for instance, indicates that an array of 

genes can be expected to control each phase of shoot development (see section 1.2.1). 

Regulation of flowering in maize may be studied by characterising the late flowering 

mutations and by genetically dissecting the early flowering trait and identifying and 

characterising the genes contributing to it. Whereas the genetic analysis of flowering is 

not very advanced in maize compared to other species, several genes regulating 

vegetative development are known in maize. Double mutant analyses with these 

mutations and genes regulating flowering time can serve to place the gene that regulate 

flowering time in a vegetative or reproductive pathway.

A newly identified mutation, called glossy-early flowering 1 igefl), is likely to be 

very useful in the study of shoot development. In gefl mutants, vegetative phase 

change occurs very early and the plants flower earlier than wild type plants.

An attempt may be made to isolate the gene(s) that condition the coordinate 

regulation of the vegetative phase change and reproductive maturity in Oh43 (or lack 

thereof in A632). One way to accomplish this would be to carry out a mutagenesis in 

A632E and Oh43E and look for a modified vegetative phase change. Alternatively, one 

could try to converge the trait from Oh43E to A632E, and vice versa.

The identification and phenotypic characterisation of any gene regulating shoot 

development greatly depends on the availability of phase-specific markers. Further
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markers, particularly makers specific to the late vegetative phase , markers expressed in 

the mesophyll and markers expressed early during the reproductive phase of 

development would be valuable. A search for phase-specific molecular markers is 
currently under way in the laboratory of Prof. S. Poethig.

As discussed earlier, some traits that are expressed phase-specifically may have an 

adaptive value. A better understanding of this aspect of shoot development is desirable 

to place the analysis of phase change in maize into the context of heterochrony, plant 

evolution and plant breeding. Abedon and Tracy (personal communication) have 

investigated phase-specific resistance using the Cgl mutation, and their results suggest 

that late vegetative maize leaves are more resistant to common rust (Puccinia sorghi 

Schw.) than early vegetative leaves. Preliminary results suggest that early vegetative 

leaves are also more susceptible to thrip damage (see appendix); this could be 

confirmed by feeding trials and the mechanism of resistance could be investigated. 

Likely factor for resistance to thrips include the composition of the epicuticular wax and 

the lignification of the epidermal cell walls.

Additionally, it has become clear that it is very important to establish the separate 

identity of the two vegetative phases. The two phase-specific types of vegetative leaves 

have not as yet been generally recognised as distinct types of structures, and this 

distinction has been criticised. Structures of the plant shoot that are generally 

recognised as being distinct, such as bracts, sepals, petals etc., are defined by their 

position, appearance and function. It can be argued that the leaves formed during each 

of the vegetative phases can be distinguished by the same criteria, and thus rightly 

deserve to be named separately. It may thus be worthwhile in the future to make a case 

for the clear distinction of the early vegetative and late vegetative part of the shoot and 

to name the vegetative phases in a less descriptive fashion.

In order to better understand shoot development it is important to determine how 

and when phase change takes place. So far, it has been suggested that the presence of 

transition leaves can be explained by a combinatorial expression of the early vegetative 

and late vegetative phase of development. In this concept, the expression of the early 

vegetative phase would slowly decrease and the expression of the late vegetative phase 

slowly increase.

Alternatively, the vegetative phase change could be abrupt and affect the meristem 

and developing leaf primordia equally. Only immature tissues in the primordia that are 

not yet committed to one particular phase of development would be affected by this



shift. Using photoperiod to induce vegetative or reproductive growth in Impatiens 

balsamina, Battey and Lyndon (1988) have shown that developing primordia exposed a 

change in photoperiod go on to form transitional structures that express both vegetative 

and reproductive traits. A similar basipetal effect on immature phytomers has been 

proposed by Hempel and Feldman (1994) for the change from vegetative to 

reproductive growth in Arabidopsis thaliana. The pattern in which phase-specific traits 

are expressed in transition leaves in maize is consistent with such a model. According 

to Sharman (1942), the leaf tip matures first in maize. The tip is also the part of the leaf 

that retains the glaucous appearance of early vegetative leaves. The possibility that an 

abrupt shift from the early vegetative to the late vegetative phase of development occurs 

in maize may be investigated using in vitro rejuvenation of shoot tips. Some 

experiments of this kind have been carried out, and the preliminary results suggest that 

the phase-specific character of maize leaves is indeed acquired during leaf 

organogenesis, and not at the time when the primordia are formed. Further research in 

this area is needed to understand how vegetative phase change proceeds.
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Phase specific insect dam age

Phase-specific resistance to pests and pathogens has been reported in several plant 

species (Kearsley and Whitham, 1989; Libby and Hood, 1976; Zagory and Libby, 

1985). It has been suggested that phase-specific resistance is adaptive, can occur 

rapidly within one plant and is an important component determining the distribution of 

plant pests (Kearsley and Whitham, 1989).

In this section, a casual observation of phase-specific insect resistance in maize is 

reported. Although this phenomenon has not be fully investigated, observation of 

differential resistance have been made repeatedly in different years, genotypes, and 

environments. In plants that are prey to thrips (Thysanoptera), feeding damage appears 

as small yellow spots on the leaf where cells have been pierced and fed on. It was 

noticed that feeding damage was concentrated in early vegetative leaves and in the 

glaucous parts of transition leaves. An example of such damage is presented in figure 

A1. The areas of waxy bloom and feeding damage also coincide with the completely 

purple staining pattern in leaves stained with toluidine blue O. This suggests that thrips 

preferentially feed on early vegetative leaves and tissues of maize.

The determining factors for this feeding preference are not known. Epidermal cell 

wall lignification. suggested by the aqua staining of late vegetative leaves, may act as a 

physical barrier. Different components of the leaf surface may act as feeding attractants 

or deterrents. While the primary' function of the cuticle is believed to be its role as a 

physical barrier to water loss, its chemical composition may play a role in pest and 

pathogen resistance. Several compounds of leaf surface extracts have been reported to 

stimulate probing, feeding, aggregation, oviposition or other potentially harmful 

activities in insects (see: Jeffree, 1986; Koiattukudy, 1980; Stiidler, 1986; Woodhead 

and Chapman, 1986). In most insect-plant combinations investigated, short-chain wax 

compounds tend to deter damaging insect behaviour, whereas long-chain coumpounds 

tend to stimulate such behaviour (Woodhead and Chapman, 1986). The amount and 

composition of cuticular waxes is known to change from the early vegetative to the late 

vegetative phase of development (Blaker and Greyson, 1988). Bianchi et al. (1989) 

reported that in leaves of mature plants (12 to 14 leaves), the largest fraction of the leaf 
wax esters are short-chain esters (C44 and C46), whereas in seedling leaves (up to 5 

leaves) long-chain esters prevail (C54 and C56). A study of thrips behaviour in relation 

to wax extracts from different maize leaves could reveal whether wax composition is a 

factor in the feeding preference of thrips on maize. However, a large number of other



physical or biochemical factors may be involved in this phase-specific resistance, and 

further reseach is needed to understand this phenomenon.

Figure A 1: Consecutive transition leaves of a tield-grown plant showing thrip 
feeding damage that is localised at the tip ot the leaf in tissues that express early 
vegetative traits.



Table A l; Total leaf number and ear placement node in A632, A632/A632E, and 
A632E plants. ________________________________________________________
Genotype A632 A632/A632E A632E

Trait EAR TLN EAR TLN EAR TLN
Plant no. 1 13 18 13 19 1 i 16

2 14 19 12 18 11 17
3 14 20 13 18 11 16
4 14 19 13 18 11 17
5 14 19 13 18 11 16
6 14 19 13 19 11 16
7 14 20 12 18 10 16
8 14 19 13 19 11 16
9 14 20 12 18 10 15
10 14 19 13 18 10 16
11 14 20 13 19 10 16
12 13 19 13 19 11 16
13 13 18 13 19 10 16
14 14 20 13 19 11 17
15 14 19 13 19 11 17
16 13 19 11 17
17 14 20 11 17
18 14 20

mean 13.78 19.28 12.8 18.53 10.71 16.29
s.e.m . 0 .10! 0.158 0.107 0.133 0.1 14 0.143
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Table A2; Total leaf number (TLN) as a function of time to flowering (in days to 
anthesis (DAN)) in Oh43

Oh43 Oh43/Oh43E Oh43E Family segregating the early

DAN TLN DAN TLN DAN TLN
flowering trait 

DAN DAN DAN DAN
(12 (13 (14 

TLN) TLN) TLN)
(15

TLN)
Pl.no.1 62 14 59 13 55 9 61 62 62 62

2 62 14 60 13 55 9 55 61 60 64
3 62 14 59 13 55 9 57 58 63 58
4 61 14 61 13 54 10 56 59 60 59
5 64 15 57 14 56 10 60 61 58 62
6 61 14 61 14 54 10 58 56 61 63
7 61 15 59 13 56 10 55 60 64 66
8 64 15 57 12 50 10 69 62 65 62
9 61 15 56 11 59 60 61 63
10 60 14 55 11 59 60 62 62
1 1 57 60 60 64
12 60 57 60 63
13 57 57 56 63
14 55 61 58 61
15 56 57 60 64
16 54 60 61
17 63 57 60
18 54 58 64
19 56 60 68
20 56 54 60
21 57 58 60
m 59 60 62
23 60 62 61
24 58 61 63
25 59 62 60
26 58 59 63
27 59 63 59
28 58 57
29 57 62
30 56 57
31 64
32 61
33 64
34 63
35 62
36 54
37 57

mean 61.80 14.40 59.13 13.13 54.6 9.9 58.27 58.50 60.14 62.1 1
s.e.m. 0.42 0.16 0.55 0.23 0.56 0.23 0.92 0.42 0.45 0.42
si. dev. 1.32 0.52 1.55 0.64 1.78 0.74 3.56 2.30 2.72 2.21
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wJ ro CN OC r r Ö wo wo CO 3 WO oc 3 oc —! ON —! d d r r X (N —» wo wo wo rT 3 CN
(N co — CO r - — CO — 3 —• — r - X X O' X rT — r r r - CO ——

” CN — CN — — r r r r r r r r r r r r

a . o o o O O CN _ CN r - __ 3 On rT CO r r r - r - CO CO __ __ r - O’ _ r -o1 On CM —; oc 3 x , 3 3 3 r r On r - CN rT r r r - ON wo CN r - w'-, 3 O' X
—J Ö nO CN co r f d CN 3 oc wo d —! d d CN —i 3 CO 2¿ d d CN r*~, 3 CO ro 3 3

~* — — r^ CO r r 3 r - r - — r - (N — X O' r - O' ON PO — rg CN
— — CN ■“ rg CN CN

> ex >< O X o (N r r TT 3 3 3 r r 3 0 3 ON X wo 0 0 r~, ON ro 3 CN rg
C- 3 CN rT CN wo, CN wo — CN CN WO CN wo 3 0 — r - On X O' — CN

Q 5 ) CO CO CO Ö CN d CN co CN CN CN CN ° CN r r — CN CN CN CO CN CN CN ro ro 0

> ex x , 3 O' CO ro r - r̂ ~, DC OC r r o WO r r wo r - CN r r 0 O' X rg O' r r X ,
El £•

ro 3 O) —; Tf —; r r CO PO r r wo wo — CN CO vC 3 — r - 3 3 O' r - 3
co — — ~~~ — ° — — — — — ° — — — — — ’— d — — — — — — O

CX
CL. 0 0 X 0 0 x 5 ; X X X X X CN — X 0 s 0 0 O

CN s 0 0 0 0 X CN
X
X,

> 3 x i CO wo CN x , — — DC -T r r r r CN r r r f —i d — —! CO d 3 d X, CN rg X , 3

a
r*~, Oj- CO CO r~, wo CO r - wo WO wo

—
r r ro O’ r*', ro

a< X X X X d X X X X X io r r X X X 0 '-r X X X X X 0 O'
■ c  g >—' O *

vC cn 3 3 — CO 3 d ' r - CO o- rg 3 3 3 CN —i —- ro d oc OC X, vC d d d d
rg r - r - oc WO r - rg ~T er, rg 'rt 3 O' r - wo O' --- wo CN r r 3 3 rg 'rT O' rg rg— rg r * wo wo r r O' — ON 3 3 — O' 3 X wo 3 —

