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Plant hormones regulate progression through the different phases of

plant development in response to endogenous and environmental cues.

Gene expression studies, as well as genetic and molecular analysis of

mutants with altered hormonal responses, are two common approaches to

elucidate hormone response pathways.

This dissertation compares ovary and fruit deveiopment in both wild-

type tomatoes and the diageotropica (dgt) auxin-resistant mutant, and

analyzes the interactions between the plant hormones auxin and ethylene

that regulate gravitropism and lateral root formation. Fruit development is

dramatically affected by the dgt mutation; resulting in reduced fruit weight,

lower numbers of locules and seeds, delayed time to flowering, and

extended developmental time between anthesis and the onset of fruit

ripening. Relative quantification of expression patterns for genes involved in
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ethylene biosynthesis (the ACC synthase, LeACS, gene family) and auxin

responsiveness (the Aux/IAA, LeIAA, family of auxin responsive genes) was

used to provide insights into the involvement of auxin and ethylene in the

regulation of fruit development in tomato. Only a subset of the LeA CS and

LeIAA gene family members are affected by the dgt lesion, specifically at

early stages of fruit development.

Changes in cell number and size during ovary and early fruit

development were monitored by microscopic analysis. The difference in

final fruit size between dgt and wild-type tomatoes correlates with

differences in cell number and size that are established pre-anthesis.

Differences in the percentage of nuclei present at 2C and 4C at pre-

anthesis and anthesis in dgt versus wild-type ovaries suggests a possible

delay in cell cycle progression in the dgt ovaries. The expression of four

LeIAA genes exhibited differential developmental specificity in developing

fruits, as well as differential regulation by the DGT gene product.

Interactions between auxin and ethylene were further investigated by

analyzing gravitropic responsiveness and lateral root formation in dgt and

ethylene-resistant Never-ripe (Nr) tomato seedlings, Fl, and backcross

populations. The Nr lesion has no effect on the reduced gravitropic

response of dgt plants, while the dgt mutant is partially dominant with

respect to gravitropism. In regard to lateral root formation, dgt is completely

recessive and seems to be epistatic to Nr.
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MOLECULAR GENETIC ANALYSIS OF FRUIT DEVELOPMENT IN

TOMATO (LYCOPERSICON ESCIJLENTUM, MILL.)

1. INTRODUCTION

In higher plants, development occurs in three main phases,

embryogenesis, vegetative development (including juvenile and adult

stages) and reproductive or generative development. Plant hormones are

key elements in regulating the progression through these developmental

phases.

The transition from vegetative to reproductive development constitutes a

critical step in the life cycle of higher plants. In many species, the timing of

flowering is coordinated with the occurrence of favorable environmental

conditions. In others, the floral transition is regulated by developmental

cues, independent of the environment (Araki, 2001). The reproductive

phase is initiated with the induction of flowering, during which processes

occurring in the shoot apex commit the apical meristem to form the flower

primordia. Floral development refers to the formation of floral organs. Unlike

floral induction, which in many species is regulated by environmental

factors, floral development is primarily under genetic control (Jurgens,

1998).
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Plant hormones serve as part of the developmental cues (along with

circadian rhythms) that interact with external factors to induce flowering. In

some cases, plant hormones also interact with the genes that regulate floral

morphogenesis (Amasino, 1998).

As in almost all areas of plant physiology, the genetic and molecular

analysis of mutant phenotypes, along with the identification of mutant genes

and the proteins they encode, have provided a better understanding of the

molecular basis for the convergence of multiple signaling pathways

regulating flowering time and subsequent induction of the genes that control

the initiation of flower development. These processes finally lead to the

complex and still unknown transition from ovary development into fruit

development, marking the culmination of the reproductive phase.

I 1 Regulation of flowering time

An intricate genetic network that integrates internal developmental

cues, such as plant size or number of vegetative internodes, with adequate

environmental factors (particularly day length, light quality and temperature)

regulates the transition from vegetative to the reproductive phase. Genetic

and physiological analysis of flowering-time mutants in the model plant

Arabidopsis have identified more than 80 genes involved in the regulation of

floral transition through different genetic pathways (Araki, 2001; Blazquez et
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al., 2001). Two pathways mediate flowering time independent of

environmental factors: the autonomous pathway and the gibberellin (GA)-

dependent pathway. The photoperiod and vernalization pathways mediate

signals from the environment.

Flowering in Arabidopsis is promoted by exposure to long days and

low temperatures. Mutations that cause a late-flowering phenotype allowed

the identification of genes that promote flowering in Arabidopsis (Koornneef

et al., 1998; Simpson et al., 1999; Reeves and Coupland, 2000). Late-

flowering mutations that delay flowering in both long and short days

(Koornneef et al., 1991, 1998) define genes that act in the autonomous

pathway, where promotion of flowering is independent of photoperiod. In

another group of late-flowering mutants, flowering is delayed under long-

day but not short-day conditions (Koornneef et al., 1991, 1998), defining a

pathway that induces flowering in response to long-day photoperiods.

Vernalization, the exposure to cold temperatures, can correct the late-

flowering phenotype of autonomous-pathway mutants (Koornneef et al.,

1991), suggesting that the vernalization pathway acts redundantly with the

autonomous pathway (Levy and Dean, 1998) and/or that vernalization can

overcome the requirement for the autonomous pathway (Reeves and

Coupland, 2000). Mutants in the photoperiod pathway, on the other hand,

show little or no response to vernalization treatments (Koornneef et al.,

1991).
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Two dominant genes, FRIGIDA (FR!) and FLOWERING LOCUS C

(FL C) control the differences in flowering between early- and late-flowering

ecotypes of Arabidopsis (Clarke and Dean, 1994; Koornneef et al., 1994;

Lee et al., 1994). Analysis of the FLC gene has provided a link between the

autonomous and vernalization pathways. The FLC gene encodes a MADS-

box containing protein that acts to repress flowering, and the presence of

FRI is required for expression of the FLC gene (Michaels and Amasino,

1999; Sheldon et aL, 1999. The loss of FLC function eliminates the late

flowering phenotype of FRI and of the autonomous pathway mutations but

does not eliminate the effect of vernalization. This indicates that FRI and

autonomous-pathway genes act solely to regulate FLC, which then repress

flowering, whereas vernalization promotes flowering via FLC- dependent

and -independent processes (Michaels and Amasino, 2001).

The photoperiodic pathway, which mediates flowering in response to

photoperiod, promotes flowering under long-day conditions in Arabidopsis.

The circadian clock as well as photoreceptors, provide a timing mechanism

for the perception of photoperiodism. A model in which circadian clock

regulation of CONSTANS (GO) acts as a light-sensitive circadian rhythm to

control flowering has recently been proposed as the link to understand how

day length regulates flowering time through the circadian clock (Suarez-

Lopez et al., 2001).
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Finally, the GA-dependant flowering pathway is required for flowering

under non-inductive short-day conditions. Under short day conditions, GA

activates the promoter of the floral meristem-identity gene LEAFY (LFY)

(Blazquez et al., 1998) through cis elements that are different from the ones

needed for the photoperiodic control of flowering (Blazquez and Weigel,

2000).

The flowering pathways just described can independently promote

flowering; however, they converge in the induction of common target genes

during early flower development, such as the floral meristem identity genes.

For example, the fact that both GA and long days promote expression of

LFY demonstrates that the LEAFY promoter is a point of convergence for

endogenous (i.e. hormonal) and environmental cues regulating timing of

floral transition (Blazquez and Weigel, 2000). SUPRESSOR OF

OVEREXPRESSION OF CO-I (SOCI)IAGAMOUS LIKE-20 (AGL2O) is a

MADS domain gene that is activated in the shoot apical meristem during

floral transition (Borner et al., 2000). In addition to up-regulation by GAs

(Borner et aI., 2000), SOCl/AGL2O expression is also regulated by the

photoperiod-dependent pathway and the autonomous pathway (Samach et

aL, 2000), as well by the vernalization pathway (Lee et al., 2000;), indicating

another point of contact between different flowering-promoting pathways in

Arabidopsis.



1.2 Nutritional and hormonal regulation of flowering

Current models to explain floral transition and the nature of the floral

stimulus are based on multiple factors, where diverse promoters and

inhibitors, including hormones and nutrients, are involved in their regulation

(Bernier, 1988; Levy and Dean, 1998).

Gibberellins have been implicated in the control of flowering in

several species. Arabidopsis plants under short photoperiods require GA for

flowering (Wilson et al., 1992). Mutants with severely reduced levels of GA,

such as gal-3, are unable to flower in short days, whereas flowering is only

slightly delayed under long day conditions (Wilson et al., 1992). The failure

of this mutant to flower under short day conditions is correlated with the lack

of induction, via GA, of the LEAFY promoter (Blazquez etal., 1998).

Carbohydrates are also factors involved in floral transition (Bernier,

1988). It is interesting that sucrose and GA3 synergistically enhance the

expression of the LFY promoter (Blazquez etal., 1998). Addition of high

levels of sucrose (5% w/v) in the medium delays floral transition in early and

late-flowering in Arabidopsis, whereas lower levels (1 % w/v) promote floral

transition in lateflowering mutants such as co, fca and gi. These results

indicate that the effects of sugar, either by activation or inhibition of genes

controlling floral transition, depend on the concentration and timing of sugar

addition, as well as genetic background of the plants (Ohto et al., 2001).



7

1.3 Homeotic and meristem identity genes

Flower meristems originate from the shoot apical meristem (SAM).

Transition from vegetative to reproductive development, triggered by

endogenous signals such as plant age or exposure to favorable

environmental conditions, results in a change of identity that is

accompanied by a higher frequency of cell divisions in the central zone of

the SAM, resulting in larger floral meristems versus vegetative meristems.

Floral meristems then originate the floral organs (sepals, petals, stamens

and carpels), which in most angiosperms flowers are arranged in a series of

concentric whorls.

Genetic and molecular studies, mainly in Arabidopsis and

Antirrhinum, have identified a complex network of genes that control floral

morphogenesis. Three classes of mutants with altered flower development

have been analyzed: those that affect the identity of the floral meristem,

those that affect the identity of the floral organs and those that alter organ

number and patterning independent of changes in identity. This last

category has been classified in four subgroups, namely those affecting: a)

floral meristem size, b) floral organ initiation, C) floral organ spacing and d)

floral meristem determinacy (for review see Running and Hake, 2001).

Activity of the floral meristem identity genes is necessary for the

change in fate of the SAM from vegetative to reproductive (Leavy and
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Dean, 1998; Ng and Yanofsky, 2000). This group includes LEAFY (LFY),

UNUSUAL FLORAL ORGANS (UFO) and APETALA I (API) in Arabidopsis

and SQUAMOSA (S QUA) and FLORICAULA(FLO) in Antirrhinum (Coen et

al., 1990; Huijer et al., 1992; Mandel et al., 1992; Weigel et al., 1992;

Wilkinson et al., 1995). Mutations in floral meistem identity genes cause

the formation of flowers with characteristics of shoots and analysis of their

pattern of expression indicates that they are expressed very early during

flower development (Ng and Yanofsky, 2000).