“
CN CN CN CN rg rg

r"*s 0>
X x x 0 0 r? — X X X X X CN r r X X 0 0 0 V—•

OC 3 s X X X X X
3 3 3 —i 3 —i —- DC r*~ wo —i d r - — oc CN 3 3 OO OC CN CN r i d — wo x i ro

,_— rg co rg CO CN CN CN 3 3 WO r - r -

nOdc ds as X X ■—■ l~T‘ X X X X X ■— 3 X X X X 0 OS X X X X X X 'V-> ■—■. ■—’. ■—■. ■—' ■—; w •— ■— ■•o '—•. r r '—; ■—. '—•. ‘—; ■— '—: .rO PO "T 3 — d CO rg — T 3 3 r - — 3 3 CN 3 wo OC r r ro X r - 3 3 X r r— rg 3 3 X, DC x . f " DC «■f 2 r*~ r**. wo — 3 3 WO 3 r r 3 WO rg WO X X, X
rg rg CO r*~. rg r - w~. 3 wo WO ro ro r~, WO X, T

2- se X as X X x
r+~ X - X X X X X X X X X >< 3 3 X ÍX X X X 3 3
•— O r r

3 IT ro T 3 r*“. — r—. »C. r*~ »r. wo r̂ - sC, O' d wo CO r r 3 OC d d —■ d d 3r  g T rg CN CN r r X r~ r - X , 3

2. *r x ar ac X 3 X X X X X 3 r-. X X X X X 3 3 X X X X X X--*■ ■—■
r~f 3 -T 3 r-g r  g r - y£. W" cg X -7- r-1 0 — OC 3 ŵ , X, X , On r*~, c*~, — DC
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n S On oo — On — m oc O ' r r n i

n i n i r r en en m m

X 8 g oc r r
oc g s g 8 g g

m
oc

T n i n — i mi Ö ON NO oc oc r r
n i m m r - oc On vO r - r -

OC
m
O ”  X

gg oc
en
en gggggg _

r r NC NC oc NO m nC n NC —i
m, en nO — en m n* OC m m O'
c*~, rn n i — r r oc oo m r r nC

r j  X  r s  c  
r i  — r j  r ,

O  vC 
r r  rn  
mi n i  
m

>< x  x  x  x  ^  ^
X  t r i  -  h  -  e  V
oo m  — — o  —

X X X X X n i
m
oc g g g g g X

3 OC OC r r 3 nC 3 r r m n i rn
— n- — m. q m m oc m r r n m,
m. rr~. o O o m r r rn

m
n n i

n i
r r OC

x  x  x  x  x  x  ÿC
r -  o  c -  «c — - t  r r

X X X X X■—
O' mi 3 n i mi
n i 3 nC

3
3

m r - nC nC

5 2 ï  Ï  2 -r S\
fs  ~  r i  ir .  X  —
sC X  r-~- ^  r  i yz O
— r -  r  i m  3  r- >

X  X  X  X  X  X  ^

m. 3  — Q  O ' Ô  vC
^  ^  î  X  1C' ^  ^
C j rñ  C i rn  rn  n i

ON

h  “  T  h  h  
+  +  _  +  +  — C — O ci

m . m , m , i n  m

rn  rn  m  m, m

— n i  rn  r r  m  c

>5
\¿

X g X ' g
oc m n i nC
— nC nC
O ' n i — oc
n r - n nC

OC O ' 
r - j n-i 
nC

O  n i
3
n-

C3 b
g «

h  h  h  h  h+ + + + +
n i — — (N c

'O  vO nC 'O  O

r r  r r  r r  r r  *T

OO OO OC OO OO

O  r -  oc on O  c

~  ¡  o



P
LA

N
T 

da
y 

V 
I. 

L%
s.

 
IA

VS
 

I) 
W

S 
IN

VP
 

l)W
P

 
IN

VR
 

DW
R 

F'
W

PR
 

DW
PR

 
FW 

DW
 

Lc
P 

Lc
R 

Lc
P

R

co co — 04 ON O' OC O ' OO CO vo 04 ___ O '
O ' ; o r TT ON q vC 04 ON wo q q — q
-Ó wo d Ö <3 oc i— d 04 vD 4 Osi .—! co OC
vO WO o CO oc O ' co vC O ' O ' CO 04 ON 04 wo
On O On oc On On O' — O', 04 04 vo, CO

•“ *“ *“ " " •“

ON o O ' wo vo, WO O ' ŵ , 0 CO 04 or ON O '
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r- O'DC WO DC -T DC s wo — WO rO 5. r̂ Ô
04 ~ T wo sC O' vC o- O' >c *T 04

sCo o o rO 04 *r -T 0 — — C' •f
r x ro W~i >C sC O' O' O' wo r--

1r. W“.DC x j: o •X o x r? 5 o’i r~x wc \F X
-T -T WO O' O' c O' O' w.

~T O'o X wo o PO — o ~T WO io. X X X io.
— — — r x CO T 10,O O' O' O' O' O' W". rf. O

/
E

r*~. ___ _ _ _£2 r»-,
5 rq — rq DC 5 5 x: H •T X r”11 5 DC Cm— — — ro ro O’wo >C O' O' O' •T 04 LD

0 “,
■—

0
r x — .—..—. — - —' — — — — — — — — W O 4oq DC rq DC DC wo *T x r<- Ŵ. •r ~ 11 4C DC c
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Table A22: Phase-specific traits in three A632 F2 populations (in position given in 
leaf number (PR, GL, etc) and in relative position given in percent of TLN (%PR, 
%GL, etc)._________________

Trait PR GL HR WX EAR TLN %PR %GL %HR %WX %EAR
Family
H664

plant no. 1 8 6 4 8 11 16 50.0 37.5 25.0 50.0 68.8
2 9 7 5 9 11 16 56.3 43.8 31.3 56.3 68.8
3 8 7 5 8 11 17 47.1 41.2 29.4 47.1 64.7
4 8 7 5 9 11 17 47.1 41.2 29.4 52.9 64.7
5 9 7 5 9 11 17 52.9 41.2 29.4 52.9 64.7
6 9 7 5 9 11 17 52.9 41.2 29.4 52.9 64.7
7 8 7 5 9 11 17 47.1 41.2 29.4 52.9 64.7
8 8 7 5 9 12 17 47.1 41.2 29.4 52.9 70.6
9 7 7 4 9 12 17 41.2 41.2 23.5 52.9 70.6
10 8 6 4 8 12 17 47.1 35.3 23.5 47.1 70.6
11 9 7 5 10 12 17 52.9 41.2 29.4 58.8 70.6
12 8 7 6 9 12 17 47.1 41.2 35.3 52.9 70.6
13 9 7 5 9 12 17 52.9 41.2 29.4 52.9 70.6
14 9 7 5 10 13 17 52.9 41.2 29.4 58.8 76.5
15 8 7 5 9 12 18 44.4 38.9 27.8 50.0 66.7
16 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
17 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
18 9 7 6 10 12 18 50.0 38.9 33.3 55.6 66.7
19 8 7 5 9 12 18 44.4 38.9 27.8 50.0 66.7
20 8 7 5 9 12 18 44.4 38.9 27.8 50.0 66.7
21 8 6 5 9 12 18 44.4 33.3 27.8 50.0 66.7
22 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
23 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
24 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
25 10 7 5 10 12 18 55.6 38.9 27.8 55.6 66.7
26 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
27 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
28 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
29 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
30 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
31 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
32 8 7 5 9 12 18 44.4 38.9 27.8 50.0 66.7
33 10 7 5 10 13 18 55.6 38.9 27.8 55.6 72.2
34 9 7 5 9 13 18 50.0 38.9 27.8 50.0 72.2
35 10 7 4 9 13 18 55.6 38.9 22.2 50.0 72.2
36 9 7 5 10 13 18 50.0 38.9 27.8 55.6 72.2
37 10 7 4 10 13 18 55.6 38.9 22.2 55.6 72.2
38 10 7 5 9 13 18 55.6 38.9 27.8 50.0 72.2
39 9 7 5 10 13 18 50.0 38.9 27.8 55.6 72.2
40 10 7 6 9 13 18 55.6 38.9 33.3 50.0 72.2
41 9 7 5 9 13 18 50.0 38.9 27.8 50.0 72.2
42 10 7 5 9 12 19 52.6 36.8 26.3 47.4 63.2
43 8 7 4 10 12 19 42.1 36.8 21.1 52.6 63.2
44 10 7 5 9 13 19 52.6 36.8 26.3 47.4 68.4
45 9 6 5 9 13 19 47.4 31.6 26.3 47.4 68.4
46 9 7 5 10 13 19 47.4 36.8 26.3 52.6 68.4
47 10 7 5 10 13 19 52.6 36.8 26.3 52.6 68.4
48 9 8 5 10 13 19 47.4 42.1 26.3 52.6 68.4
49 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4

continued..
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..continued
Trait PR GL HR WX EAR TLN %PR %GL %HR %WX 98EAR
50 8 7 5 9 13 19 42.1 36.8 26.3 47.4 68.4
51 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4
52 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4
53 9 7 4 9 13 19 47.4 36.8 21.1 47.4 68.4
54 10 7 5 9 13 19 52.6 36.8 26.3 47.4 68.4
55 9 7 5 9 14 19 47.4 36.8 26.3 47.4 73.7
56 9 7 4 9 14 19 47.4 36.8 21.1 47.4 73.7
57 10 7 5 9 13 20 50.0 35.0 25.0 45.0 65.0
58 10 9 6 10 13 20 50.0 45.0 30.0 50.0 65.0
59 9 7 5 9 13 20 45.0 35.0 25.0 45.0 65.0
60 10 7 6 9 13 20 50.0 35.0 30.0 45.0 65.0
61 10 7 5 9 14 20 50.0 35.0 25.0 45.0 70.0
62 10 7 5 10 14 20 50.0 35.0 25.0 50.0 70.0
63 9 6 6 9 14 20 45.0 30.0 30.0 45.0 70.0
64 10 7 5 9 15 22 45.5 31.8 22.7 40.9 68.2
65 12 7 5 10 15 23 52.2 30.4 21.7 43.5 65.2
Trait PR GL HR WX EAR TLN <7rPR %GL 7fHR %WX r/rEAR

Family
H665

Plant no. 
1

5 7 5 9 9 15 33.3 46.7 33.3 60.0 60.0
1
0 8 7 4 8 10 15 53.3 46.7 26.7 53.3 66.7
3 8 7 4 9 1 1 16 50.0 43.8 25.0 56.3 68.8
4 8 7 S 9 1 1 16 50.0 43.8 3 1.3 56.3 68.8
5 7 7 5 9 1 1 16 43.8 43.8 31.3 56.3 68.8
6 7 7 4 9 1 1 17 41.2 41.2 23.5 52.9 64.7
7 8 7 5 8 I 1 17 47.1 41.2 29.4 47.1 64.7
8 7 7 4 9 1 1 17 41.2 41.2 23.5 52.9 64.7
9 7 7 5 9 1 1 17 41.2 41.2 29.4 52.9 64.7
10 8 7 4 9 1 1 17 47.1 41.2 23.5 52.9 64.7
1 1 9 7 6 9 1 1 17 52.9 41.2 35.3 52.9 64.7
12 8 7 4 9 1 1 17 47.1 41.2 23.5 52.9 64.7
13 8 6 5 9 1 1 17 47.1 35.3 29.4 52.9 64.7
14 8 7 4 9 1 1 17 47.1 41.2 23.5 52.9 64.7
15 8 7 5 9 1 1 17 47.1 41.2 29.4 52.9 64.7
16 9 7 4 9 12 17 52.9 41.2 23.5 52.9 70.6
17 9 6 5 9 12 17 52.9 35.3 29.4 52.9 70.6
18 9 6 5 9 12 17 52.9 35.3 29.4 52.9 70.6
19 8 6 5 9 12 17 47.1 35.3 29.4 52.9 70.6
20 9 7 5 9 12 17 52.9 41.2 29.4 52.9 70.6
21 8 6 4 8 12 17 47.1 35.3 23.5 47.1 70.6

9 7 5 9 12 17 52.9 41.2 29.4 52.9 70.6
23 10 7 4 9 12 17 58.8 41.2 23.5 52.9 70.6
24 8 7 5 8 12 17 47.1 41.2 29.4 47.1 70.6
25 8 6 5 9 12 17 47.1 35.3 29.4 52.9 70.6
26 8 6 4 9 12 17 47.1 35.3 23.5 52.9 70.6
27 10 7 5 9 12 17 58.8 41.2 29.4 52.9 70.6
28 8 7 4 9 12 17 47.1 41.2 23.5 52.9 70.6
29 9 7 5 8 13 17 52.9 41.2 29.4 47.1 76.5
30 8 7 4 7 11 18 44.4 38.9 22.2 38.9 61.1
31 9 7 4 10 11 18 50.0 38.9 22.2 55.6 61.1
32 10 7 5 9 12 18 55.6 38.9 27.8 50.0 66.7
33 6 8 4 9 12 18 33.3 44.4 22.2 50.0 66.7
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..continued

Trait PR GL HR WX EAR TLN %PR %GL %HR %WX %EAR
34 8 7 4 9 12 18 44.4 38.9 22.2 50.0 66.7
35 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
36 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
37 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
38 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
39 8 7 5 9 12 18 44.4 38.9 27.8 50.0 66.7
40 9 8 6 10 12 18 50.0 44.4 33.3 55.6 66.7
41 10 7 5 9 12 18 55.6 38.9 27.8 50.0 66.7
42 8 6 3 10 12 18 44.4 33.3 16.7 55.6 66.7
43 9 6 5 8 12 18 50.0 33.3 27.8 44.4 66.7
44 9 7 4 10 12 18 50.0 38.9 22.2 55.6 66.7
45 10 8 6 10 12 18 55.6 44.4 33.3 55.6 66.7
46 9 7 4 9 13 18 50.0 38.9 22.2 50.0 72.2
47 10 7 5 10 13 18 55.6 38.9 27.8 55.6 72.2
48 10 7 5 8 13 18 55.6 38.9 27.8 44.4 72.2
49 9 7 5 8 13 18 50.0 38.9 27.8 44.4 72.2
50 9 7 5 9 13 18 50.0 38.9 27.8 50.0 72.2
51 9 8 6 10 13 18 50.0 44.4 33.3 55.6 72.2
52 9 7 4 9 13 18 50.0 38.9 22.2 50.0 72.2
53 9 6 5 8 13 18 50.0 33.3 27.8 44.4 72.2
54 10 7 5 9 13 18 55.6 38.9 27.8 50.0 72.2
55 9 6 4 8 13 18 50.0 33.3 22.2 44.4 72.2
56 10 7 5 9 12 19 52.6 36.8 26.3 47.4 63.2
57 9 7 5 9 12 19 47.4 36.8 26.3 47.4 63.2
58 9 7 5 9 12 19 47.4 36.8 26.3 47.4 63.2
59 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4
60 9 8 6 1 1 13 19 47.4 42.1 31.6 57.9 68.4
61 9 7 4 9 13 19 47.4 36.8 21.1 47.4 68.4
62 10 7 6 9 13 19 52.6 36.8 31.6 47.4 68.4
63 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4
64 9 7 6 8 13 19 47.4 36.8 31.6 42.1 68.4
65 9 7 4 9 13 19 47.4 36.8 21.1 47.4 68.4
66 9 6 4 8 13 19 47.4 31.6 21.1 42.1 68.4
67 9 7 S 9 13 19 47.4 36.8 26.3 47.4 68.4
68 10 7 6 9 13 19 52.6 36.8 31.6 47.4 68.4
69 9 7 5 9 13 19 47.4 36.8 26.3 47.4 68.4
70 8 7 5 9 13 19 42.1 36.8 26.3 47.4 68.4
71 9 6 4 10 13 19 47.4 31.6 21.1 52.6 68.4
72 10 8 6 10 13 19 52.6 42.1 31.6 52.6 68.4
73 10 7 5 9 13 19 52.6 36.8 26.3 47.4 68.4
74 9 7 4 1 1 13 19 47.4 36.8 21.1 57.9 68.4
75 10 8 5 10 13 19 52.6 42.1 26.3 52.6 68.4
76 10 7 4 9 13 19 52.6 36.8 21.1 47.4 68.4
77 9 7 5 9 14 19 47.4 36.8 26.3 47.4 73.7
78 9 7 5 10 14 19 47.4 36.8 26.3 52.6 73.7
79 10 7 5 9 14 19 52.6 36.8 26.3 47.4 73.7
80 11 7 5 10 14 20 55.0 35.0 25.0 50.0 70.0
81 9 7 4 9 14 20 45.0 35.0 20.0 45.0 70.0
82 8 7 6 10 14 20 40.0 35.0 30.0 50.0 70.0
83 9 7 5 10 14 20 45.0 35.0 25.0 50.0 70.0
84 10 8 5 10 14 20 50.0 40.0 25.0 50.0 70.0
85 9 7 5 10 14 21 42.9 33.3 23.8 47.6 66.7
86 12 5 9 15 21 57.1 0.0 23.8 42.9 71.4
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..continued

Trait PR GL HR WX EAR TLN %PR %GL %HR %WX 9tEAR
Family 
H666 

Plant no. 1 10 8 6 10 1 1 16 62.5 50.0 37.5 62.5 68.8
2 10 8 6 10 10 17 58.8 47.1 35.3 58.8 58.8
3 8 7 5 9 11 17 47.1 41.2 29.4 52.9 64.7
4 8 7 5 9 11 17 47.1 41.2 29.4 52.9 64.7
5 9 7 5 9 11 17 52.9 41.2 29.4 52.9 64.7
6 8 7 6 8 11 17 47.1 41.2 35.3 47.1 64.7
7 8 7 5 8 11 17 47.1 41.2 29.4 47.1 64.7
8 10 8 6 9 12 17 58.8 47.1 35.3 52.9 70.6
9 9 7 6 9 12 17 52.9 41.2 35.3 52.9 70.6
10 10 8 6 11 13 17 58.8 47.1 35.3 64.7 76.5
1 1 8 7 5 9 11 18 44.4 38.9 27.8 50.0 61.1
12 8 6 4 10 11 18 44.4 33.3 22.2 55.6 61.1
13 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
14 7 6 5 9 12 18 38.9 33.3 27.8 50.0 66.7
15 9 7 5 10 12 18 50.0 38.9 27.8 55.6 66.7
16 9 7 5 10 12 18 50.0 38.9 27.8 55.6 66.7
17 10 7 4 10 12 18 55.6 38.9 22.2 55.6 66.7
18 10 7 5 10 12 18 55.6 38.9 27.8 55.6 66.7
19 8 6 5 9 12 18 44.4 33.3 27.8 50.0 66.7
20 9 7 4 9 12 18 50.0 38.9 22.2 50.0 66.7
21 9 7 4 10 12 18 50.0 38.9 22.2 55.6 66.7
2") 9 7 5 10 12 18 50.0 38.9 27.8 55.6 66.7
23 9 7 5 10 12 18 50.0 38.9 27.8 55.6 66.7
24 9 7 5 9 12 18 50.0 38.9 27.8 50.0 66.7
25 8 7 3 10 12 18 44.4 38.9 27.8 55.6 66.7
26 10 8 3 10 12 18 55.6 44.4 27.8 55.6 66.7
27 9 7 3 9 12 18 50.0 38.9 27.8 50.0 66.7
28 1 1 7 4 10 12 18 61.1 38.9 22.2 55.6 66.7
29 8 7 3 10 12 18 44.4 38.9 27.8 55.6 66.7
30 9 7 3 10 13 18 50.0 38.9 27.8 55.6 72.2
31 9 7 3 10 13 18 50.0 38.9 27.8 55.6 72.2
32 10 9 7 1 1 13 18 55.6 50.0 38.9 61.1 72.2
33 10 7 4 9 13 18 55.6 38.9 22.2 50.0 72.2
34 10 8 8 10 12 19 52.6 42.1 42.1 52.6 63.2
35 10 7 3 9 12 19 52.6 36.8 26.3 47.4 63.2
36 10 7 3 9 13 19 52.6 36.8 26.3 47.4 68.4
37 9 7 6 10 13 19 47.4 36.8 31.6 52.6 68.4
38 9 7 3 9 13 19 47.4 36.8 26.3 47.4 68.4
39 9 8 3 10 13 19 47.4 42.1 26.3 52.6 68.4
40 10 7 6 10 13 19 52.6 36.8 31.6 52.6 68.4
41 10 7 3 10 13 19 52.6 36.8 26.3 52.6 68.4
42 1 1 8 6 1 1 13 19 57.9 42.1 31.6 57.9 68.4
43 10 7 3 10 13 19 52.6 36.8 26.3 52.6 68.4
44 10 7 6 9 13 19 52.6 36.8 31.6 47.4 68.4
45 8 7 3 9 13 19 42.1 36.8 26.3 47.4 68.4
46 10 7 3 9 14 19 52.6 36.8 26.3 47.4 73.7
47 10 7 6 10 14 19 52.6 36.8 31.6 52.6 73.7
48 12 8 6 10 14 19 63.2 42.1 31.6 52.6 73.7
49 10 7 3 10 13 20 50.0 35.0 25.0 50.0 65.0
50 10 6 3 9 14 20 50.0 30.0 25.0 45.0 70.0
51 11 8 6 10 14 20 55.0 40.0 30.0 50.0 70.0
52 1 1 8 6 9 14 20 55.0 40.0 30.0 45.0 70.0
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..continued
Trait PR GL HR WX EAR TLN %PR %GL %HR %WX %-EAR
53 9 8 5 10 14 20 45.0 40.0 25.0 50.0 70.0
54 10 8 4 9 15 21 47.6 38.1 19.0 42.9 71.4
55 11 7 5 10 15 21 52.4 33.3 23.8 47.6 71.4

All
familes:

means
N=
6 8.33 7.00 4.83 9.00 11.00 16 52.08 43.75 30.21 56.25 68.75

45 8.44 6.89 4.89 8.93 11.58 17 49.67 40.52 28.76 52.55 68.10
76 9.00 6.99 4.79 9.29 12.25 18 50.00 38.82 26.61 51.61 68.06
54 9.41 7.09 5.09 9.37 13.02 19 49.51 37.33 26.80 49.32 68.52
17 9.76 7.24 5.29 9.53 13.71 20 48.82 36.18 26.47 47.65 68.53
3 10.00 7.33 4.67 9.67 14.67 21 47.62 34.92 22.22 46.03 69.84

s.c.m.'s
TLN

16 0.42 0.26 0.31 0.26 0.00 2.64 1.61 1.92 1.61 0.00
17 0.12 0.07 0.10 0.09 0.10 0.71 0.43 0.57 0.51 0.58
18 0.09 0.05 0.07 0.08 0.06 0.51 0.30 0.41 0.43 0.35
19 0.10 0.06 0.10 0.09 0.07 0.53 0.32 0.53 0.47 0.38
20 0.20 0.18 0.14 0.12 0.1 1 1.01 0.91 0.71 0.62 0.57
21 0.58 0.33 0.33 0.33 0.33 2.75 1.59 1.59 1.59 1.59
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Table A24; Shape factor of leaf epidermal cells in A632 plants
Plant 1 2 3 Plants 1 to 3

Leaf 3 0.92 0.88 0.91
0.92 0.91 0.93
0.95 0.93 0.92
0.93 0.93 0.89
0.95 0.9 0.91
0.96 0.91 0.91
0.94 0.93 0.91
0.96 0.93 0.9
0.93 0.9 0.9
0.93 0.84 0.95
0.93 0.89 0.87
0.9 0.88 0.92
0.94 0.87 0.91
0.94 0.93 0.91
0.91 0.92
0.94

mean 0.934 0.903 0.91 0.916
s.e.m. 0.001 0.002 0.001 0.001
si.dev. 0.017 0.027 0.018 0.025

Leaf 4 0.94 0.91 0.95
0.93 0.95 0.9
0.92 0.91 0.92
0.88 0.91 0.92
0.94 0.91 0.92
0.95 0.89 0.93
0.95 0.91 0.93
0.9 0.93 0.87
0.93 0.94 0.93
0.91 0.9 0.96
0.9 0.89 0.95
0.9 0.86 0.95
0.91 0.93 0.93
0.93 0.91
0.89 0.93
0.92

mean 0.919 0.91 1 0.927 0.919
s.e.m. 0.001 0.002 0.002 0.001
st.dev. 0.021 0.024 0.023 0.023

continued.