The floral meristem identity genes control the specification of

individual flowers. Flowering-time genes modulate the activity of floral

meristem identity genes such as LFY and API (Nilsson et al., 1998; Simon

et al., 1996; Ruiz-Garcia, 1997). Genes such as FCA and FVE

(autonomous pathway), CO and GI (long-day pathway) and GIBBERELLIN

RESPONSIVE I and GIBBERELLIN INSENSITIVE (GA-dependent

pathway) seem to be involved in the upregulation of LFY expression,

suggesting that LFY is a point of convergence for these pathways (Nilsson

et at, 1998; Simon et al., 1996). Additionally, it has been shown that LFY

activates expression of AGAMOUS (AG) and API (Parcy et al., 1998;

Busch et al., 1999; Wagner et al., 1999), which reinforces the idea that

meristem identity genes act upstream of floral identity genes (Ng and

Yanofsky, 2000).



Floral identity genes were identified through the analysis of floral

homeotic mutants in which the identity of floral organs is disrupted.

Morphological and genetic analysis of these mutants led to the formulation

of the ABC model of flower development (Coen and Meyerowitz, 1991). In

this model, organ identity in each floral whorl is determined by the

presence, alone or in combination, of three organ identity gene activities,

called A, B and C. The recent finding in Arabidopsis that closely related and

functionally redundant MADS-box genes, SEPALLATA 1/2/3 (SEPI/2/3) are

required by the B and C floral organ identity genes for the development of

petals, stamens and carpels (Pelaz et al., 2000) led to revision of the

classical ABC model (Jack, 2001; Theifen, 2001).

1.4 Phases of reproductive development

In flowering plants, reproductive development culminates with the

formation of fruit and seeds. In most plants, fertilization is required for the

transition between flower and fruit development. Fertilization requires

germination of the pollen and its growth through the style and into the ovary

to fuse with the egg cell. Following fertilization, the ovule develops into a

seed and the ovary (located within the carpellary tissue of the flower)

develops into a fruit. In some fruits, extracarpellary tissues also differentiate

into fruit. In apomictic species, fruit and viable seed are produce in the
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absence of fertilization (Kultunow, 1993), whereas in parthenocarpic plants

the end result is the production of seedless fruits due to lack of pollination,

pollination that does not culminate in fertilization, or fertilization that is

followed by embryo abortion (Gillaspy et al., 1993).

Fruits can be classified according to the type of tissues that

participate in their formation (i.e. the receptacle is part of the fruit in

strawberry), whether they are dehiscent or non-dehiscent, and their type of

ripening. The siliques of Arabidopsis are examples of dehiscent fruits,

whereas tomato is the best characterized model for analysis of non-

dehiscent or fleshy fruits (for general review see Giovannoni, 2001). Fruits

such as tomato, avocado, apple and banana that exhibit an increase in their

respiratory and ethylene biosynthesis rates during ripening are classified as

climateric. In contrast, fruits such as citrus, grape, strawberry and pineapple

are non-climateric fruits.

Fruit development can be classified in the following stages (Figure

1.1): ovary development, which includes the commitment to proceed into

fruit development (fruit set), a period of early fruit development

characterized by active cell division, followed by a phase where fruit growth

is due mainly to cell expansion, and finally, in fleshy fruits, a ripening phase.
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Figure 1.1: Stages of fruit development in tomato (DPA= days post
anthesis).
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1.4.1 Ovary development and fruit set

Similar to floral transition and flower development, the molecular

mechanisms governing ovary development have been analyzed most in the

model plants Arabidopsis and Antirrhinum.

In Arabidopsis, some MADS-box containing genes, such as

FRUITFULL (FUL), SHATTERPROOFI (SHPI)/AGLI, and

SI-IA TTERPROOF2 (SHP2)/AGL5, are specifically involved in fruit

development. The ful-1 mutation abolishes elongation of the Arabidopsis

silique after fertilization, leading to lack of dehiscence and premature

rupture of the carpel valves. Therefore, the FUL MADS gene is required for

the expansion and differentiation of the fruit valves after fertilization (Gu et

al., 1998). SHPI and 2 are functionally redundant and are required for fruit

dehiscence (Liljegren et al., 2000). FUL has been identified as a negative

regulator of SHP expression (Ferrandiz et al., 2000).

Recently, a MADS-box-containing gene has been shown to be

involved in the control of fruit ripening in tomato. LeMADS-RIN seems to act

upstream of the earliest known steps of fruit ripening and may represent a

developmental regulator of ripening in both climateric and nonclimateric

fruits (Vrebalov et aL, 2002).

Orthologs of the Arabidopsis floral identity gene AG and the

meristem identity gene LFY have been identified in tomato. FALSIFLORA
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(FA) regulates flowering time and floral meristem identity in tomato in a

manner similar to LFYin Arabidopsis (Molinero-Rosales etal., 1999).

Analysis of TAGI, the tomato homolog of AG, in transgenic tomato plants

indicates that TAGI antisense RNA confers homeotic transformations of

floral organs in the third and fourth whorls as well as persistence of the

indeterminate growth of floral meristems (Pnueli et al., 1994b). Additionally,

analysis of expression patterns and antisense plants of the tomato MADS

box gene 5 (TM5) indicates that TM5 is required for organ differentiation in

the three inner whorls of the flower (Pnueli etal., 1994a). The similarity in

phenotype between the sepi sep2 sep3 triple mutant in Arabidopsis and

antisense TM5 in tomato suggest that these genes are involved in the

development of petals, stamens and carpels (Jack, 2001). However, none

of these tomato homeotic genes seem to have specific effects on fruit

development.

The biochemical, genetic and molecular mechanisms that regulate

the onset of ovary development into fruit (fruit set) and the early stages of

fruit development in tomato are still unclear (for review, see Gilaspy et al.,

1993). Fruit set and development are usually triggered by signals from

pollination and fertilization. Fertilization-independent fruit set occurs

naturally in parthenocarpic fruits (genetic parthenocarpy) or it can be

induced by exogenous application of auxin or gibberellins to flowers

(Gustafson, 1937, 1960).
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1.4.2 Early fruit development

In tomato fruits, cell division proceeds for approximately 7-10 days

after fertilization (Mapelli etal., 1978; Varga and Bruinsma, 1986) followed

by a period of 6 to 7 weeks where fruit growth is mostly due to cell

expansion (Gillaspy etal., 1993). The number of cells established as a

result of the process of cell division during the early stages of fruit

development is a critical determinant of the final fruit size (Bohner and

Bangerth, 1988). Recent studies have analyzed the cytological changes

associated with fruit growth during the early phases of tomato fruit

development, as well as identified and characterized the expression

patterns of key regulators of the cell cycle such as cyclin-dependent

kinases and cyclins (Joubes et al., 1999, 2000a, 2001; Kvarnheden etal.,

2000).

Growth in tomato ovaries from anthesis to 10 days post-anthesis

(DPA) is maintained by cell division that occurs mainly in the pericarp,

whereas epidermal cell division proceeds even after the onset of ripening

(Joubes et al., 1999). Flow cytometry analyses, have demonstrated that

DNA endoreduplication is concomitant with the beginning of the cell

expansion phase (Joubes et al., 1999, Kvarnheden et al., 2000).

Endopolyploidy, defined as a process where DNA replication is not followed

by mitosis, is a common mechanism in plant cells and it is tightly linked to
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cell differentiation and cell expansion (Traas et al., 1998). Like cell division,

there are gradients in the distribution of nuclear ploidy that vary according

to the fruit tissue considered, which is indicative of both spatial and

temporal regulation (Joubes et al., 1999).

Progression through the cell cycle is controlled by heterodimeric

serine/threonine protein kinases, which are composed of both a catalytic

subunit, the cyclin-dependent kinase (CDK), and a regulatory or activating

subunit, cyclin (Mironov etal., 1999). On the basis of their phylogenetic,

structural and functional similarities with animal and yeast CDKs, five

groups of CDKs (A through E) have been identified in plants. The A-type

class of plant CDK5 is the most numerous and best characterized group

and includes genes encoding CDKs with the conserved PSTAIRE motif in

the cyclin-binding domain (Mironov et al., 1999; Joubes et al, 2000b). It has

been proposed that CDKAs regulate both the G1-S and the G2-M transitions

of the cell cycle, whereas CDKBs only control the G2-M transition (Mironov

et al., 1999). Preliminary results indicate that the D class of CDK5 might be

involved in regulation of the cell cycle at the G1 and S phases. Functional

information about CDKE is not yet available and there is scarce functional

data for CDKC (Joubes et al., 2000; 2001).

Comparative sequence analysis of a large number of plant cyclins,

has also allowed classification into five major groups: A, B, C, D and H

using a nomenclature system based on the animal cyclins (Renaudin et al.,
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1996; Yamaguchi et al., 2000). The A-type cyclins accumulate during the S,

G2 and early M phases of the cell cycle, whereas the B-type cyclins

accumulate during the G2 and early M phases (Mironov et al., 1999). The

D-type cyclins control transit through the G1 phase in response to cytokinin

and sucrose (Riou-Khamlichi et al., 1999; 2000). H-type cyclin expression

seems to be induced when cells enter the S phase (Yamaguchi et al.,

2000).

In tomato fruits, CDKA expression is associated with both dividing

and expanding fruit (Joubes et al., 1999; 2000a). Recently, a C-type CDK

and two B-type CDKs were identified in tomato and their expression pattern

was analyzed during early fruit development (Joubes et al., 2001). Higher

levels of transcripts for the three genes were observed in fruits undergoing

cell division (i.e. from anthesis up to 5 DPA). However, the absence of a

patchy pattern of expression (characteristic of a cell-cycle regulated gene)

of CDKC in in situ hybridization experiments, plus the lack of modulation of

CDKC expression by nutrients or hormones (unlike CDKBs), suggests that

CDKC gene expression is not under cell cycle regulation. Moreover, CDKC

does not seem to interact with mitotic (A and B-type cyclins) and G1 cyclins

(Joubes et al., 2001)

The expression of tomato A-, B- and D-type cyclins is associated

with tissues undergoing cell division, including developing fruits (Joubes et

al., 2000a). Nevertheless, expression of cyclin A3 and cyclin D3 in the gel
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tissue of fruits at the mature green and red ripe stages (unlike cyclins Al

and A2 and cyclins BI and B2) suggests that they might play a role during

endoreduplication of differentiated cells such as those in the tomato gel

tissue (Joubes et al., 2000a).

1.4.3 Fruit ripening

The ripening of fleshy fruits involves a series of biochemical,

physiological, and structural changes. The changes in color, composition,

aroma, flavor and texture associated with fruit ripening have been reviewed

elsewhere (Grierson and Kader, 1986; Kinet and Peet, 1997).