.continued
Plant 1 2 3 Plants 1 to 3

Leaf 5 0.88 0.93 0.92
0.93 0.91 0.89
0.91 0.94 0.93
0.92 0.94 0.89
0.91 0.91 0.93
0.9 0.9 0.93
0.86 0.92 0.88
0.89 0.93 0.89
0.89 0.9 0.92
0.92 0.92 0.91
0.89 0.93 0.89
0.89 0.93 0.94
0.92 0.93
0.92 0.87
0.94
0.91
0.88

mean 0.904 0.922 0.909 0.910
s.e.m. 0.001 0.001 0.002 0.001
st.dev. 0.021 0.014 0.023 0.021

Leaf 6 0.9 0.93 0.87
0.9 0.9 0.85

0.93 0.92 0.82
0.92 0.86 0.83
0.93 0.86 0.8
0.85 0.86 0.82
0.92 0 91 0.69
0.91 0.9 0.79
0.93 0.85 0.77
0.91 0.92 0.79
0.91 0.92 0.85
0.88 0.84 0.84
0.88 0.91 0.76

0.92
0.81

mean 0.905 0.887 0.806 0.867
s.e.m. 0.002 ().(X)2 0.004 0.001
st.dev. 0.024 0.037 0.048 0.056

continued.



.continued
Plant 1 2 3 Plants 1 to 3

Leaf 7 0.76 0.86 0.81
0.86 0.87 0.9
0.76 0.75 0.76
0.71 0.81 0.77
0.9 0.84 0.82
0.66 0.85 0.65
0.89 0.75 0.68
0.93 0.63 0.8
0.71 0.61 0.74
0.8 0.57 0.8
0.91 0.7 0.7
0.89 0.82
0.89

mean 0.821 0.749 0.771 0.782
s.e.m. 0.007 0.01 0.006 0.003
st.dev. 0.091 0.108 0.07 0.093

Leaf 8 0.86 0.58 0.82
0.83 0.78 0.7
0.89 0.83 0.68
0.82 0.53 0.79
0.87 0.62 0.81
0.68 0.86 0.69
0.82 0.72 0.81
0.77 0.82 0.76
0.72 0.69 0.74
0.81
0.73
0.88
0.84

mean 0.809 0.714 0.756 0.766
s.e.m. 0.005 0.013 0.006 0.003
si.dev. 0.066 0.1 1 8 0.055 0.089

Leat'9 0.73 0.81 0.77
0.85 0.75 0.78
0.77 0.76 0.68
0.83 0.75 0.78
0.75 0.76 0.73
0.72 0.78 0.71
0.83 0.78 0.71
0.84 0.72 0.82
0.84 0.8 0.79
0.8 0.75 0.73
0.83 0.76
0.77 0.86

0.77
0.77

mean 0.797 0.766 0.761 0.774
s.e.m. 0.004 0.003 0.003 0.001
st.dev. 0.047 0.027 0.047 0.044

continued.



.continued
Plant 1 2 3 Plants 1 to 3

Leaf 10 0.73 0.75 0.81
0.71 0.76 0.75
0.64 0.82 0.71
0.64 0.78 0.71
0.78 0.77 0.71
0.7 0.83 0.71
0.82 0.76 0.78
0.72 0.68 0.72
0.71 0.82 0.68
0.82 0.78 0.74
0.79 0.8 0.71
0.66 0.78

mean 0.727 0.778 0.73 0.745
s.e.m. 0.005 0.003 0.003 0.002
si.dev. 0.064 0.04 0.037 0.053

Leaf 11 0.69 0.67 0.82
0.81 0.67 0.77
0.8 0.72 0.74
0.77 0.61 0.61
0.66 0.67 0.67
0.76 0.66 0.71
0.74 0.6 0.63
0.73 0.71 0.73
0.67 0.54 0.78
0.68 0.59 0.77
0.72 0.55 0.79
0.76 0.75 0.78
0.82 0.6 0.81

mean 0.739 0.642 0.739 0.707
s.e.m. 0.004 0.005 0.005 0.002
st.dev. 0.054 0.065 0.067 0.076

Leaf 12 0.81 0.8 0.91
0.81 0.81 0.77
0.77 0.91 0.87
0.8 0.71 0.85
6.85 0.68 0.64
0.84 0.69 0.7
0.76 0.65 0.82
0.8 0.59 0.86
0.74 0.72 0.79
0.83 0.85 0.84
0.84 0.82 0.75
0.81 0.81 0.78
0.8 0.66 0.79
0.81

mean 0.805 0.746 0.798 0.784
s.e.m. 0.002 0.007 0.006 0.002
si.dev. 0.031 0.093 0.073 0.073



Table A25: Shape factor of leaf epidermal cells in A632E plants
Plant 1__________ 2 3 Plants 1 to3

Leaf 3 0.88 0.88 0.89
0.93 0.93 0.94
0.9 0.9 0.9
0.91 0.9 0.92
0.92 0.92 0.93
0.92 0.89 0.93
0.9 0.91 0.92
0.94 0.89 0.91
0.83 0.93 0.9
0.86 0.92 0.92
0.91 0.91 0.93
0.92 0.9 0.91
0.93 0.92 0.92
0.93 0.93 0.93
0.93 0.92 0.9
0.92 0.91
0.83 0.91

0.92
0.93
0.91
0.87

mean 0.904 0.91 0.917 0.91
s.e.m. 0.008 0.004 0.004 0.003
st. dev. 0.034 0.017 0.014 0.023

Leaf 4 0.87 0.94 0.91
0.94 0.89 0.87
0.89 0.93 0.93
0.88 0.91 0.87
0.93 0.93 0.91
0.92 0.91 0.91
0.86 0.93 0.91
0.92 0.9 0.88
0.93 0.94 0.92
0.88 0.94 0.93
0.93 0 94 0.93
0.9 0.95 0.91
0.86 0.92
0.88 0.94
0.86 0.93

0.93
mean 0.897 0.927 0.907 0.911
s.e.m. 0.008 o.txu 0.006 0.004
st. dev. 0.029 0.017 0.022 0.026

continued.



198
..continued

Plant 1 2 3 Plants 1 to3
Leaf 5 0.91 0.93 0.92

0.92 0.91 0.92
0.92 0.86 0.88
0.92 0.93 0.92
0.92 0.9 0.95
0.9 0.92 0.91
0.9 0.94 0.93
0.94 0.9 0.92
0.92 0.94 0.89
0.91 0.93 0.91
0.94 0.89 0.94
0.95 0.95 0.89
0.94 0.91
0.91 0.93
0.94 0.9
0.9 0.93
0.93 0.94
0.9

0.89
mean 0.919 0.917 0.917 0.918
s.c.m. 0.004 0.1X17 0.005 0.003
st. dev. 0.017 0.026 0.019 0.02

Leaf 6 0.9 0.91 0.95
0.87 0.91 0.93
0.88 0.91 0.94
0.88 0.88 0.91
0.9 0.9 0.88
0.87 0 91 0.87
0.9 0.9 0.87
0.83 0.84 0.86
0.9 0.94 0.9
0.94 0.88 0.87
0.88 0.84
0.91 0.89
0.9 0.9
0.88 0.92

0.91
mean 0.889 0 898 0.896 0.894
s.e.ni. 0.007 0.008 0 008 0.004
st. dev. 0.025 0 027 0.031 0.028

continued.



.continued
Plant 1 2 3 Plants 1 to3

Leaf 7 0.69 0.78 0.76
0.8 0.8 0.89
0.85 0.78 0.85
0.76 0.74 0.64
0.75 0.67 0.71
0.72 0.77 0.78
0.74 0.77 0.73
0.9 0.8 0.67
0.77 0.76 0.65
0.85 0.79 0.73
0.81 0.74 0.74
0.81 0.76
0.87 0.8
0.81 0.8
0.75
0.88
0.76
0.89
0.91

mean 0.806 0.764 0.751 0.778
s.e.m. 0.015 0.01 1 0.019 0.01
st. dev. 0.066 0.05.7 0.072 0.066

Leaf 8 0.84 0.85 0.83
0.82 0.76 0.77
0.69 0.72 0.85
0.64 0.82 0.74
0.77 0.79 0.88
0.8 0.77 0.71
0.77 0.66 0.73
0.76 0.73 0.81
0.67 0.72 0.71
0.66 0.76 0.68
0.74 0.65 0.72
0.8 0.76 0.72
0.82 0.74 0.71

0.74 0.65
0.66

mean 0.752 0.748 0.745 0.748
s.e.m. 0.019 0.014 0.018 0.01
st. dev. 0.067 0 054 0.069 0.062

continued.



.continued
Plant 1 2 3 Plants 1 to3

Leaf 9 0.8 0.78 0.78
0.75 0.69 0.82
0.69 0.82 0.74
0.79 0.75 0.73
0.69 0.77 0.85
0.75 0.75 0.73
0.68 0.88 0.75
0.66 0.79 0.83
0.71 0.74 0.73
0.71 0.73 0.83
0.76 0.82 0.81
0.73 0.71 0.8

0.85
mean 0.727 0.769 0.788 0.762
s.e.m. 0.013 0.015 0.013 0.009
st. dev. 0.044 0.053 0.047 0.054

Leaf 10 0.79 0.72 0.83
0.82 0.83 0.7
0.88 0.79 0.74
0.84 0.71 0.67
0.8 0.81 0.83
0.8 0.79 0.76
0.9 0.66 0.69
0.86 0.86 0.85
0.87 0.77 0.66
0.79 0.8 0.77
0.79 0 85
0.79 0.87
0.79 0.72
0.79 0.76
0.78 0.73
0.8

mean 0.818 0.778 0.75 0.787
s.e.m. 0.01 0.016 0.022 0.01
st. dev. 0.039 0.06! 0.07 0.061

continued.



..continued
Plant 1 2 3 Plants 1 to3

Leaf 11 Plant 0.83 0.63
had 0.82 0.75
10 0.78 0.68

leaves 0.71 0.73
0.8 0.75
0.87 0.67
0.73 0.73
0.83 0.84
0.84 0.65
0.89 0.81
0.78 0.74
0.78 0.65
0.77
0.77
0.85

mean 0.803 0.719 0.777
s.c.m. 0.013 0.02 0.014
st. dev. 0.05 0.065 0.071

Leaf i 2 Plant 0.79
had 0.81
1 1 0.77

leaves 0.75
0.79
0.8

0.78
0.71
0.87
0.75
0.74
0.67
0.65
0.77
0.78

mean 0.756
s.e.m. 0.016
st. dev. 0.057



Table A26; Shape factor of leaf epidermal cells in Oh43 plants
Plant 1 2 3 Plants 1 to3

Leaf 3 0.91 0.91 0.92
0.93 0.8 0.91
0.89 0.9 0.9
0.92 0.88 0.93
0.94 0.9 0.9
0.89 0.86 0.9
0.9 0.88 0.9
0.87 0.9 0.93
0.9 0.9 0.95
0.95 0.91 0.93
0.88 0.86 0.89
0.94 0.85 0.96
0.91 0.89 0.92

0.86 0.94
0.83
0.91
0.95

mean 0.91 0.879 0.916 0.902
s.e.m. 0.007 0.008 0.007 0.005
st. dev. 0.025 0.03 0.03 0.033

Leaf 4 0.86 0.83 0.93
0.87 0.88 0.94
0.92 0.86 0.9
0.87 0.86 0.87
0.91 0.8 0.95
0.91 0.86 0.89
0.91 0.85 0.9
0.92 0.87 0.83
0.89 0.82 0.95
0.93 0.84 0.88
0.9 0.82 0.93

0.89 0.85 0.94
0.9 0.86 0.91
0.92 0.9 0.92

0.82 0.92
0.82

mean 0.9 0.846 0.91 1 0.884
s.e.m. 0.006 0.007 0.009 0.006
st. dev. 0.021 0.027 0.033 0.04

continued.



.continued
Plant 1 2 3 Plants 1 to3

Leaf 5 0.92 0.86 0.85
0.84 0.9 0.88
0.89 0.83 0.88
0.87 0.84 0.87
0.91 0.83 0.88
0.93 0.85 0.86
0.88 0.85 0.88
0.87 0.89 0.86
0.88 0.86 0.94
0.91 0.87 0.91
0.89 0.8 0.87
0.89 0.88 0.88
0.82 0.9 0.94

0.91 0.93
mean 0.885 0.862 0.888 0.878
s.e.m. 0.009 0.008 0.008 0.005
st. dev. 0.031 0.032 0.03 0.032

Leaf 6 0.91 0.89 0.76
0.89 0.81 0.84
0.9 0.9 0.91
0.89 0.9 0.88
0.81 0.81 0.82
0.86 0.85 0.79
0.83 0.86 0.9
0.84 0.86 0.81
0.84 0.86 0.93
0.79 0.89 0.75
0.92 0.87 0.87
0.88 0.86
0.86

mean 0.863 0.863 0.842 0.857
s.e.m. 0.011 0.009 0.018 0.007
st. dev. 0.04 0.03 0.061 0.045

Leaf 7 0.72 0.65 0.87
0.72 0.64 0.85
0.74 0.68 0.91
0.69 0.6 0.84
0.72 0.69 0.85
0.8 0.7 0.82
0.68 0.65 0.85
0.75 0 69 0.84
0.74 0.64 0.94
0.76 0.61 0.85
0.81 0.72 0.84
0.88 0.72 0.89
0.79 0.78 0.79
0.81 0.68

mean 0.758 0.675 0.857 0.761
s.e.m. 0.015 0.013 0.011 0.014
st. dev. 0.055 0.048 0.039 0.088

continued.



.continued
Plant 1 2 3 Plants 1 to3

Leaf 8 0.66 0.75 0.68
0.66 0.8 0.64
0.58 0.68 0.75
0.69 0.77 0.65
0.76 0.73 0.86
0.69 0.7 0.66
0.53 0.65 0.67
0.77 0.71 0.88
0.62 0.69 0.75
0.64 0.81 0.62
0.69 0.71 0.86
0.69 0.68 0.83

0.77
0.73

mean 0.665 0.723 0.739 0.711
s.e.m. 0.02 0.014 0.024 0.013

st. dev. 0.068 0.05 0.09 0.077

Leaf 9 0.89 0.64 0.71
0.67 0.74 0.78
0.72 0.77 0.88
0.74 0.69 0.83
0.65 0.71 0.81
0.79 0.57 0.8
0.83 0.64 0.85
0.66 0.76 0.74
0.79 0.7 0.77
0.51 0.72 0.75
0.67 0.81 0.59
0.69 0.81 0.72

0.59
mean 0.718 0.704 0.769 0.729

s.e.m. 0.029 0.021 0.022 0.014
st. dev. 0.1 0.077 0.077 0.087

Leaf 10 0.82 0.73 0.74
0.8 0.75 0.8

0.72 0.58 0.7
0.71 0.72 0.76
0.75 0.66 0.78
0.87 0.75 0.63
0.69 0.67 0.76
0.77 0.76 0.71
0.74 0.6 0.81
0.81 0.69 0.77

0.74 0.87
0.78 0.81
0.79
0.75

mean 0.768 0.712 0.762 0.744
s.e.m. 0.018 0.017 0.018 0.011

st. dev. 0.057 0.064 0.062 0.065

continued.



.continued
Plant 1 2 3 Plants 1 to3

Leaf 11 0.63 0.77 0.85
0.73 0.75 0.78
0.67 0.85 0.81
0.59 0.72 0.82
0.74 0.73 0.67
0.79 0.78 0.65
0.67 0.8 0.73
0.9 0.74 0.8
0.68 0.74 0.86
0.65 0.8 0.79
0.64 0.76 0.75
0.59 0.75 0.88

0.77
0.76

mean 0.69 0.766 0.783 0.747
s.e.m. 0.026 0.009 0.021 0.012
st. dev. 0.089 0.034 0.072 0.077

Leaf 12 0.66 0.68 0.78
0.59 0.67 0.76
0.55 0.7 0.78
0.6 0.7 0.83
0.62 0.69 0.84
0.61 0.7 0.74
0.79 0.69 0.8
0.66 0.68 0.82
0.57 0.8 0.75
0.55 0.72 0.82
0.62 0.58 0.72
0.56 0.71 0.87
0.7 0.71 0.82
0.67 0.66

0.57
mean 0.625 0.684 0.795 0.699
s.e.m. 0.018 0.014 0.012 0.014
si. dev. 0.067 0.054 0.044 0.089



T able A27: Shape factor of leaf epidermal cells in Oh43E plants
Plant 1 2 3 Plants 1 to3

Leaf 3 0.81 0.89 0.86
0.89 0.9 0.93
0.82 0.91 0.87
0.86 0.89 0.84
0.86 0.91 0.88
0.89 0.91 0.85
0.86 0.86 0.93
0.76 0.9 0.91
0.85 0.91 0.86
0.85 0.84 0.91
0.86 0.84 0.93
0.87 0.78

0.84
0.86
0.88
0.86
0.9

0.91

mean 0.848 0.875 0.89 0.872
s.e.m. 0.011 0.009 0.01 0.006
st. dev. 0.036 0.036 0.034 0.038
Leaf 4 0.88 0.83 0.92

0.85 0.82 0.82
0.82 0.88 0.97
0.83 0.86 0.9
0.87 0.91 0.79
0.89 0.89 0.9
0.8 0.91 0.85
0.77 0.87 0.87
0.87 0.88 0.91
0.81 0.79 0.87
0.87 0.78 0.89
0.87 0.77 0.92

0.93
0.87

mean 0.844 0.849 0.886 0.861
s.e.m. 0.01 1 0.014 0.012 0.008
st. dev. 0.038 0.05 0.046 0.048
Leaf 5 0.81 0.83 0.79

0.73 0.87 0.85
0.89 0.77 0.86
0.78 0.76 0.75
0.76 0.7 0.68
0.72 0.8 1 0.71
0.81 0.93 0.85
0.87 0.65 0.86
0.75 0.93 0.67
0.8 0.86 0.81
0.87 0.91
0.82 0.9
0.87

mean 0.806 0.827 0.783 0.807
s.c.m. 0.016 0.026 0.024 0.013

st. dev. 0.057 0.091 0.076 0.075
continued..



.continued
Plant 1 2 3 Plants 1 to3

Leaf 6 0.65 0.59 0.75
0.6 0.66 0.61
0.8 0.61 0.66
0.71 0.6 0.77
0.68 0.66 0.84
0.7 0.7 0.73
0.71 0.67 0.72
0.64 0.62 0.69
0.76 0.69 0.72
0.71 0.71 0.76
0.62 0.78 0.87
0.7 0.64 0.7
0.8 0.68

0.75
0.83

mean 0.698 0.661 0.739 0.702
s.e.m. 0.017 0.016 0.018 0.011
st. dev. 0.062 0.054 0.07 0.069

Leaf 7 0.6 0.6 0.8
0.68 0.67 0.72
0.69 0.59 0.63
0.65 0.67 0.69
0.69 0.65 0.69
0.8 0.66 0.55
0.69 0.59 0.62
0.76 0.54 0.69
0.65 0.62 0.6
0.73 0.64 0.75
0.62 0.62 0.71
0.74 0.66 0.79
0.71 0.62

0.67
mean 0.693 0.629 0.687 0.668
s.e.m. 0.016 0.01 0.022 0.01
st. dev. 0.056 0.039 0.076 0.064
Leaf 8 0.66 0.73 0.63

0.72 0.8 0.64
0.75 0.72 0.69
0.64 0.76 0.61
0.65 0.8 0.78
0.62 0.8 0.76
0.63 0.69 0.61
0.73 0.81 0.59
0.74 0.77 0.69
0.64 0.71 0.59
0.53 0.66 0.58
0.71 0.72 0.6
0.62 0.67 0.67
0.69 0.67
0.68 0.66

mean 0.667 0.73 1 0.649 0.684
s.e.m. 0.015 0.014 0.018 0.01
st. dev. 0.058 0.055 0.065 0.068



T able A28: Phase-specific traits in A632 plants used for sectioning
Trait PR GL HR WX

c-
EAR TLN

plant no. 1 7 7 5 11 11 17
2 7 7 6 11 12 18
3 7 7 5 11 12 18
4 7 7 5 11 12 18
5 7 7 5 10 12 18

mean 7 7 5.2 10.8 11.8 17.8
s.e.m. 0 0 0.2 0.2 0.2 0.2
st. dev. 0 0 0.447 0.447 0.447 0.447

Table A29: Phase-specific traits in A632E plants used for sectioning
Trait PR GL HR WX EAR TLN

plant no.l 6 6 6 9 8 10
2 7 6 5 11 8 11
3 7 6 6 10 8 12
4 6 6 5 11 8 11
5 7 6 6 10 8 12

mean 6.6 6 5.6 10.2 8 11.2
s.e.m. 0.245 0 0.245 0.374 0 0.374
st. dev. 0.548 0 0.548 0.837 0 0.837

Table A30: Phase-specific traits in Oh43 plants used for sectioning
Trait PR GL HR WX EAR TLN

Plant no. 1 6 6 6 10 9 14
i 6 6 5 11 9 14
3 6 6 11 10 15
4 6 7 5 11 10 15
5 6 6 6 11 10 15

mean 6 6.2 5.6 10.8 ' 9.6 14.6
s.e.m. 0 0.2 0.245 0.2 0.245 0.245
st. dev. 0 0.447 0.548 0.447 0.548 0.548

Table A31: Phase-specific traits in Oh43E plants used for sectioning
Trait PR GL HR WX EAR TLN

Plant no. 1 4 5 5 7 6 9
i 5 5 5 7 6 8
3 5 S 5 7 6 9
4 5 5 5 7 6 9
5 5 5 5 7 6 9

mean 4.8 5 5 7 6 8.8
s.e.m. 0.2 0 0 0 0 0.2
st. dev. 0.447 0 0 0 0 0.447



Table A32: Phase-specific traits in A632 plants used for leaf staining__________
Trait PR GL HR WX EAR TLN
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P lan t  no. 1 7 7 4 11 14 21
2 7 7 5 13 14 21
3 7 8 5 12 14 21
4 7 7 5 12 14 21
5 6 7 5 12 14 21
6 7 7 5 10 13 19
7 8 7 5 10 13 20
8 7 7 5 12 14 21
9 7 7 4 11 14 21

mean 7.00 7.1 1 4.78 11.44 13.78 20.67
s.e.m. 0.17 0.11 0.15 0.34 0.15 0.24
st. dev. 0.50 0.33 0.44 1.01 0.44 0.71

Table A33: Phase-specific traits in A632E plants used for leaf staining
Trait PR GL HR WX EAR TLN

plant no. 1 7 7 5 13 11 17
2 6 7 5 12 1 1 17
3 6 7 5 13 11 17
4 7 7 5 13 1 1 17
5 6 7 6 13 10 17
6 6 7 5 12 10 16
7 6 7 5 12 10 16
8 6 7 5 12 10 16
9 6 7 5 12 10 16
10 6 7 5 12 17

mean 6.20 7.00 5.10 12.40 10.44 16.60
s.e.m. 0.13 0.00 0.10 0.16 0.18 0.16
st. dev. 0.42 0 00 0.32 0.52 0.53 0.52

Table A34: Phase- specific traits in Oh43 plants used for leaf staining
Trait PR GL HR WX EAR TLN

plant no. 1 6 7 5 11 10 16
T 6 6 4 12 11 17
3 6 7 1 1 10 15
4 6 7 5 12 1 I 16
5 6 7 5 11 11 16

mean 6.00 6.80 4.75 11.40 10.60 16.00
s.e.m. 0.00 0.20 0.25 0.24 0.24 0.32
si. dev. 0.00 0.45 0.50 0.55 0.55 0.71

Table A35: Phase-specific traits in Oh43E plants used for leaf staining
Trait PR GL. HR WX EAR TLN

plant no. 1 4 6 4 8 6 10
0 4 5 4 8 6 10
3 4 6 4 9 7 13
4 5 6 4 10 7 12
5 5 6 4 10 7 12

mean 4.40 5.80 4.00 9.00 6.60 1 1.40
s.e.m. 0.24 0.20 0.00 0.45 0.24 0.60
st. dev. 0.55 0.45 0.00 1.00 0.55 1.34



Table A36: Phase-specific traits and expression of R g l  in A632 plants
Trait First ragged 

leaf
WX EAR TLN

plant no. 1 6 8 14 19
2 6 8 13 18
3 6 8 13 18
4 6 8 14 19
5 6 8 14 19
6 5 8 12 17
7 5 7 13 18
8 5 7 14 19
9 6 8 16 22
10 6 9 14 20
11 6 9 14 20
12 6 8 13 18
13 5 8 11 16
14 5 8 12 17
15 6 8 13 18
16 6 8 14 19
17 6 8 12 18

mean 5.71 8.00 13.29 18.53
s.e.m. 0.11 0.12 0.28 0.33
st. dev. 0.47 0.50 1.16 1.37