Ethylene is required for the development of competence to ripen, as

well as for induction of the ripening process itself (for review see Lelievre et

al., 1997). Characterization of the ethylene biosynthetic pathway (reviewed

in Fluhr and Matto, 1996) and the ethylene signaling pathway (reviewed by

Stepanova and Ecker, 2000), as well as the identification and manipulation

of ripening-related genes (Grey et al., 1994) has greatly improved our

understanding of the molecular basis of ripening.

The two key enzymes in the ethylene biosynthetic pathway, ACC

synthase (ACS) and ACC oxidase (ACO) are encoded by multigene

families (Fluhr and Matto, 1996). The eight identified ACS genes in tomato

have different expression patterns with respect to tissue specificity,
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developmental control and kinetics of ethylene induction (Van der Straeten

et al, 1990; Olson et al., 1991; Rottmann et al., 1991; Yip et al., 1992;

Lincoln, et al., 1993; Olson et al., 1995; Nakatsuka et al., 1998; Shiu et al.,

1998; Oetiker at al., 1997; Terai, 1993; Spanu et al., 1993).

Two systems have been proposed to explain the regulation of

ethylene synthesis during plant development (Lelievre et al., 1997). System

1 provides the basal level of ethylene present in vegetative tissues, pre-

climateric, and non-climateric fruits, whereas system 2 is responsible for the

high level of ethylene production associated with ripening of climateric fruits

and flower senescence (Oetiker and Yang, 1995). Specific members of the

LeACS and LeACO gene families have been proposed to regulate the

transition from system I to system 2 of ethylene production (Nakatsuka et

al., 1998; Barry et al., 2000).

The Nrtomato mutant has been identified as an ethylene receptor

mutant with homology to the Arabidopsis ethylene receptor ETRI (Lanahan

et al., 1994; Yen et al., 1995; Wilkinson et al., 1995). Nrmutants are

affected in ethylene perception and display ethylene insensitivity, affecting

senescence and abscission of flowers as well as lack of ripening (Lanahan

et al., 1994). In wild-type fruits, Nrgene expression can be induced by

ethylene once developmental competence is achieved, that is, when fruits

reach the mature-green stage of development (Wilkinson et al., 1995).



Five ethylene receptors have been identified in tomato, LeETRI,

LeETR2, Nr, LeETR4 and LeETR5, each exhibiting different patterns of

expression both during development and in response to external stimuli

(Zhou et al., 1996a, 1996b, Lashbrook et al., 1998; Tieman and Klee,

1999). Transgenic studies involving NR and LeETR4 constructs have

revealed functional redundancy between these two members of the tomato

ethylene receptor gene family (Tieman et al., 2000).

In summary, ethylene action can be regulated at two different levels,

biosynthesis and perception, and the climateric ripening process is under

both ethylene and developmental control.

1.5 Hormonal regulation of fruit development

As mentioned above, fruit parthenocarpy can be induced by

exogenous application of auxin or gibberellins to flowers (Gustafson, 1937,

1960; Bunger-Kibler and Bangerth, 1982). Application of auxin transport

inhibitors that block the transport of auxins away from the ovary also

stimulates the development of parthenocarpic fruits (Beyer and

Quebedeaux, 1974).

Although the use of different hormonal compounds, genetic materials

and methods of application makes the comparison of results difficult, the

hormonal induction of seedless fruits has been an important factor
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demonstrating the involvement of auxin and gibberellins in fruit set and

development. Thus, auxins and gibberellins are considered to be part of the

signaling mechanism responsible for fruit set and, therefore, triggers of the

subsequent activation of cell division (Gillaspy et al., 1993).

Cytokinin levels in tomato fruits are higher during the first 10 days

after fertilization, which corresponds with the phase of cefl division. The

presence of a second peak 20 days after fertilization could be due to

increased levels of cytokinins in the seeds (Bohner and Bangerth, 1988a

and 1988b). Accordingly, parthenocarpic fruits have lower levels of

cytokinins compared with non-parthenocarpic fruits (Mapelli, 1981).

It is believed that auxins are also involved in cell expansion in fruit

tissues (Gillaspy et aL, 1993). During tomato fruit development, two peaks

in auxin concentration have been identified. The first occurs eight days after

anthesis, coinciding with the beginning of cell expansion, and the second

peak appears 30 DPA (Mapelli et al., 1978), coincident with the final phase

of embryo development (Gillaspy et al., 1993). In non-parthenocarpic

tomato varieties, fruit growth is coordinated with embryo and seed

development, where the number of seeds is one of the factors that regulate

final fruit size (Varga and Bruinsma, 1976). Thus, embryo-synthesized

auxin could be the source for the second auxin peak (Hochter et al., 1992).

Interestingly, in parthenocarpic fruits, this second peak is undetectable

(Mapelli et aL, 1978). Gibberellins exhibit three concentration peaks, the
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first from anthesis to 8 DPA and the second and third at 15 DPA and 35

DPA, respectively (Mapelli et al., 1978). This pattern suggests that

gibberellins are necessary both during cell division, and to maintain cell

expansion during fruit development (Gillaspy et al., 1993).

Abscisic acid (ABA) levels are very low at the initial stages of fruit

development, increasing gradually until they peak around 35-40 DPA

(Varga and Bruinsma, 1986). Changes in ABA concentration and osmotic

potential in the tissues surrounding the seeds seem to regulate seed

desiccation and embryo dormancy to prevent germination in the fruit locular

tissue (Berry and Bewley, 1992).

The involvement of ethylene during fruit development has been well

studied in the context of fruit ripening. Ethylene's role in the regulation of

the early stages of tomato fruit growth has also recently been examined.

LeACS1A and LeACS6, members of the ACC synthase multigene family in

tomato, have been proposed to be components of system I ethylene

production in green fruit and vegetative tissue. On the other hand, LeACS2

and LeA CS4 are involved in system 2 ethylene production during fruit

ripening (Nakatsuka et al., 1998; Barry et al., 2000).
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1.6 Regulation of gene expression

Auxin induces the expression of specific genes, including the SAUR

(small uxin up regulated RNA), GH3, and AuxIIAA gene families (Guilfoyle,

1998). The Aux/IAA genes constitute a family of early-auxin-responsive

genes (Abel and Theologis, 1996) encoding proteins that contain nuclear

localization signals and have short half lives (Abel et al., 1994; Oeller and

Theologis, 1995). Their proposed role as regulators of auxin responses is

also based on their capacity to form homo- and heterodimers between

family members and to form heterodimers with DNA-binding proteins known

as auxin response factors (ARF5) (for review, see Reed, 2001). In

Arabidopsis, 29 AuxIIAA genes have been identified (Reed, 2001); some of

which show differences in their gene expression kinetics, tissue specificity

and response to auxin induction (Abel et al., 1995; Abel and Theologis,

1996; Kim et al., 1997). The AuxAAA Arabidopsis mutants AXR2/IAA7

(Timpte et al., 1992; Nagpal et al., 2000), AXR3/IAAI7 (Leyser et al., 1996),

1AA28 (Rogg et aL, 2001), and SHY2/IAA3 (Reed et al., 1998; Tian and

Reed, 1999), all have reproductive aspects as part of their pleiotropic

phenotypes. Molecular analysis of ARE mutants in Arabidopsis indicates

that auxin-regulated transcription is essential for floral patterning

(ETTIARF3; Sessions et al., 1997) and vascular patterning within the

embryo (MP/ARF5; Hardtke and Berleth, 1998).
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In tomato, eleven members of the AuxIlAA gene family have been

identified, but their expression pattern has only been analyzed in vegetative

tomato tissues (Nebenfuhr and Lomax, 2000). Thus, it is unclear whether

any of these genes influence auxin regulation of tomato fruit development.

Although a role for gibberellins (GAs) in fruit set is indicated by

physiological and biochemical data, the function of GAs during fruit

development in tomato is less clear. Analysis of the expression pattern of

three tomato GA 20-oxidase cDNA clones has shown transcript

accumulation of two of these genes as well as of copalyl diphosphate

synthase (LeCPS) in immature green fruits (Rebers et al., 1999). CPS and

GA-20-oxidase are part of the gibberellin biosynthetic pathway and GA-20-

oxidase transcript levels are regulated by active GAs via negative feedback

control (Martin et al., 1996; Philips et al., 1995; Toyomasu et al., 1997).

As previously mentioned, expression of CDKA and CDKB, but not

CDKC, is strongly reduced by sugar starvation in tomato cell suspensions

and excised roots (Joubes et al, 2001). Sugar starvation also reduced the

transcripts levels of mitotic and G1 cyclins. Even in the presence of glucose,

the absence of cytokinin (6-benzylaminopurine, BAP) and auxin (2,4-

dichlorophenoxyacetic acid, 2,4-D) abolished the expression of cyclin A-I.

After 72 hours of sugar starvation, the addition of auxin or cytokinin or both

to a glucose-free medium induced transcripts of cyclin A-3, whereas

transcripts of cyclin A-I, cyclin A-2, cyclin B-I, cyclin B-2 and cyclin D-3
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remained unchanged (Joubes et al., 2000). These results seem to indicate

a differential behavior in the hormonal and nutritional regulation of cyclins

expression in tomato. The lack of nutritional and hormonal regulation in the

control of CDKC;1 expression suggests that CDKC gene expression in

tomato is not cell-cycle regulated (Joubes et al., 2001).

The dual control of climateric ripening by ethylene and

developmental regulation has been studied mostly in tomato fruits.

Developmental control of climateric ripening regulates a subset of genes

including members of the ACS and ACO multigene families, the NR

ethylene receptor and the ripening-induced E8 gene. This developmental

control also seems to be present in the rin and nor mutants, in which

ripening is not induced in response to ethylene but induction of some

ethylene-regulated genes is still functional (Giovannoni, 2001).

1.7 Objectives of this work

As noted above, in recent years considerable attention has been

directed toward elucidating the molecular basis of fruit ripening, however,

the biochemical, genetic, and molecular mechanisms that regulate fruit set

and the early stages of fruit development remain unclear. The main goal of

the work presented in this thesis was to analyze the onset of ovary

development into fruit (fruit set), the different stages of fruit development,
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and the gene expression patterns associated with the hormonal regulation

of these processes in both wild-type and the diageotropica (dgt) auxin-

resistant tomato mutant. The spontaneous, single gene dgt mutation results

in a highly pleiotropic phenotype that includes reduced gravitropic

response, hyponastic leaves, lack of lateral roots and abnormal vascular

development (Zobel 1973. 1974). Preliminary studies (Nebenfuhr,

unpublished) on fruit development in dgt plants growing under field

conditions showed differences in several fruit characteristics including fruit

weight and number of seeds. These preliminary observations gave us the

framework to initiate this project. Chapter 2 of this thesis demonstrates that

fruit development is profoundly affected by the dgt mutation, which provides

a very useful tool to analyze auxin regulation of fruit development.