Table A37: Phase-specific traits and expression of R gl in A632E plants 
Trait First ragged WX FAR TLN

leaf
plant no. 1 5 8 10 15

i 5 8 10 16
3 6 8 9 14
4 6 8 10 13
5 6 8 10 14
6 6 8 10 14
7 6 8 9 14
8 6 8 10 15
9 5 8 1 1 15

mean 5.67 8.(8) 9.89 14.44
s.e.m. 0.17 0.00 0.20 0.29
st. dev. 0.50 0.00 0.60 0.88
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Table A38: Phase-specific traits and expression of R gl in Oh43 plants 

Trait First ragged WX EAR TLN
leaf

plant no. 1 4 7 10 17
2 5 7 12 17
3 5 7 14 19
4 5 7 13 18
5 6 8 13 19
6 5 7 11 17
7 5 8 12 17
8 5 7 13 17
9 5 8 10 16
10 5 8 10 16
11 4 7 12 17
12 5 8 11 17
13 5 7 12 18
14 4 7 13 17
15 4 7 11 17
16 4 7 14 20
17 5 7 11 16
18 4 7 12 17
19 4 6 13 17
20 4 7 11 17
21 3 6 11 16
22 4 8 11 17

mean 4.55 7.18 1 1.82 17.23
s.e.m. 0.29 0.25 0.52 0.44
st. dev. 0.67 0.59 1 ")2 1.02

Table A39: Phase-specific traits and expression of Rg 1 in Oh43E plants 
Trait First ragged VVX EAR TLN

leaf
plant no. 1 5 7 8 12

2 4 8 8 13
3 5 7 8 13
4 5 7 8 12
5 5 6 7 12
6 4 7 7 12
7 4 6 10 15
8 5 2 8 12
9 5 6 6 11
10 4 7 8 13
1 1 4 6 7 11
12 2 5 6 11
13 5 6 8 12
14 5 8 7 12
15 4 6 8 13
16 4 7 7 12
17 5 7 9 14
18 5 7 7 12
19 5 6 8 13

mean 4.47 6.63 7.63 12.37
s.e.m. 0.18 0.17 0.22 0.23
st. dev. 0.77 0.76 0.96 1.01



TLN
16
17
16
17
16
17
16
17
16
15
16
17

16.3
0.19
0.65

TLN
14
13
14
15
14
14

14
0.2582
0.6325

Phase-specific traits in A619
PR GL HR WX EAR
7 7 4 11 11
8 8 3 11 11
7 7 4 11 11
10 7 4 11 11
8 . 7 3 11 1 1
8 7 4 12 11
8 7 4 11 11
9 8 4 12 11
9 7 5 11 11
9 7 4 11 10
9 7 5 11 1 1
9 7 5 11 11

8.42 7.17 4.08 11.2 10.9
0.26 0.1 1 0.19 0.11 0.08
0.9 0.39 0.67 0.39 0.29

Phase-specific traits in A619E
PR GL HR WX EAR
7 6 3 9 9
7 ft 3 9 9
8 7 3 9 9
8 7 4 9 10
8 7 4 9 10
8 7 4 9 9

7.67 6.67 3.5 9 9.33
0.21 0.21 0.224 0 0.21
0.52 0.52 0.548 0 0.52



213

Table A 42: Phase-specific traits in A635
Trait PR GL HR WX EAR TLN

Plant no.l 9 8 5 13 15 20
2 10 9 4 12 16 21
3 10 9 5 12 16 21
4 9 9 5 12 15 22
5 9 8 5 11 15 21
6 10 8 5 10 15 20
7 10 8 5 10 14 19
8 10 8 6 10 14 19
9 9 8 5 10 13 19
10 9 8 5 10 14 19

mean 9.5 8.3 5 11 14.7 20.1
s.e.m. 0.17 0.15 0.15 0.37 0.3 0.35
st. dev. 0.53 0.48 0.47 1.15 0.95 1.1

Table A43: Phase-:specific traits in A635E
Trait PR GL HR WX EAR TLN

Plant no. 1 10 7 5 10 14 20
2 10 8 5 12 13 19
3 10 7 4 10 12 19
4 8 7 4 10 11 18
5 8 7 5 8 11 16
6 8 7 5 9 11 16
7 9 7 4 9 11 16

mean 9 7.1 4.57 9.71 11.9 17.7
s.e.m. 0.38 0.1 0.2 0.47 0.46 0.64
st. dev. 1 0.4 0.53 1.25 1.21 1.7
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Table A44: Phase-specific traits in B73
Trait PR GL HR WX EAR TLN

Plant no.l 12 7 7 7 16 21
2 11 6 6 7 16 21
3 12 7 7 7 16 21
4 11 7 7 8 15 21
5 12 6 6 7 15 20
6 11 6 6 7 16 20

mean 11.5 6.5 6.5 7.17 15.7 20.7
s.e.m. 0.22 0.22 0.22 0.17 0.21 0.21
st. dev. 0.55 0.55 0.55 0.41 0.52 0.52

T able A45: Phase-specific traits in B73G
Trait PR GL HR WX EAR TLN

Plant no. 1 9 5 6 6 12 17
10 6 6 6 12 17

3 10 6 5 6 12 17
4 10 6 5 7 12 17
5 10 6 6 7 13 18
6 9 6 5 6 12 17
7 11 6 6 7 12 17

mean 9.86 5 .86 5.57 6.43 12.1 17.1
s.e.m. 0.26 0.14 0.2 0.2 0.14 0.14
st. dev. 0.69 0 38 0.53 0.53 0.38 0.38
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Table A46: Phase-specific traits in C l23

Trait PR GL HR WX EAR TLN
Plant no.l 8 5 5 6 12 16

2 7 5 4 6 1 1 16
3 8 5 4 6 12 16
4 7 4 6 12 16
5 7 5 4 6 11 15
6 7 5 4 6 12 16
7 7 5 5 6 11 16
8 7 5 4 6 12 16
9 7 5 5 6 11 15
10 7 5 5 6 12 16
11 7 5 4 6 12 16
12 7 5 5 6 11 15
13 8 5 5 6 12 16
14 8 5 5 6 11 15
15 7 5 4 6 11 15

mean 7.3 5 4.5 6 1 1.5 15.7
s.e.m. 0.1 0 0.1 0 0.13 0.13
st. dcv. 0.5 0 0.5 0 0.52 0.49

Table A47: Phase-specific traits in C123E
Trait PR G1 HR WX EAR TLN

Plant no. 1 7 S 4 6 10 14
T 7 5 4 6 10 14
3 7 5 3 7 10 15
4 8 S 5 6 11 15
5 7 5 4 6 10 14
6 7 S 4 6 10 14
7 7 s 4 6 10 14
8 7 5 4 6 10 14
9 1 s 4 6 10 14
10 1 5 4 6 10 14

mean 7.1 5 4 6.1 10.1 14.2
s.e.m. 0.1 0 0.3 0.2 0.2 0.27
st. dev. 0.3 0 0.5 0.3 0.32 0.42



TLN
23
23
23
23
23
24
23
24
20
20
19
20
20

21.9
0.5
1.8

TLN
19
20
19

19.3
0.33
0.58

Phase-specific traits in H I00
PR GL HR WX EAR
11 7 6 9 16
10 7 6 9 15
11 7 6 9 15
12 7 6 9 15
12 7 6 9 15
12 7 6 10 16
11 7 7 9 16
12 7 6 9 16
12 7 6 9 15
13 7 7 8 14
10 7 7 9 14
11 7 7 9 14
10 7 7 9 15

11.3 7 6.38 9 15.1
0.26 0 0.14 0.1 1 0.21
0.95 0 0.51 0.41 0.76

Phase-specific traits in H100E
PR Gl. HR WX EAR
10 ■7 6 8 14
1 1 7 7 9 14
1 1 7 6 9 14

10.7 7 6.33 8.67 14
0.33 (1 0.33 0.33 0
0.58 0 0.58 0.58 0



Table A50: Phase-specific traits in Mo 17
Trait PR GL HR WX EAR TLN

Plant no.l 5 5 5 7 10 15
2 6 5 5 7 10 15
3 5 5 5 7 10 15
4 5 5 5 7 10 15
5 5 5 5 7 11 15

mean 5.20 5.00 5.00 7.00 10.20 15.00
s.e.m. 0.20 0.00 0.00 0.00 0.20 0.00

st. dcv. 0.45 0.00 0.00 0.00 0.45 0.00

Table A51: Phase-specific traits in M ol7E
Trait PR GL HR WX EAR TLN

Plant no. 1 6 S 5 7 9 14
2 6 5 5 7 8 14
3 6 5 5 7 9 14
4 6 5 5 7 9 14
5 6 5 5 7 9 13

mean 6.00 5.00 5.00 7.00 8.80 13.80
s.e.m. ().()() 0.00 0.00 0.00 0.20 0.20
st. dcv. 0.00 0.00 0.00 0.00 0.45 0.45
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T able A52: Phase-specific traits in N28

Trait PR GL HR WX EAR TLN
Plant no.l 14 7 5 8 16 22

2 14 7 5 8 17 23
3 14 7 5 8 17 22
4 14 7 5 8 16 22
5 1.4 7 5 8 17 23
6 13 6 5 7 16 22
7 13 6 6 7 16 21

mean 13.7 6.71 5.14 7.71 16.4 22.1
s.e.m. 0.18 0.18 0.14 0.18 0.2 0.26
st. dev. 0.49 0.49 0.38 0.49 0.53 0.69

T able A53: Phase-specific traits in N28E
Trait PR GL HR WX EAR TLN

Plant no. 1 12 7 5 8 14 20
2 12 7 5 8 14 20
3 11 7 5 7 14 19
4 12 7 6 8 14 20
5 11 7 5 8 13 19
6 12 6 5 7 13 19
7 11 7 6 7 14 19

mean 1 1.6 6.9 5.29 7.57 13.7 19.4
s.e.m. 0.2 0.1 0.18 0.2 0.18 0.2
st. dev. 0.53 0.4 0.49 0.53 0.49 0.53
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Table A54: Phase-specific traits in Sc76

Trait PR GL HR WX EAR TLN
Plant no.l 10 7 3 9 18 24

2 9 7 3 9 17 23
3 10 8 4 9 17 22
4 9 7 3 9 18 23
5 10 7 3 9 17 23
6 10 7 3 9 18 23
7 10 7 3 9 18 24
8 10 7 4 8 19 24
9 11 7 4 10 19 25
10 11 7 4 9 18 ' 23

mean 10.00 7.10 3.40 9.00 17.90 23.40
s.e.m. 0.21 0.10 0.16 0.15 0.23 0.27

st. dev. 0.67 0.32 0.52 0.47 0.74 0.84

T able A55: Phase-specific traits in Nc264
Trait PR GL HR WX EAR TLN

Plant no.l 9 6 3 8 14 19
2 9 7 3 7 14 18
3 10 7 4 9 14 18
4 9 7 4 8 13 17
5 9 7 3 8 14 19
6 8 6 3 7 13 18
7 9 7 3 8 13 18
8 9 7 4 8 14 20
9 9 j 4 8 14 20
10 9 7 5 9 14 18
1 1 9 7 3 8 13 18
12 9 6 4 8 13 18
13 10 6 3 8 14 18
14 9 6 4 7 13 18

mean 9.07 6.64 3.57 7.93 13.57 18.36
s.e.m. 0.13 0.1 3 0.17 0.16 0.14 0.23
st. dev. 0.47 0.50 0.65 0.62 0.5 1 0.84



Table A56: Effect of SD on TLN and ear placement node in A632 and A632E_________
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LD SD (8-38 days after planting)
Visible Visible Visible Visible 
ligules leaves ligules leaves

Trait WX EAR TLN before SD after SD WX EAR TLN
A 632

Plant no. 1 10 12 19 0 2 5 7 10 11 16
2 10 12 18 0 2 4 7 10 10 15
3 11 12 18 0 1 5 7 9 11 16
4 11 12 18 0 2 4 7 11 10 17
5 10 12 18 0 2 4 7 11 11 15
6 11 12 18 0 1 4 7 11 10 15
7 11 13 19 0 2 4 7 11 10 15
8 10 13 19 0 2 4 7 11 10 15
9 1 1 12 18 0 2 5 7 11 10 14

mean 10.56 12 22 18.33 0.00 1.80 4.40 7.00 10.56 10.33 15.33
s.e.m. 0.18 0.15 0.17 0.00 0.13 0.16 0.00 0.24 0.17 0.29
st. dev. 0.53 0.44 0.50 0.00 0.42 0.52 0.00 0.73 0.50 0.87

A 632E
Plant no. 1 9 9 14 0 1 5 8 10 8 12

10 9 14 1 2 4 8 9 8 12
3 10 8 14 0 1 4 8 9 7 12
4 10 9 15 0 2 4 8 9 7 12
5 9 8 14 1 2 4 8 9 7 12
6 9 8 14 1 5 8 9 8 13
7 9 9 14 1 s 5 8 9 7 12
8 9 8 13 0 "> 5 8 10 7 12
9 9 8 15

mean 9.33 8.44 14.1 1 0.50 1.80 4.50 8.00 9.25 7.38 12.13
s.e.m. 0.17 0.18 0.20 0.16 0.1 3 0.17 0.00 0.16 0.18 0.13
st. dev. 0.50 0.53 0.60 0.46 0.42 0.53 0.00 0.46 0.52 0.35



221

Table A57: Effect of SD on TLN and ear placement node in Oh43 and Oh43E

WX

LD

EAR TLN

Visible
ligules
before

SD

Visible
leaves

SD (8-38 days after planting) 
Visible Visible 
ligules leaves 

after WX 
SD

EAR TLN

O h43
Plant no. 1 9 14 0 2 4 6 9 8 12

2 10 10 15 0 2 4 6 7 11
3 10 9 14 0 2 4 6 9 7 11
4 9 9 14 0 2 4 7 9 8 12
5 10 9 14 0 2 4 7 9 8 12
6 9 14 0 2 4 6 9 7 12
7 10 9 13 0 2 4 6 9 7 11
8 10 10 14 0 2 4 7 10 8 12
9 0 2 4 7 9 8 12
10 0 2 4 6 9 7 12

mean 9.83 9.25 14.00 0.00 2.00 4.00 6.40 9.1 1 7.50 I 1.70
s.e.m. 0.17 0.17 0.20 0.00 0.00 0.00 0.16 0.11 0.17 0.15
st. dev. 0.41 0.46 0.53 0.00 0.00 0.00 0.52 0.33 0.53 0.48

O h43E
Plant no. 1 7 5 9 0 2 4 6 7 5 9

2 7 5 9 0 1 3 6 7 5 8
3 7 5 9 0 1 3 6 7 5 9
4 8 6 10 0 1 4 6 7 6 9
5 8 7 12 0 2 4 6 7 5 9
6 7 5 9 0 3 6 6 5 8
7 8 6 10 0 4 6 7 5 9
8 8 6 10 0 1 4 6 7 5 9
9 0 1 4 6 7 5 9
10 0 1 4 6 7 5 8

mean 7.50 5.63 9.75 0.00 1.40 3.70 6.00 6.90 5.10 8.70
s.e.m. 0.19 0.26 0.37 0.00 0.16 0.15 0.00 0.10 0.10 0.15
st. dev. 0.53 0.74 1.04 0.00 0.52 0.48 0.00 0.32 0.32 0.48
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Table A58: TLN in wild type and total number of nodes Tpl plants in A632,
A632/A632E and A632E.

Genotype
A632

wild type 
A632/A632E A632E A632

Tpl/+
A632/A632E A632E

Plant no. 1 21 19 17 25 21 21
2 21 18 18 23 20 23
3 21 18 18 23 20 22
4 21 18 17 25 22 22
5 19 18 17 25 19 18
6 20 19 19 22 21 20
7 21 19 19 23 21
8 21 19 19 23 21
9 20 17 23
10 18 17 26
11 19 16 23
12 17
13 20
14 18

mean 20.63 18.64 17.79 23.73 20.63 21.00
s.e.m. 0.26 0.24 0.40 0.45 0.32 0.63
st dev 0.74 0.67 1.12 1.27 0.92 1.79



Table A59: TLN in wild type and total number of nodes Tpl plants in Oh43,
Oh43/Oh43E and Oh43E.

Genotype
Oh43

wild type 
Oh43/Oh43E Oh43E Oh43

Tpl/+
Oh43/Oh43E Oh431

Plant no. 1 14 14 10 15 15 13
2 14 14 11 15 15 13
3 14 14 11 16 16 13
4 14 14 11 16 16 13
5 15 15 12 16 16 13
6 15 15 12 16 16 14
7 15 12 16 16 14
8 15 12 16 16 14
9 15 16 16 14
10 15 16 17 14
11 15 16 17 15
12 16 16 17 15
13 16 16 18
14 17
15 17
16 17
17 17
18 17
19 17
20 17
21 17
-n 17
23 17
24 17
25 17
26 17
27 17
28 17
29 18
30 18
31 18
32 18
33 18
34 18
35 18
36 18
37 18
38 18
39 18
40 18
41 18
42 18
43 19
44 19



Table A6Q: TLN in wild type and total number of nodes Tpl plants in F2 families 
segregating the early flowering trait in A632._________________

Genotype
A 6 3 2

wild type 
F2 (1) F2 (2)

Tpl/+
F2 (1) F2 (2)

Plant no. 1 16 16 19 17
2 16 17 19 17
3 17- 17 19 18
4 17 17 19 18
5 17 17 19 18
6 18 17 20 18
7 18 17 20 18
8 18 17 20 19
9 18 17 20 19
10 18 18 20 19
1 1 18 18 20 19
12 18 18 20 19
13 18 18 20 20
14 18 18 21 20
15 18 18 21 20
16 19 18 21 20
17 19 18 21 20
18 19 18 21 20
19 19 18 21 20
20 19 18 21 20
21 19 18 21 20
7 7 19 18 22 20
23 19 18 22 20
24 19 19 7 7 20
25 20 19 2~> 20
26 20 19 22 20
27 20 19 7 7 21
28 20 19 22 21
29 20 19 7 7 21
30 20 19 7 7 21
31 20 19 2~> 21
32 20 19 22 21
33 20 19 7 7 21
34 20 19 7  7 21
35 20 19 7 7 21
36 20 19 7 7 21
37 20 19 7 7 21
38 20 19 7 7 21
39 20 20 7  7 21
40 20 20 7  7 22
41 20 20 23 22
42 20 20 23 22
43 20 23 22
44 20 24 22
45 20 24 22
46 20 24 22
47 20 24 22
48 20 24 23
49 21 24 23
50 21 25 23

continued..
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..continued___________________________________________
Genotype wild type Tpl/+

A 6 3 2 ________ F2 (1)________ F2 (2)________ F2 (1)________ F2 (2)
51 21 25 23
52 26 23
53 27 23
54 23
55 23
56 24
57 24
58 24
59 25



Table A61: TLN in wild type and total number of nodes Tpl plants in F2 families 
segregating the early flowering trait in Oh43.___________________________________

Genotype
O h 4 3 F2 (1)

wild type 
F2 (2) F2 (3) F2 9!0

Tpl/+ 
F2 (2) F2 (3)

Plant no.l 10 9 12 12 10 13
2 11 10 12 12 11 14
3 11 10 12 12 11 14
4 11 11 13 12 12 14
5 11 11 13 12 12 14
6 11 11 13 13 12 14
7 12 11 13 13 12 14
8 12 11 13 13 12 14
9 12 11 13 13 12 15
10 12 11 13 13 13 15
11 12 12 13 14 13 15
12 12 12 13 14 13 15
13 12 12 13 14 13 15
14 12 12 14 14 13 15
15 12 13 14 14 13 15
16 12 13 14 14 14 15
17 12 13 14 14 14 15
18 12 13 14 14 14 15
19 12 13 14 14 14 15
20 13 13 14 14 14 15
21 13 13 14 14 14 15
22 13 13 14 14 14 15
23 13 13 14 15 14 15
24 13 13 14 15 14 16
25 13 13 14 15 14 16
26 13 13 14 15 14 16
27 13 13 14 15 14 16
28 13 13 14 15 14 16
29 13 13 14 15 14 16
30 13 13 14 15 14 16
31 13 13 15 15 14 16
32 13 13 15 15 14 16
33 13 13 15 15 15 16
34 13 14 15 15 15 16
35 13 14 15 15 15 16
36 14 14 15 15 15 16
37 14 14 16 15 15 16
38 14 14 16 16 15 16
39 14 14 16 15 16
40 14 14 16 15 16
41 14 14 16 15 16
42 14 14 16 15 17
43 14 14 16 15 17
44 14 14 16 15 17
45 14 14 16 15 17
46 14 14 16 15 17
47 14 14 16 15 17
48 14 15 16 15 17
49 14 15 17 15 17
50 15 15 17 15 17
51 15 15 17 15 17

continued..



tin
not'
ji4
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
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17
17
17
17
17
18
18
18
18
19
19

F2 (1)
wild type

F2 (2)________ F2 (3)________F2 910
Tpl/+  
F2 (2)

15 17 15
15 17 16
15 17 16
15 17 16
15 17 16
15 17 16
15 17 16
15 17 16
15 17 16

17 16
17 16
18 16
18 16
18 16

16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
18 
18 
18
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Table A62: TLN in wild type and total number of nodes Tp2-E2 plants in A632,
A632/A632E and A632E.

Genotype wild type Tp2-E2/+
A632 A632/A632E A632E A632 A632/A632E A632E

Plant no. 1 19 17 16 21 19 17
2 20 18 16 21 20 18
3 20 18 16 21 20 18
4 20 18 17 22 20 19
5 20 18 22 20
6 20 18 23 20
7 21 18 23 21
8 18 23
9 18 23
10 
11

18
19

Table A63: TLN in wild tvpe and total number of nodes Tp2 plants in Oh43, 
Oh43/Oh43E and Oh43E.

Genotype wild type 
Oh43 Oh43/Oh43E Oh43E Oh43

Tp2/+
Oh43/Oh43E Oh43E

Plant no. 1 17 13 10 18 18 14
2 17 14 11 22 20 15
3 17 14 11 22 20 16
4 17 15 11 23 21 17
5 18 15 11 23 22 17
6 18 15 1 1 23 22 17
7 18 15 12 23 22 18
8 18 15 12 23 22
9 18 15 12
10 18 12
1 1 18 12
12 19 12
13 19 12
14 13
15 13
16 13
17 13
18 13
19 14



Table A64: TLN in wild type and total number of nodes and tassel score in Tp2
plants in F2 families segregating the early flowering trait.