Tomato provides an excellent model system to study fruit

development for the following reasons: 1) while there are several mutants of

the model plant Arabidopsis that present alterations in auxin biosynthesis or

response, the fact that Arabidopsis produces silique fruits makes it

unsuitable to study fleshy fruit development, 2) well-established genetics,

including a small genome, many cDNA and genomic libraries, a rapidly

growing sequence database, and the existence of numerous mutants, and

3) a relatively short-life-cycle and ease of growth and maintenance under

controlled conditions.

Four major objectives were pursued in this thesis:
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1. Physiological characterization of fruit development in dgt and wild-type

plants under controlled-growth conditions and comparison of dgt fruit

development between various genetic backgrounds.

2. Gene expression analysis of auxin and ethylene-regulated genes during

fruit development in dgtand wild-type plants.

3. Investigation of the mechanisms underlying the shift in fruit morphology

and size caused by the dgt mutation during early fruit development.

4. Analysis of the interactions between auxin and ethylene using a genetic

approach, that is, the construction of a double mutant between the auxin-

resistant dgt mutant and the ethylene-insensitive Never ripe (Nr) mutant.
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2.1 Abstract

Although fruit ripening is well understood, the regulation of early fruit

development remains unclear. Here, we report that early fruit development

is dramatically affected in the auxin-resistant diageotropica (dgt) mutant of

tomato (Lycopersicon esculentum Mill.). In addition to previously

characterized vegetative phenotypes, including reduced gravitropic

response, lack of lateral roots, and retarded vascular development, the

single gene dgt lesion results in reduced fruit weight, fruit set, number of

locules, and number of seeds, as wefl as delayed time to flowering, and

developmental time from anthesis to onset of fruit ripening. Ripening is

normal in dgt fruits and the dgt mutation appears to exclusively affect the

early stages of fruit development irrespective of allele or genetic

background. Relative quantification, via real-time RT-PCR, of the

expression patterns of the LeACS (1-aminocyclopropane-1-carboxylic acid

synthase) and LeIAA (Aux/IAA) multigene families in dgt and wild-type fruits

revealed that the dgt lesion affects only select members of either gene

family and that alterations occur exclusively during early fruit development.

The LeIAA gene family members affected by the dgt mutation in fruit are

different than those affected in hypocotyls, indicating that the DGT gene

product functions in a developmentally specific manner. This first analysis

of Aux/IAA gene expression in fruit, together with the observed differences
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in expression of both LeIAA and LeACS genes and alterations in dgt fruit

morphology and growth indicate that auxin and ethylene play important

roles in the early stages of fruit development in tomato.
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2.2 Introduction

While fruit development is of considerable economic and agricultural

importance in many crops, the underlying biochemical, genetic, and

molecular mechanisms that regulate the onset of ovary development into

fruit (fruit set) and the early stages of fruit development are still unclear

(Gillaspy et aL, 1993; Giovannoni, 2001). Fruit set and development are

usually triggered by signals from pollination and fertilization. Fertilization-

independent fruit set can occur either naturally in parthenocarpic fruits

(genetic parthenocarpy) or by induction via exogenous application of auxin

or gibberellins to flowers. Artificial induction via auxin has long been used to

study parthenocarpy in tomato (Gustafson, 1937). Interestingly, application

of auxin transport inhibitors that block export of auxins from the ovary also

stimulates the development of parthenocarpic fruits (Beyer and

Quebedeaux, 1974), an observation that is consistent with reports of higher

levels of auxins in ovaries of parthenocarpic tomato fruits (Mapelli et al.,

1978; Mapelli and Lombardi, 1982).

Auxins are also believed to be involved in cell expansion in fruit

tissues. During tomato fruit development, two peaks in auxin content have

been reported. The first peak occurs ten days after anthesis, coinciding with

the beginning of cell expansion. The second auxin peak appears later and

coincides with the final phase of embryo development (Gillaspy et al.,



32

1993). In non-parthenocarpic tomato varieties, the number of seeds is one

factor that regulates final fruit size (Varga and Bruinsma, 1986). Thus,

embryo-synthesized auxin could be the source for the second auxin peak

(Hocher et al., 1992). Accordingly, in parthenocarpic fruits, this second peak

is not detected and fruits are correspondingly smaller (Mapelli et al., 1978).

It is well established that auxin induces the expression of specific

genes, including the SAUR (small auxin .p-regulated ENA), GH3, and

AuxIIAA gene families (Guilfoyle, 1998). The Aux/IAA genes constitute a

family of early-auxin-response genes (Abel and Theologis, 1996) encoding

proteins that contain nuclear localization signals and have short half-lives

(Abel et al., 1994; Oeller and Theologis, 1995). These characteristics, plus

the ability of the Aux/IAA proteins to form homo- and heterodimers between

family members and heterodimers with DNA-binding auxin response factors

(AREs), support their role as regulators of auxin responses (for review, see

Reed, 2001). In Arabidopsis, 29 Aux/!AA genes have been identified (Reed,

2001), some of which show differences in gene expression kinetics, tissue

specificity and responsiveness to auxin induction (Abel et al., 1995; Abel

and Theologis, 1996; Kim et al., 1997). Nine of these genes have been

clearly linked with mutant phenotypes whose characterization has provided

functional evidence of the importance of Aux/IAA genes as regulators of

various auxin responses: SHY2'IAA3 (Reed et al., 1998; Tian and Reed,

1999), AXR3IIAAI7(Leyser et al., 1996; Rouse et al., 1998), MSG2/IA419
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(Reed, 2001), 1AA28 (Rogg et al., 2001), SLRI/IAAI4 (Reed, 2001),

AXR2/IAA7 (Timpte et al., 1992; Nagpal et al., 2000), IAAI2 (Hamann et

al., 1999; Reed, 2001), IAAI8 (Reed, 2001) and SHYI/IAA6 (Kim et al.,

1996; Reed, 2001).

Several Aux/IAA Arabidopsis mutants also exhibit reproductive

alterations as part of their phenotypes. The axr2-1 mutant has short

inflorescences due to reduced cell length and number (Timpte et aL, 1992),

whereas axr3 plants form a single unbranched inflorescence that is shorter

than wild-type, due to reduced internode number (Leyser et al., 1996). The

axr3 mutant also exhibits reduced seed set compared to wild-type plants

(Leyser et al., 1996). Similarly, the iaa28-1 mutant has a lower seed yield,

smaller siliques, and shorter inflorescence internodes (Rogg et al., 2001)

while shy2-2 mutants flower early (Reed et al., 1998). In tomato, eleven

members of the AuxIIAA gene family have been identified, but their

expression pattern has only been analyzed in vegetative tissues (NebenfUhr

et al., 2000). It remains unclear whether any of these genes influence

tomato fruit development.

The involvement of ethylene in the ripening stage of tomato fruit is

well documented (Olson et al., 1991; Rottmann etal., 1991; Yip etal., 1992;

Lincoln et al., 1993). However, the importance of ethylene in regulating

early stages of tomato fruit growth has only recently been examined

(Nakatsuka et at., 1998; Barry et al., 2000). The enzyme ACC synthase
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(ACS) catalyzes the first regulatory step in the ethylene biosynthesis

pathway, conversion of S-adenosyl-L-Met into 1 -aminocyclopropane- 1-

carboxylic acid (ACC), while ACC oxidase (ACO) catalyzes the final step,

conversion of ACC into ethylene (Yang and Hoffman, 1984; Kende, 1993).

Both enzymes are encoded by multigene families (Fluhr and Mattoo, 1996).

The eight ACS genes that have been identified and characterized in tomato,

have differences in their tissue-specific expression patterns, developmental

control, and kinetics of ethylene induction (Van der Straeten et al., 1990;

Spanuetal., 1993; Terai, 1993; Olson etal., 1991; Rottmannetal., 1991;

Yip et aL, 1992; Lincoln, et al., 1993; Olson et al., 1995; Oetiker at aL, 1997;

Nakatsuka et al., 1998; Shiu et al., 1998).

In this study, we used the auxin-resistant diageotropica (dgt) mutant

of tomato to further investigate the role of auxin and ethylene in fruit

development. Three independent, apparently recessive alleles of dgt result

in the same pleiotropic phenotype that includes: reduced apical dominance

and gravitropic response, hyponastic leaves, retarded vascular

development, high levels of anthocyanin and chlorophyll, and lack of lateral

roots (Zobel, 1973, 1974). Although endogenous levels of IAA are the same

in both dgt and wild-type shoot apices (Fujino et al., 1988), dgt shoot

segments are insensitive to exogenously-applied auxin with respect to

hypocotyl elongation and ethylene production (Kelly and Bradford, 1986).

Roots of the dgt mutant are more resistant to growth inhibition by
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exogenously-applied IAA, auxin transport inhibitors and ethylene (Muday et

al., 1995). Very low ethylene concentrations can restore the reduced

gravitropic response of dgt to wild-type levels but not with wild-type kinetics

(Madlung et al., 1999).

In hypocotyls, the dgt mutation reduces auxin-induced expression of

a subset of auxin-regulated genes such as LeSAUR and LeIAA5, 8, 10, and

11, members of the tomato Aux/IAA gene family. However, the dgt mutation

has no effect on the expression of other auxin-inducible genes such as

Lepar and several other members of the LeIAA gene family (Mito and

Bennett, 1995; Nebenführetal., 2000). The expression of two ACC-

synthase (LeA CS) gene family members is also reduced in response to

applied auxin in dgt, but not in wild-type seedlings (Coenen, 1996). The

means by which subsets of auxin-regulated genes are affected by the dgt

mutation has not yet been determined.

Taken together, these studies support the suitability of the dgt

tomato mutant as a tool for studying auxin signal transduction. While the

pleiotropic effects of the dgt mutation on a variety of auxin responses have

been studied during vegetative development, no analyses on reproductive

development in dgt have been carried out. Here, we document profound

differences in fruit development in dgt versus wild-type plants. The

expression of a subset of the LeACS and LeIAA gene family members is

also altered by the dgt lesion. The observed changes are specific to early
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fruit development and different from those observed in vegetative tissues,

indicating developmental specificity in the regulation of members of these

gene families by the DGT gene product.

2.3 Results

2.3.1 The dat mutation affects fruit size and internal anatomy of
tomato fruit

We investigated the effects of the dgt mutation on fruit development

using three different dgt alleles (dgt 11, dgt 1-2 and dgt dp) in four different

isogenic and near-isogenic backgrounds, to evaluate the range of possible

backg round-specific effects on dgt-controlled phenotypic characteristics.

The dgt mutation affects the size, weight, and internal anatomy of tomato

fruit. Fruit size is clearly reduced in dgt plants irrespective of genetic

background (Figure 2.1). Fruit weight, number of locules, and number of

seeds per fruit varied for each genetic background but with few exceptions,

these characteristics were significantly reduced by the dgt mutation in each

genetic background, in both greenhouse and growth chamber experiments

(Table 2.1). The largest difference between dgt and wild-type fruits was in
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Figure 2.1: The dgt mutation affects fruit characteristics irrespective of
genetic background. Top: ripe wild-type tomato fruits (AC, Alisa Craig).
Bottom: ripe dgt tomato fruits in corresponding genetic backgrounds. Fruits
were obtained from the greenhouse experiment.



AC VF36 Chatham VFN8

dgt11IAC dgt12/VF36 dgtiChatham dgt11NFN8
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number of seeds per fruit, followed by fruit weight and then by number of

locules per fruit. The dgt mutation had less of an effect on all of these

characteristics when plants were grown in growth chambers. The largest

differences between greenhouse and growth chamber results were

observed for the number of seeds per fruit, while the smallest differences

were in fruit weight (Table 2.1).

Relative growth rate is also significantly lower in dgt versus wild-type

fruits. For example, in wild-type VFN8 fruit, the relative growth rate was

0.10 cm/d while the dgt 1-1NFN8 relative fruit growth rate was 0.04 cm/d

(P=0.05; data not shown). Fruit set was also dramatically decreased by the

dgt mutation, with 70% to 93% reduction under greenhouse conditions and

11% to 64% reduction in plants grown in growth chambers (data not

shown).

2.3.2 Mutation of the Dat gene delays the onset of fruit development

In addition to affecting fruit characteristics, the dgt lesion delays the

onset of reproductive development, measured as the number of days from

planting to anthesis, from 35 to 70 days under greenhouse conditions and

from 23 to 49 days in growth chambers, depending on the allele and parent

line tested. Figure 2.2 shows a representative developmental time course



Table 2.1. The dgt mutation affects fruit size and internal anatomy of tomato fruit
Effect of the dgt mutation on fruit weight and internal anatomy of tomato fruits. Mean fruit weight, locules, and
seed numbers were measured at ripening in both greenhouse and growth chamber experiments from at least
30 fruits. Values within a column followed by the same letter are not significantly different at the P=0.05 level by
Tukey's Studentized Range (HSD) test.

Genotype Fruit weight (g) # Locules per fruit # Seeds per fruit
Greenhouse Growth Chamber Greenhouse Growth Chamber Greenhouse Growth Chamber

AC 32.6 bc 47.5 c 2.1 Cd 2.1 d 82.5 a 128 a
dgt 1/AC 6.2 d 23.0 de 1.1 e 2.0 d 13.2 cd 61.9 df

VFN8 38.2 b 69.8 b 4.9 b 5.6 b 70.5 ba 96.6 bc
dgt 11NFN8 9.8 d 23.3 de 1.3 ed 3.5 c 14.6 cd 62.5 ef

VF36 64.9 a 99.3 a 7.3 a 7.1 a 48.6 bc 101.9 b
dgt 12NF36 22.2 c 44.4 cd 3.1 cd 5.1 b 27.4 Cd 82.4 bf

Chatham 28.8 c 29.3 ce 4.5 b 5.0 b 72.3 ba 93.1 bde
dgt dP/Chatham 8.4 d 20.7 e 2.7 cd 3.7 c 23.0 Cd 75.2 cef

0
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for dgt 11NFN8 and the wild-type isogenic parent line, VFN8. The number

of internodes produced before flowering is also increased in the dgt mutant.

For example, dgt 11NFN8 produced eight more internodes before flowering

than did wild-type VFN8 plants in the greenhouse experiment (data not

shown). Similar results were seen with the other dgt alleles and genetic

backgrounds.

The time necessary for fruits to progress from anthesis to breaker

stage, the first appearance of orange color at the blossom end of fruit, was

also dramatically increased in all dgt mutant alleles under greenhouse

conditions. For example, dgt 11NFN8 required 83 more days to develop

from anthesis to breaker than wild-type VFN8. When grown in growth

chambers the time from anthesis to breaker was similar between wild-type

and corresponding dgt fruits. The time from breaker to red ripe was not

significantly changed by the dgt lesion for any mutant allele background

comparison in either condition tested (Figure 2.2 and data not shown).

2.3.3 Ethylene evolution during dgt and wild-type fruit development

To test whether the dgt mutation affects ethylene production, the rate

of ethylene evolution was measured in mutant and wild-type fruits at several

stages of development. In all cases, ethylene production was very low in

the preclimateric fruit and increased at the onset of ripening, reaching a
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Figure 2.2: The dgt mutation delays the onset of reproductive development
and reduces fruit size. Fruit diameters were measured three times per week
from the time of fruit set until ripeness and increases were plotted against
time from planting to ripeness. Values represent means of at least 6 fruits.
Diameters at anthesis (A), breaker (B) and ripening (R) are shown. Symbols
are as follows:

VFN8, greenhouse; 0-- VFN8, growth chamber
-*- dgt 11NFN8, greenhouse; --0- dgt 11NFN8, growth chamber



4
E
C.)

1:

Time (days)

Figure 2.2

43



44

peak at the orange stage and declining slightly later. Although minor

differences were observed at certain stages, no clear pattern of differential

ethylene production between mutant and wild-type fruits was found in the

four genetic backgrounds at any stage of fruit growth or ripening (Table

2.2).

2.3.4 Differential expression of ACC synthase genes during fruit
development in wild-type and dgt tomato plants

To investigate whether the dgt mutation affects the expression of

ethylene-responsive genes during fruit development, relative RNA

expression patterns were determined using real-time RT-PCR for each

LeA CS gene family member in dgt and wild-type tomato fruits. Transcript

levels of LeACS genes were normalized to transcript levels of RPL2

(ribosomal protein large subunit 2; Fleming et aL, 1993), to allow

quantification of gene expression relative to an endogenous control.

Specific primers for each LeA CS gene and for the RPL2 internal control are

presented in Table 2.3.

Among the eight members of the LeA CS gene family, transcripts

from LeA CS 2, 4, and 6 were detected in both wild-type and dgt fruits

(Figure 2.3A, B, and C). LeA CS7 mRNA was detected in wild-type fruits at

the 15 days post anthesis (DPA) and immature green stages, but was not

detected in dgt fruits (Figure 2.3D). Interestingly, LeA CS7 transcripts were
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Tab'e 2.2. Ethylene evolution during dgt and wild-type fruit development
Ethylene production from fruits of dgt and wild-type tomato fruits during
development. Fruits were harvested at the following stages: immature green
(IG), mature green (MG), breaker (B), orange (0),red (R), and full ripe (FR),
based on the observations described in Materials and Methods. Values are
expressed in nL/g/h (± SE of the mean, n = 4-12 fruits).

Genotype Fruit stages
IG MG B 0 R FR

AC 0.11±0.26 2.99±1.78 3.44±0.83 5.12±1.70 4.63±2.99 0.89±0.53
dgt 11/AC 0 2.74 ± 0.42 7.56 ± 2.90 9.38 ± 4.27 2.03 ± 0.82 0.97 ± 0.29

VFN8 0 2.25±0.62 5.21 ±2.62 2.96 ±1.75 4.09±2.94 3.71 ±2.46
dgt 11NFN8 0.18±0.21 1.32±0.91 5.74±2.49 11.06±2.61 2.71 ±1.47 5.90±2.90

VF36 0 0.46±o.og 3.68±0.32 6.79±2.40 6.11 ±1.39 2.50±1.70
dgt 12NF36 0.04 ±0.09 4.30±2.10 4.24± 1.13 8.77 ±2.58 5.90± 1.70 1.17 ±0.11

Chatham 0 0.37±0.17 9.64±3.43 11.96±0.55 3.24±0.99 1.29±0.31
dgt dplchathamoo7±o18 1.60±0.6 12.1 ±3.6 12.22±2.9 12.29±4.76 6.00±1.70



Table 2.3. Sets of real-time PCR primers used to amplify gene-specific regions

Gene Primer sequence (5' -* 3') Gene Primer sequence (5' 3')

LeACSIA LeACS7
sense AGTATGCGATGAAATCTATGCTGCTA sense TCTGGCACTGTTTTTAACTCACCTAA
antisense TCTGAATCCTGGAAATCCCAAG antisense GGCACCAACTCGAAATCCTG

LeACS1B Le!AA2
sense TTCTTGACAAGGACACGCTACG sense AAGCGAGCTATGTTAAAGTGAGCA
antisense ATTCAATCATCTCCTCAACCATTTC antisense CCGTTGTATCCATCTGTTTCTGAA

LeACS2 LeIAA8
sense CTACGCAGCCACTGTCTTTGAC sense CAAATACGTGAAGGTAGCAGTTGAC
antisense TGATTCCGACTCTAAATCCTGGTAA antisense ACACCATTTGTAAGGTCCATAAGCT

LeACS3 Le!AAIO
sense CCAGGCCTCGTTAGTGTCATG sense GACTTCTCAAAAGCTTGATCGAGAG
antisense ATCTCATCGTTGGAATAGATTGCA antisense TGAAATCTTTCATTCCTTGGACAA

LeACS4 LeIAAII
sense TTGCGACGAAATATATGCTGCT sense AAAGAACAGTTTTAACGGACGTGAA
antisense CACTCGAAATCCTGGAAAACCT antisense GACTTATCTGCATCCTCCAATGCT

LeACS5 RPL2
sense CACAGTATTCGATTGGCCAAAAT sense CAGCGGATGTCGTGCTATGAT
antisense AAATCATGCCAACTCTGAAACCTG antisense GGGATGCTCCACTGGATTCA

LeA CS6
sense TATGCAGCAACCGCGTTTAGT
antisense TGTACGAGTAAATAATCCCAACCCTAA

.

0)
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also present in wild-type hypocotyls but not detected in dgt hypocotyls (data

not shown). LeACSIB, 3, and 5 transcripts were detected at the immature

green stage in both wild-type and dgt fruits only when higher concentrations

of template were used (0.25 jig/pt vs. 0.025 pg4tL; data not shown),

indicating that transcripts from these genes occur at lower abundance than

LeACS2, 4, and 6 transcripts in tomato fruits. The LeACSIA gene was

expressed in wild-type fruits at low relative levels in all developmental

stages evaluated. In dgt fruits, transcripts of this gene were detected only at

the mature green and orange stages, where their relative levels were

comparable to those found in the wild-type (data not shown).

In our study, LeACS2 and 4 exhibited the well-documented ripening-

related pattern of expression (Olson et aL, 1991; Rottmann et al., 1991, Yip

et al., 1992; Lincoln et al., 1993). Transcripts of these genes were not

detected in preclimateric stages of fruit development (I5DPA, immature and

mature green), increased from the breaker to the orange stage and started

to decline thereafter (Figure 2.3A and B). In dgt fruits, LeA CS2 and 4

showed the same pattern of expression as in wild-type fruits and relative

transcript levels were not significantly different from wild-type. In contrast,

the LeA CS6 gene was expressed at 15 DPA, immature green, and mature

green stages in wild-type fruits, however no transcripts for this gene were

detected during ripening (Figure 2.3C). In dgt fruits, LeACS6 was

expressed at 15 DPA and immature green stages, with a 5-fold higher



Figure 2.3: Differential expression of LeACS genes during fruit
development in wild-type and dgt plants. Fruits of both dgt (dotted lines)
and wild-type (solid tines) were harvested at the following stages: 15 days
post-anthesis (15 DPA), immature green (IG), mature green (MG), breaker
(B), orange (0), and red (R). Expression levels of LeACS transcripts
relative to RPL2 were measured via real-time PCR as described in
Materials and Methods. A. Relative expression level of LeA CS2 to RPL2. B.
Relative expression level of LeA CS4 to RPL2. C. Relative expression level
of LeACS6 to RPL2. D. Relative expression level of LeA CS7 to RPL2. Note
different scales.
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relative expression level at 15 DPA compared to wild-type fruits (Figure

2.3C). The LeACS6 gene was expressed at lower relative levels than

LeACS2 and 4 in wild-type fruits (Figure 2.3A, Band C), whereas in dgt, the

relative expression levels of LeACS6 at 15 DPA are comparable with those

of LeACS4 in the orange stage (Figure 2.3B and C).

2.3.5 Differential expression of members of the LeIAA gene family
during fruit development in wild-type and dgt tomato plants

In order to determine whether developmental specificity in the

expression of the LeIAA genes in fruits differs from expression patterns

previously reported in seedlings (Nebenfuhr et al., 2000), we analyzed

endogenous expression of LeIAA genes in wild-type and dgt fruits.

Whereas LeIAAI, 3, 4, 6, and 8 are constitutively expressed in all five fruit

developmental stages, LeIAA2, 10, and 11 transcripts are only present at

the immature green stage of tomato development and LeIAA5 was present

specifically at the immature green and orange developmental stages

(Figure 2.4).

We chose to further investigate the endogenous expression of a

subset of differentially expressed LeIAA genes during fruit development.

Relative expression levels of LeIAA2, 8, 10, and 11 were measured using

real-time quantitative RT-PCR, with RPL2 as the internal control for

normalization (Table 2.3). Transcripts from LeIAA2, 10, and 11 were
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Figure 2.4: Differential expression of members of the LeIAA gene family
during fruit development in wild-type and dgt plants. Fruits were harvested
at the following stages: immature green (IG), mature green (MG), breaker
(B), orange (0), and red (R). A. Gene expression was analyzed by RT-
PCR. 2.5 jig of total RNA was used in the RT reaction in a final volume of
20 jit. The generated cDNAs were subsequently used in a 25 jil PCR
reaction in the presence of specific primers for each LeIAA gene as well as
the RPL2 control. The RT-PCR products were separated on a 1.5 % (w/v)
agarose gel stained with ethidium bromide. A representative experiment is
shown. B. Presence (+) or absence (-) of LeIAA transcripts at different
stages of fruit development in wild-type and dgt tomatoes. Data was
obtained as described for panel A. No cDNA clone has been isolated for
LeIAA7. Le/AA9 exhibited very low and erratic expression levels,
precluding accurate analysis.
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Figure 2.5: Differential expression of four members of the LeIAA gene
family during fruit development in wild-type and dgt plants. Fruits of both dgt
(dotted lines) and wild-type (solid lines) were harvested at the same stages
as those in Figure 3. Expression levels of LeIAA transcripts relative to RPL2
were measured via real-time PCR as described in Materials and Methods.
A. Relative expression level of LeIAA2 to RPL2. B. Relative expression
level of LeIAA8 to RPL2. C. Relative expression level of LeIAAIO to RPL2.
D. Relative expression level of LeIAAI Ito RPL2. Note different scales.
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detected in both wild-type and dgt fruits only at the 15 DPA and immature

green stages (Figure 2.5A, C and D). In contrast, LeIAA8 was constitutively

expressed in both wild-type and dgt fruits throughout all developmental

stages evaluated (Figure 2.5B). Interestingly, while there were no significant

differences in the relative expression levels of LeIAAIO and 11 between dgt

and wild-type fruits, dgt fruits contained considerably higher levels of

LeIAA2 transcript at the 15 DPA stage compared to wild-type (Figure 2.5A,

C, and D). Similarly, relative transcript levels of LeIAA8 were higher in dgt

than in wild-type fruits during several stages of fruit development, most

notably at the early stages (Figure 2.5B).

2.4 Discussion

Although the auxin-resistant dgt mutant has previously been reported

to exhibit normal reproductive behavior (Fujino et al., 1988; Ludford, 1995),

we found that the dgt lesion dramatically reduces fruit size (Fig. 2.1), fruit

weight, number of locules, number of seeds (Table 2.1) and fruit set (data

not shown), irrespective of genetic background or mutant allele.

Final fruit size results from the number of cells within the ovary

before fertilization, the number of seeds, the number of cell divisions that

occur in the developing fruit following fertilization, and the extent of cell

expansion (Gillaspy et al., 1993). Classical (Houghtaling, 1935; Yeager,
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1937; MacArthur and Butler, 1938), as well as recent studies (Lippman and

Tanksley, 2001), have shown that locule number is also positively

correlated with final fruit weight in tomato. The involvement of all these

factors in determining final fruit size clearly indicates the complexity of this

phenomenon. The reduction in fruit weight in dgt between 29 % and 81%

(depending on the allele and parent line tested as well as the growing

conditions, i.e. greenhouse versus growth chamber; Table 2.1) may be

explained in part by the reduced number of seeds. Seed number has been

proposed to enhance fruit growth by controlling cell division in the

surrounding tissue (Varga and Bruinsma, 1986).

Relative fruit growth rate, measured from the time of fruit set (roughly

defined as the point at which the ovary diameter triples from that at

anthesis) until the breaker stage, was significantly lower in dgt fruits.

Because cell division in tomato ovaries reportedly occurs for only 7 to 10

days after fertilization (Mapelli et al., 1978; Varga and Bruinsma, 1986), and

most cell expansion has stopped at the breaker stage, this measured period

roughly corresponds to the cell expansion phase of fruit development. The

lower relative fruit growth rate found in dgt fruits suggests that reduced cell

expansion also plays a role in the smaller final size of dgt fruits.

Fruit set was also greatly reduced by the dgt mutation. Auxins have

been implicated as part of the signal transduction pathway that controls fruit

set in tomato (Gillaspy et al., 1993). Comparative studies of the auxin
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responsiveness of dgt fruits were not performed here, therefore dgt effects

on fruit set cannot be directly tied to auxin. However, the reduced fruit set

aspect of the reproductive phenotype of the dgt mutant may provide a

valuable tool for elucidating the mechanisms underlying this phenomenon in

the future.

Time to flowering, measured by the number of internodes produced

before the reproductive switch and by the number of days from planting to

anthesis, was significantly longer in dgt plants (Figure 2.2). As already

mentioned, several Arabidopsis Aux/IAA mutants exhibit reproductive

phenotypes as part of their related but distinct pleiotropic phenotypes,

however, only the shy2-2 mutant, which exhibits early flowering, has been

reported to affect developmental time (Tian and Reed, 1999).

In addition to the time to flowering, the dgt lesion affects the

developmental timing of the early stages of fruit growth. While the

developmental time required for fruits to progress from anthesis to breaker

was dramatically increased by the dgt mutation under greenhouse

conditions, it was comparable to wild-type under more controlled growth

chamber conditions (Figure 2.2). Taken together with the effects of growth

conditions on fruit weight, number of locules and seeds (Table 2.1), these

results indicate that reproductive development is more environmentally

plastic in dgt plants. The average temperature varied between the

greenhouse (28.2 °C ± 3 °C during the day and 15 °C ± 2.3 °C during the



night, with a diurnal temperature range over the growing season between

23.3 °C and 37.7 °C) and the growth chambers (25 °C ± 1.5 °C during the

day and 15°C ± 1.5°C at night). However, it is also possible that

differences in humidity, light levels, photoperiod and/or CO2 levels are

related to the increased environmental plasticity of reproductive

development in dgt. Detailed measurements of water potential,

photosynthesis, and leaf area were outside the scope of this study, but will

be needed to more exactly identify the environmental conditions that

influence the plasticity of the dgt reproductive phenotype.

Induction of ethylene synthesis via auxin has been reported (Yang

and Hoffman, 1984; Yip et al., 1992). Measurements of the rate of ethylene

production (Table 2.2) and analysis of the relative expression patterns of

LeACS genes (Figure 2.3) allowed us to test the effects of the dgt mutation

on ethylene production during fruit development. No clear pattern of

differential behavior in total ethylene evolution between dgt and wild-type

fruits was found, which is consistent with the lack of significant change in

developmental time from breaker to ripening in mutant versus wild-type

fruits (Figure 2.2). However, it remains possible that more subtle differences

in isoform-specific ethylene evolution were involved in altered early fruit

development in the dgt mutant.

Two systems have been proposed to explain the regulation of

ethylene during plant development (for review, see Lelievre et al., 1997).
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System I provides for the basal level of ethylene present in vegetative

tissues, preclimateric, and non-climateric fruits, while system 2 is

responsible for the high level of ethylene production associated with

ripening of climateric fruits and flower senescence (Oetiker and Yang,

1995). Specific members of the LeACS and LeACO gene families have

been proposed to regulate the transition from system I to system 2

ethylene production (Nakatsuka et al., 1998; Barry et al., 2000). Based on

their gene expression patterns, as well as their regulation by ethylene,

LeACS2 and 4 are proposed to mediate system 2 ethylene production,

whereas LeACSIA and 6 function in system I in green fruit and vegetative

tissue (Nakatsuka et al., 1998; Barry et al., 2000).

In order to investigate whether either system I or 2 is altered by the

dgt mutation, we measured the expression levels of all known LeACS gene

family members relative to RPL2 from six developmental stages in both dgt

and wild-type fruits using real-time RT-PCR (Figure 2.3). Real-time PCR is

both highly sensitive and highly specific, important factors when analyzing

the often low expression levels associated with the expression pattern of

individual members of large gene families (Freeman et al., 1999). Our

results generally agree with previous studies with respect to transcript

occurrence, however, more subtle variations were observed via this more

sensitive assay. Transcripts of LeACSIB, 3, and 5 were only detected when

higher concentrations of template were used, and thus may represent lower



abundance transcripts (data not shown). Previous studies were not able to

detect expression of LeACSIB, LeACS5 (Nakatsuka et al., 1998; Barry et

al., 2000), and LeACS7 (Barry et al., 2000) in fruits, while transcripts of

LeACS3 were only detected in one study (Nakatsuka et al., 1998). These

discrepancies likely result from the different techniques used to analyze

gene expression (real-time RT-PCR in our case versus ribonuclease

protection assays and northern blot analysis), which differ in sensitivity and

specificity.

Expression of LeACS2 and 4 was not detected in either wild-type or

dgt fruits at the preclimateric stages, but increased equally in both

genotypes with the onset of ripening (Figure 2.3A and B), indicating that

system 2 is intact in mutant fruits and agreeing with our observations that

ripening is unaffected by the dgt lesion. In contrast, LeA CS6 is expressed

only in early fruit development in both dgt and wild-type, a pattern that has

been linked to the regulation of system I ethylene synthesis in tomato fruit

(Nakatsuka et al., 1998; Barry et al., 2000). Transcript levels of LeACS6

were 4-to 5-fold higher in dgt versus wild-type fruits at 15 DPA (Figure 2.3-

C). Interestingly, expression of the LeACS6 gene is subjected to negative

feedback regulation by ethylene (Nakatsuka et al., 1998; Barry et al., 2000).

The greatly increased relative expression level of LeACS6 in dgt at 15 DPA

suggests that alterations in early fruit development may result, at least in

part, from changes in system I ethylene production at that stage. The
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LeA CSIA gene was expressed in wild-type fruits, in all the developmental

stages evaluated. In dgt fruits, transcripts of this gene were detectable only

at certain stages of fruit development. However, the very low relative levels

of LeA CSIA transcript found in dgt fruits preclude definitive conclusions

regarding the effect of dgt on LeACSIA expression (data not shown).

The LeACS7 gene, which has not previously been associated with

system 1, is also expressed early in fruit development, at the 15 DPA and

immature green stages. However, in this case no transcript was detected in

dgt fruits at any stage (Figure 2.3D). LeACS7 expression was also not

detected in dgt hypocotyls but was present in wild-type hypocotyls (data not

shown). LeACS7 has been reported to play an early and transient role

during flooding and wounding responses (Shiu et al., 1998), however, the

significance of LeACS7 in fruit development is not known. It has been

reported in hypocotyls that the accumulation of mRNAs from the auxin-

inducible LeACS3 and 5 genes requires a wild-type Dgt gene (Coenen,

1996). It may be that intact Dgt expression is also necessary for the

expression of LeACS7 and that the LeACS7 gene product is also involved

in system I regulation of early fruit development.

Since the dgt mutation does not affect overall auxin metabolism or

transport and does not abolish auxin responsiveness completely (Muday et

al., 1995; Rice and Lomax, 2000), it has been proposed that the dgt

mutation disrupts a specific step during early auxin signal transduction
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(Nebenfuhr et al., 2000). In hypocotyls, the dgt lesion specifically disrupts

expression of a subset of AuxIIAA gene family members (LeIAA5, 8, 10,

and 11) while not affecting others (e.g. LeIAAI, 2, and 3). The

developmental specificity of LeIAA gene expression in fruits differs from the

expression pattern previously found in seedlings (Figure 2.4, 2.5 and 2.6).

For example, while LeIAA2 and LeIAAIO are constitutively expressed in

seedlings (Nebenfuhr et al., 2000), both genes are only expressed at the

immature green stage in fruits (Figure 2.4). This finding suggests that

specific LeIAA family members play different functional roles during fruit

development versus seedling growth. Interestingly, all LeIAA genes

measured are expressed at the immature green stage of fruit development

(Figure 2.4). This result may indicate that participation of all LeIAA gene

members is required during the immature green stage of tomato fruit

development when cell expansion is the primary process driving fruit growth

(Gillaspy et al., 1993).

A more detailed analysis via real-time RT-PCR of the relative

expression levels of a subset of LeIAA genes differing in their endogenous

expression patterns during fruit development (Figure 2.4), as well as in the

effects of the Dgt gene product on their auxin-regulation in seedlings

(Nebenfuhr et al., 2000), revealed higher expression of LeIAA2 and LeIAA8

in dgt at early stages of fruit development compared with wild-type fruits

(Figure 2.5, A and B). In contrast, expression of LeIAAIO and 11 was
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similar in wild-type and dgt fruits (Figure 2.5, C and D). This is the opposite

result from that previously found in hypocotyls, where the dgt mutation

reduced transcript levels of LeIAAIO and 11 but had no effect on LeIAA2

and 8 (Nebenführ et aL, 2000). Thus, in different tissues and/or during

distinct developmental processes, the Dgt gene product regulates different

members of the LeIAA gene family. The differences in expression between

fruits (this study) and seedlings (Nebenfuhr et al., 2000) indicate either

different functional roles for the AuxIJAA genes in regulating fruit and

seedling development or different roles of Dgt in these processes (Figure

2.6). The dgt mutation does not seem to affect developmental specificity of

LeIAA genes in terms of transcript occurrence but rather in terms of relative

levels of expression.

Aux//AA-mediated negative feedback has been proposed to allow

tight regulation between auxin abundance and target gene expression in

different cells (Reed, 2001), thus mediating tissue-specific responses to

auxin during plant development. The dgt lesion may disrupt the function of

AuxIIAA genes early in signal transduction and alter their role as tissue-

specific mediators during the regulation of various developmental

processes. This hypothesis could explain the highly plelotropic phenotype

of the dgt mutant. In this context, if the intact Dgt gene product functions as

a negative regulator in wild-type fruit tissues, LeIAA2 and 8 (Figure 2.5A

and B) would be up-regulated in dgt fruits, whereas LeIAAIO and 11 (Figure
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Figure 2.6: Diagram of gene expression of members of the LeIAA and
LeACS gene families in tomato seedlings and fruits. Note the differential
developmental specificity in the expression of members of the LeIAA gene
family during hypocotyl elongation and fruit development in wild-type and
dgt plants.
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2.5C and D) would be regulated during fruit development by a DGT-

independent pathway.

The results presented here clearly demonstrate profound differences

in the early stages of fruit development between the auxin-resistant tomato

mutant diageotropica and wild-type plants. To our knowledge, this study

provides the first analysis of Aux/IAA gene expression in fruit as well as the

first comparison between the gene expression patterns of the LeIAA and

LeA CS gene families during fruit development. The expression of specific

members of the LeIAA and LeACS gene families is altered in the dgt

mutant, and thus may be involved in the generation of the dgt reproductive

phenotype, possibly as downstream targets of Dgt.

In addition, the correlations between alterations in expression of

specific Le1AA and LeA CS gene family members and differences in dgt and

wild-type reproductive development indicate that auxin responsiveness and

ethylene biosynthesis play significant roles in early fruit development and

demonstrate the importance of the early stages of ovary/fruit development

as determinants of the final fruit characteristics in tomato. Further studies

should elucidate the complex mechanisms that regulate final fruit size and

morphology in tomato. It will be particularly interesting to determine whether

dgt reproductive characteristics are determined pIe- or post anthesis, as

well as the relative importance of cell number and size in determining final

fruit size.



2.5 Materials and Methods

2.5.1 Plant material

Four varieties of wild-type tomato (Lycopersicon esculentum Mill.),

Alisa Craig (AC), Chatham, VFN8, and VF36, as well as three alleles of the

dgt (diageotropica) mutation were tested under greenhouse and growth

chamber conditions in facilities at Oregon State University. The mutant

alleles used in this study were dgt 1-1, a spontaneous mutation in VFN8 (the

isogenic parent) that was extensively backcrossed into AC (a near-isogenic

parent), dgt 1-2, an EMS-induced mutation in VF36 (the isogenic parent),

and dgt dP (formerly called droopy, Jones and Jones, 1996), an X-ray-

induced mutation in Chatham (the isogenic parent).

2.5.2 Growth conditions and phenotvpic measurements

For the greenhouse experiment, ten plants of each mutant and

corresponding parent were transplanted two weeks after germination and

grown under greenhouse conditions with supplemental lighting (14 h light,

10 h dark). Greenhouse temperature was set at 25°C during the day and

16°C at night. For the growth chamber experiment, four plants of each line

to growth chambers four weeks after germination. One

67



plant of each mutant and its corresponding parent were placed in each of

four identical growth chambers. An additional mutant/parent pair was

assigned to each chamber to test for chamber-variety interactions. Light

was supplied by a 1000 W metal-halide in each chamber; photon flux

densities averaged 400 jtmol m2 s". Plants in the growth chambers were

subjected to the same daylength and fertilizing conditions as used in the

greenhouse experiment. Air temperatures were set at 25°C during the day

and 15°C at night. Plants were watered twice daily with drip irrigation heads

placed in each pot.

Individual flowers were tagged on the day of anthesis (flower

opening) and dates from anthesis to breaker and ripening were recorded for

each tagged flower. Additionally, the anthesis date of the first flower on

each plant, breaker dates, and ripening dates were recorded for at least five

fruits from each plant for all varieties. Ripe fruits were individually analyzed

with respect to fruit weight, number of locules and number of seeds. The

total number of flowers and fruits per plant were recorded at biweekly

intervals in order to identify peak flowering times and to calculate percent

fruit set (number of fruits/number of flowers). In the greenhouse experiment,

fruit diameter measurements were taken three times per week (ca. six fruits

per plant) from the time of fruit set (roughly defined as when the ovary

triples its diameter compared with the diameter at anthesis) until the

breaker stage to allow the calculation of relative growth rate (diameter at



breaker - diameter at fruit set/number of days from fruit set to breaker).

Finally, the number of internodes to first flower was recorded for each plant

in both experiments.

2.5.3 Ethylene evolution measurements

Measurements of ethylene evolution in dgt and wild-type fruits were

performed using a gas chromatograph (model GC-14A, Shimadzu, Kyoto,

Japan) equipped with a flame-ionization detector and a Poropak Q column

(Waters, Milford, MA). Measurements were taken from growth chamber-

grown fruits harvested at the following stages: immature green (IG, about 2

to 3 weeks after flowering), mature green (MG, pale-green color in fruit

surface), breaker (B), orange (0), ripe (R, red color and firm texture) and

full ripe (FR, red color and soft texture). At least four fruits from each variety

and developmental stage were used. Fruits were harvested and maintained

in open I 35mL containers for one hour to reduce the effect of wound

ethylene production caused by harvesting. The containers were then sealed

with air-tight serum stoppers (Fisher Scientific, Pittsburgh, PA) and allowed

uilibrate for one hour. A lmL headspace sample was withdrawn from

rtight container using a lmL gas tight syringe (Hamilton Co., Reno,

md injected into the gas chromatograph.

IJ
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2.5.4 RNA extraction, reverse transcription and RT-PCR

Total RNA was extracted from fruits at six developmental stages 15

days post-anthesis (15 DPA), IG, MG, B, 0 and R - using a hot phenol

method (Verwoerd et al., 1989). After extraction, RNA samples were treated

with DNase (RQ1, Promega, Madison, WI). Complementary DNA was

synthesized from 2.5pg of total RNA using oligo-(dT) primers and modified

MMLV reverse trancriptase (SuperScript II; Life Technologies/lnvitrogen,

Carlsbad, CA) according to the manufacturer's instructions.

Gene expression of the LeIAA gene family was analyzed by RT-PCR

in the presence of specific primers for each LeIAA gene as well as the

RPL2 control essentially as described by Nebenfuhr and Lomax, (1998).

Expression analysis of LeIAA gene family members was performed in VFN8

and dgt 1-1 NFN8 and repeated in Chatham and dgt dp with similar results.

2.5.5 Analysis of gene expression by real-time PCR

Real-time PCR was performed with a ABI Prism 7700 sequence

detection system (Central Services Laboratory, Oregon State University)

using the SYBR Green PCR master mix kit (Applied Biosystems, Foster

City, CA) according to manufacturer's instructions. All real-time RT-PCR

reactions were performed in Chatham and dgt dp fruits. Transcript levels of
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LeACS and LeIAA genes in the RNA samples were normalized with

transcript levels of RPL2 to allow quantification of gene expression relative

to an endogenous control. Primers for specific amplification of each cDNA

were designed using the Primer Express software (Applied Biosystems),

taking into account criteria such as product length, optimal PCR annealing

temperature, and likelihood of primer self-annealing (Table 2.3). PCR

reactions were performed in triplicate in a 25 UI volume using 500 nM

forward and reverse primers, 12.5 uI of SYBR green master mix, 5u1 of a

1:10 dilution of cDNA and water to 25 uI. The reactions were performed in

MicroAmp 96-well plates (Applied Biosystems) covered with optical

adhesive covers (Applied Biosystems). Samples were subjected to a two-

temperature thermal cycling consisting of denaturation at 95° C for 15 s,

followed by anneal-extension at 60 °C for 1 minute. To distinguish specific

product from nonspecific products and primer dimers, a melting curve was

obtained immediately after amplification by using the ABI PRISM TM

Dissociation Analysis software (Applied Biosystems). For verification of the

melting curve results, PCR products were subjected to agarose gel

electrophoresis and the identity of the bands was confirmed by DNA

sequence analysis (Central Services Laboratory, Oregon State University).



2.5.6 Statistical analysis

All statistical analyses were performed using SAS software (SAS

Institute, Cary, NC). Data were subjected to one-way ANOVA for

comparison of means. The statistical significance of differences between

means was determined using Tukey's Studentized Range (HSD) test.
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3.1 Abstract

The mechanisms by which early fruit development influences final

fruit size are poorly understood. Here, we report that differences in cell

number at pre-anthesis and anthesis correlate with final fruit size. In the

auxin-resistant diageotropica (dgt) mutant of tomato, reduced cell number

correlates with increased cell size early in ovary development when

compared to wild-type ovaries. At five days post-anthesis (5 DPA), dgt and

wild-type ovaries have the same number of cells/mm2, but from that point

forward dgt cells are smaller. The small cell size, combined with the lower

initial number of cells in pre-anthesis dgt ovaries, can explain the smaller

final size of dgt fruits. Flow-cytometric analyses of the DNA content of

flower ovary and fruit nuclei revealed that at pre-anthesis and anthesis dgt

ovaries have a lower percentage of nuclei at 2C (corresponds to the diploid

state of the genome at the G1 phase of the cell cycle) and higher

percentage of nuclei at 4C (represents the doubled chromatids present at

the G2 phase). These differences in flow cytometry profiles suggest that dgt

ovaries are slowed in their progression through the cell cycle, which could

account for the smaller initial number of cells observed. Real-time PCR

quantification revealed no clear differences in the expression of B-type

cyclins, or cyclin-dependent kinase Al. However, the dgt lesion did have a

significant effect on the expression patterns of four members of the Le1AA
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family of auxin-regulated transcription factors. The onset of expression of

LeIAA8 and 10 is delayed, whereas LeIAA2 and 11 are expressed earlier

and to higher levels in dgt compared with wild-type ovaries. The lack of

LeIAA8 expression and the presence of Le1AAI I transcripts correlate best

with the period of cell cycle arrest in dgt, whereas increases in LeIAA2, 10,

and 11 expression correlate with decreased cell enlargement in dgt ovaries

at 5-15 DPA. The alterations in LeIAA expression patterns in the dgt mutant

allows us to hypothesize that auxin could play an important role in

regulating both determination of cell number pre-anthesis and the extent of

cell enlargement post-fertilization in developing tomato fruits.
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3.2 Introduction

Little is known about the regulatory mechanisms that govern the

conversion of floral organs into fruits (Gillaspy et at., 1993, Giovannoni,

2001). The tomato fruit is a berry consisting of a fleshy pericarp derived

from the ovary wall, placental tissue and seeds. The growth of an ovary

ceases at anthesis, but is resumed shortly after fertilization (Ho and Hewitt,

1986). Following fertilization, cell division proceeds for 7 to 10 days (Mapelli

etal., 1978; Varga and Bruinsma, 1986), followed by 6 to 7 weeks of fruit

growth due mostly to cell expansion (Gillaspy et at., 1993).

Final fruit size is a function of the number of cells within the ovary

before fertilization, the number of successful fertilizations, the number of

cell divisions and the extent of cell expansion (Gillaspy et al., 1993). Studies

with semi-isogenic mutants of tomato differing in fruit size indicate that the

differences in cell number established at pre-anthesis and early post-

anthesis are responsible for the large absolute differences in size observed

in mature fruit (Bohner and Bangerth, 1988). How those differences in cell

number are regulated at the cell cycle level, and how plant hormones

control this process remain unknown.

In spite of differences associated with evolutionary adaptation to

particular environmental growing conditions, the basic mechanisms and key

genes that mediate cell cycle progression are highly conserved in
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eukaryotes (Mironov et al., 1999). Cell division is regulated by the

sequential activation of heterodimeric serine/threonine protein kinases,

which consist of a catalytic subunit, the cyclin-dependent kinase (CDK), and

a regulatory or activating subunit, cyclin. In addition to binding a regulatory

cyclin subunit, activity of CDKs also depends on binding to inhibitory

subunits, subcellular localization, protein degradation and phosphorylation

events (Mironov et al., 1999; Fabian-Marwedel et al., 2002). It has been

proposed that A-type CDKs (CDKAs) regulate both the G1-S and the G2-M

transitions of the cell cycle, and that B-type CDKs (CDKBs) control the G2-

M checkpoint. A-type cyclins (cycAs) accumulate during the S, 02, and

early M phases of the cell cycle, whereas B-type cyclins (cycBs)

accumulate during G2 and early M phases and D-type cyclins (cycDs)

control transit through the G1 phase (Mironov et aL, 1999; Riou-Khamlichi et

al., 1999, 2000).

Recent studies have identified and characterized the expression

patterns of CDKs and cyclins, as well as the cytological changes associated

with fruit growth during the early phases of tomato fruit development

(Joubes et al., 1999, 2000a, 2001; Kvarnheden et aL, 2000). Whereas

CDKA expression is associated with both dividing and expanding fruits

(Joubes et al., 1999, 2000), a C-type CDK (CDKC), CDKBI, and CDKB2

are expressed in tomato ovaries from anthesis to 5 DPA. However, results

from in situ hybridization experiments as well as from studies using



nutrients and hormones indicate that CDKC expression is not under cell

cycle regulation (Joubes et at., 2001). Expression of A-, B- and D-type

cyclins in tomato fruits appears to be associated with tissues undergoing

cell division. However, some specific cyclins (Le. cyclin A3 and D3) seem

to be involved in endoreduplication of differentiated cells such as those in

the gel tissue (Joubes et aL, 2000).

Nuclear DNA synthesis without mitosis (endoreduplicatIon) is a

common process in eukaryotes and is widespread in plants, particularly in

angiosperms (NagI, 1978). Endoreduplication characterizes the

developmental switch between cell proliferation and cell differentiation, and

exerts an important control on cell size and morphology (for review, see

Joubes and Chevalier, 2000; Kondorosi et al., 2000). In tomato,

endoreduplication seems to be developmentally regulated according to the

age of the organ and high levels of ploidy have been reported in both

vegetative (Smulders et al., 1994) and fruit tissues (Bergervoet et al., 1996,

Joubes et al., 1999).

Auxin has been implicated in the control of plant morphogenesis via

regulation of cell division, elongation, and differentiation. In fruits, auxin is

considered to be part of the regulatory mechanism that controls the onset of

ovary development into fruit (fruit set), serving as a trigger for cell division,

as well as regulating fruit cell expansion (Gillaspy et al., 1993). Auxin

induces the expression of specific genes, including the Aux/IAA gene family



(Guilfoyle, 1998). The Aux/IAA genes constitute a family of early-auxin-

responsive genes (Abel and Theologis, 1996) that function as regulators of

auxin responses (for review, see Reed, 2001). In tomato, eleven members

of the AuxIIAA gene family have been identified (Nebenfuhr et aL, 2000).

In this study, we investigated the cellular basis of the difference in

final fruit size between the auxin-resistant dgt mutant and wild-type tomato

fruits. Cytological analysis and determination of DNA levels indicated that

mitotic activity is different between dgt and wild-type developing fruits.

Therefore, we analyzed the expression pattern of CDKA (regulates both the

G1-S and the G2-M checkpoints of the cell cycle) and B-type cyclins

(regulate the G2 transition) genes, as well as the expression of four

members of the LeIAA gene family.

3.3 Results

3.3.1 Reduction in fruit size by the dt mutation is determined early
during flower development

Our previous results indicate that the dgt lesion affects size, weight

and internal anatomy of tomato fruits (see Chapter 2). Growth of wild-type

and dgt developing fruits was followed by measuring the increase in ovary

diameter from anthesis to 20 DPA (days post-anthesis). In agreement with

previous studies (Bohner and Bangerth, 1988, Gillaspy et al., 1993), the



linear phase of fruit growth starts after anthesis. Differences in fruit size

between dgt and wild-type are clearly initiated soon after anthesis (Figure

3.1). Wild-type ovaries are already larger than mutant ovaries as early as 5

DPA and the difference increases linearly with time.

Changes in cell number and cell size were measured via light

microscopy during ovary and early fruit development in wild-type and dgt

plants (Figure 3.2). Differences between wild-type and dgt ovaries in cell

number and cell size are present at pre-AN (pre-anthesis). Reduced

number of cells per mm2 correlates with increased cell area early in dgt

ovary development (Table 3.1). At pre-AN and AN, wild-type ovaries

exhibited significantly higher number of cells per mm2 than dgt ovaries. By 5

DPA, both wild-type and dgt ovaries have similar cell areas and number of

cells per unit area. After 5 DPA, wild-type ovary cells are larger, thus

reducing the number of cells per mm2. In contrast, mutant ovary cells were

smaller at 10, 15, and 20 DPA (