Genotype

Trait

wild type 

TLN

A632
Tp2-E2/+

No. of Tassel 
nodes score

wild type 

TLN

Oh43
Tp2/+

No. of  
nodes

Tassel
score

Plant no.l 15 17 4 10 13 7
2 15 17 3 11 13 7
3 16 17 3 11 13 7
4 16 18 3 11 13 7
5 16 18 4 12 14 7
6 17 18 4 12 14 7
7 17 19 3 12 14 7
8 17 19 12 14 7
9 17 19 3 12 14 7
10 17 19 12 14 7
1 1 17 19 3 12 15 7
12 17 19 3 12 15 3
13 17 19 4 12 16 7
14 17 19 12 17 7
15 17 19 3 12 17 7
16 17 19 3 12 17 7
17 17 19 12 18 5
18 17 19 3 12 18 7.5
19 17 19 4 13 18 6
20 18 19 3 13 18 7.5
21 18 20 3 13 18 8
22 18 20 4 13 18 8
23 18 20 4 13 18 8
24 18 20 3 13 18 8
25 18 20 3 13 18 5
26 18 20 4 13 19 7.5
27 18 20 3 13 19 6
28 18 20 3 13 19 8
29 18 20 3 13 19 8
30 18 20 3 13 19 7
31 18 20 3 13 19 7.5
32 18 20 3 13 19 7.5
33 18 20 4 13 19 8
34 18 20 3 13 19 8
35 18 21 3 13 19 8
36 18 21 3 13 19 8
37 18 21 3 13 19 8
38 18 21 4 13 19 6
39 19 21 3 13 19 5
40 19 21 3 13 19 8
41 19 21 4 13 19 8
42 19 21 4 13 19 7
43 20 21 4 14 19 8
44 20 21 4 14 19 7
45 20 i  i 3 14 19 8
46 20 -i-i 3 14 20 8
47 21 i i 3 14 20 7

continued..
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
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A632 Oh43
wild type Tp2-E2/+ wild type Tp2/+

TLN No. of Tassel TLN No. of  Tassel
nodes score nodes score

14 20 5
14 20 6
14 20 8
14 20 5
14 20 5
14 20 7.5
14 20 7
14 20 7
15 20 8
15 20 6
15 20 8
15 20 8
15 21 8
15 21 7
15 21 3
15 21 8
15 21 8
15 21 8
15 21 5
16 21 5
16 21 8
16 21 7.5
16 21 8
16 22 7
17 22 7
17 22 5
17 23 8

23 7
23 8
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Table A69: Phase-specific traits in Lfyl plants
Genotype wild type Lfyl/+

Trait PR WX EAR TLN PR WX EAR TLN
A 6 3 2

Plant no. 1 11 9 14 20 10 11 16 28
2 11 10 15 20 9 10 17 34
3 10 10 14 19 9 10 15 29
4 9 9 14 20 11 10 15 28
5 10 11 14 20 9 10 14 30
6 8 11 13 19 12 10 18 31
7 8 11 14 20 11 11 15 25
8 10 10 14 20 10 10 16 30
9 9 9 14 20 9 10 15 31
10 9 10 14 21
1 1 9 10 14 20
12 10 9 15 21
13 11 10 15 21

mean 9.62 9.92 14.15 20.08 10.00 10.22 15.67 29.56
s.c.m. 0.29 0.21 0.15 0.18 0.37 0.15 0.41 0.84
st. dev. 1.04 0.76 0.55 0.64 1.12 0.44 1.22 2.51
A 6 3  2

Plant no. 1 10 10 14 20 11 1 ! 16 30
2 10 10 14 20 11 10 16 30
3 11 10 13 19 8 10 15 27
4 10 11 13 19 10 11 16 30
5 9 10 14 20 10 10 15 32
6 8 1 1 14 20 9 9 16 35
7 10 10 14 20 9 10 16 ‘ 30
8 9 10 14 20 11 12 ■ 18 34
y 10 10 14 20 9 9 17 35
10 y 10 14 20 10 10 16 32
11 9 10 15 20 10 10 15 34
12 9 10 15 31
13 11 10 16 29
14 10 10 18 34
15 10 9 15 27

mean 9.55 10.18 13.91 19.82 9.87 10.07 16.00 31.33
s.c.m. 0.25 0.12 0.16 0.12 0.24 0.21 0.26 0.69
st. dev. 0.82 0.40 0.54 0.40 0.92 0.80 1.00 2.66

A 6 3 2 / A 6 3 2 E
Plant no. 1 10 10 13 19 9 10 14 30

s 10 10 13 19 11 10 14 26
3 10 10 12 18 10 9 14 27
4 10 y 12 18 10 9 13 27
5 10 9 12 17 9 10 14 26
6 9 y 13 19 9 10 14 27
7 10 9 13 18 10 10 14 31
8 10 9 12 18 9 10 13 26
9 10 y 13 19 10 9 16 32
10 10 9 14 27
1 1 10 9 15 26

mean 9.89 9.33 12.56 18.33 9.73 9.55 14.09 27.73
s.c.m. 0.1 1 0.17 0.18 0.24 0.19 0.16 0.25 0.66
st. dev. 0.33 0.50 0.53 0.71 0.65 0.52 0.83 2.20

continued..



TLN

23
24
23
24
22
21
21

23
21

23
20

22.27
0.41
1.35

25
24
26
24
23
21
22
23
24
20
24
23

23.25
0.48
1.66

24
22
21
23
20
20
22

21.71
0.57
1.50

wild type Lfy]/+
PR WX EAR TLN PR WX ' EAR

10 9 12 17 9 10 13
10 10 12 17 8 10 12
10 10 12 17 9 10 12
9 9 13 18 11 10 14
9 10 11 16 9 10 13
9 10 12 17 9 9 13
9 10 11 16 10 9 12
9 9 11 16 9 9 12

9 10 12
9 10 12
9 10 12

9.38 9.63 1 1.75 16.75 9.18 9.73 12.45
0.18 0.18 0.25 0.25 0.23 0.14 0.21
0.52 0.52 0.71 0.71 0.75 0.47 0.69

9 10 1 1 17 10 10 13
9 10 1 1 17 9 10 13
9 1 1 12 16 9 10 12
9 10 11 17 10 10 12
8 9 10 16 10 10 12
9 10 10 16 8 10 12
9 9 1 1 17 8 10 12

9 10 12
9 10 12
8 8 10
10 9 13
10 9 13

8.86 9.86 10.86 16.57 9.17 9.67 12.17
0.14 0.26 0.26 0.20 0.24 0.19 0.24
0.38 0.69 0.69 0.53 0.83 0.65 0.83

9 1 1 1 1 17 8 10 12
8 9 1 1 16 8 10 1 I
8 8 9 14 9 10 12
9 9 10 14 9 9 12
8 9 10 14 9 10 11
8 9 10 16 8 10 12
8 9 10 15 9 9 10
8 10 10 16
8 10 10 16
8 10 10 15
9 10 1 1 16
8 9 10 15

8.25 9.42 10.17 15.33 8.57 9.71 11.43
0.13 0.23 0.17 0.28 0.20 0.18 0.30
0.45 0.79 0.58 0.98 0.53 0.49 0.79
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Genotype wild type Lfy 11+
Trait__________PR WX EAR TLN PR WX EAR TLN

..continued__________ ________________________________________________________

wild type
Plant no. 1 9 5 8 14 19

2 10 5 9 14 20
3 9 4 8 13 19

mean 9.33 4.67 8.33 13.67 19.33
s.e.m. 0.33 0.33 0.33 0.33 0.33

st. dev. 0.58 0.58 0.58 0.58 0.58

T p 2 / +

Plant no. 1 21 25 27 22 39 40 50
2 17 22 26 21 40 49
3 19 24 27 26 36 43 52
4 22 24 28

mean 19.75 23.75 27.00 23.00 37.50 41.00 50.33
s.e.m. 1.11 0.63 0.41 1.53 1.22 1.00 0.88

st. dev. 2.22 1.26 0.82 2.65 2.12 1.73 1.53



Table A70: Phase-specific traits in wild type siblings in a family segregating id l
(family J579).________________________________________________

Trait PR GL HR WX EAR TLN
Plant no. 1 8 7 7 8 10 15

2 8 7 12 16
3 9 7 6 8 11 16
4 8 7 7 8 12 17
5 8 7 13 17
6 8 7 11 17
7 9 7 7 9 12 17
8 8 7 13 18
9 8 7 12 18
10 8 7 12 18
1 1 9 7 6 8 12 18
12 9 8 13 18
13 9 8 13 18
14 10 7 7 8 12 18
15 7 7 13 19
16 8 6 13 19
17 8 7 13 19
18 8 7 13 19
19 8 7 12 19
20 8 7 13 19
21 9 8 14 19
m 9 8 14 19
23 9 8 13 19
24 9 7 14 19
25 9 8 13 19
26 10 8 13 19
27 I 1 X 8 10 13 19
28 9 8 14 20
29 9 8 14 20
30 9 7 14 20
31 0 8 14 20
32 10 6 6 8 14 20
33 10 7 8 8 15 21

mean 8.7273 7 6.8889 7.6364 12.848 18.455
s.e.m. 0.1461 0.1667 0.2606 0.1292 0.1853 0.2307

st. dev. 0.8394 0.5 0.7817 0.7424 1.0642 1.325
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Table A71: Phase-specific traits in idl siblings in a family segregating idl  (family 
J579).________

Trait PR GL HR WX EAR TLN*
Plant no. 1 13 8 no 28

2 13 10 ears 28
3 24 8 in 28
4 13 7 7 8 any 29
5 17 8 of 29
6 12 8 these 30
7 15 8 plants 30
8 24 8 30
9 25 7 6 8 32
10 21 8 33
11 26 8 34
12 14 7 7 9 36
13 21 8 36

mean 18.385 7 6.6667 8.2308 31
s.e.m. 1.4332 0 0.3333 0.1601 0.7792
st. dev. 5.3625 0 0.5774 0.5991 2.9155

*: These plants had not produced tassels by the time they died in the autumn, so TLN 

here denoted the last leaf visible in the whorl when the plants dried up.



Table A72: Phase-specific traits in wild type siblings in a M3 family segregating d lf
(family J580).

Trait PR GL HR WX EAR TLN
Plant no. 1 10 7 5 9 15 20

2 9 7 5 9 19
3 9 7 5 9 16 21
4 9 7 5 10 14 20
5 10 6 4 9 14 20
6 10 7 6 14 20
7 10 6 4 9 14 20
8 9 7 5 9 14 18
9 9 6 4 9 14 ' 20

mean 9.4444 6.6667 4.7778 9.125 14.375 19.778
s.e.m. 0.1757 0.1667 0 7222 0.1179 0.248 0.2778
st. dev. 0.527 0.5 0.6667 0.3536 0.744 0.8333

Table A73: Phase-specific traits in dlf siblings in a M3 family segregating ¿//'(family
J380).

Trait PR GI. HR WX EAR TLN
Plant no. 1 10 6 5 10 16 24

10 6 5 9 16 23
3 1 1 6 5 9 16 24
4 10 7 4 10 16 23
5 10 6 4 10 17 23

mean 10.2 6.2 4.6 9.6 16.2 23.4
s.e.m. 0.2 0 2 0.2449 0.2449 0.2 0.2449
st d e \ . 0 4472 0 4472 0.5477 0.5477 0.4472 0.5477



Table A74: Phase-specific traits in A632 plants (family J576)
Trait PR GL HR WX EAR TLN

Plant no. 1 10 7 5 10 12 18
2 9 7 5 10 14 20
3 9 7 5 10 14 20
4 9 7 5 10 14 20
5 9 7 5 10 14 20
6 9 7 4 10 14 19
7 9 7 5 10 13 19
8 9 7 5 10 14 20
9 9 7 5 9 13 19
10 9 7 4 10 14 20
1 1 9 7 5 10 14 20
12 9 7 5 9 14 20
13 9 7 5 10 14 19
14 9 7 5 10 14 20
15 9 8 5 10 15 20
16 9 7 5 10 14 20

mean 9.0625 7.0625 4.875 9.875 13.813 19.625
s.c.m. 0.0625 0.0625 0.0854 0.0854 0.1638 0.1548

st. dev. 0.25 0.25 0.3416 0.3416 0.6551 0.6191

Table A75: P h a s e - s p e c i f i c  t r a i t s  in 
s e g r e g a t i n g  / ( / ' ( f a m i l y  J584).

w i l d  ty p e  s i b l i n g s in a  M3 f a m i l y  in  A632

Trait PR C l. HR WX EAR TLN
Plant ne. 1 10 7 5 9 14 18

~i 9 *7 4 10 14 19
3 10 - S 9 14 19
4 10 *7 4 9 14 19
5 10 7 5 9 15 19
6 9 *7 5 10 14 2 0
7 1 1 7 5 9 15 2 0
8 10 7 5 9 16 2 0
9 1 0

*7 5 9 16 2 0

10 10 7 4 9 14 21

1 1 10 *7 5 10 15 21

12 10 *7 5 9 15 21

13 10 7 5 9 15 21

14 10 7 4 10 16 21

15 10 7 5 9 16 21

16 10 7 4 10 16 21

mean 9.9375 ■7 4.6875 9.3125 14.938 20.063
s.c.m. 0.1 106 () 0.1 197 0.1197 0.2135 0.2495
st. dev. 0.4425 0 0.4787 0.4787 0.8539 0.9979
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Table A76: Phase-specific traits in ltf siblings in a M3 family in A632 segregating Itf
(family J584)._______________________________________________________________

Trait PR GL HR WX  EAR TLN
Plant no. 1 15 7 5 10 21 28

2 14 7 5 9 22 28
3 15 6 4 9 22 28

mean 14.667 6.6667 4.6667 9.3333 21.667 28
s.e.m. 0.3333 0.3333 0.3333 0.3333 0.3333 0
st. dev. 0.5774 0.5774 0.5774 0.5774 0.5774 0


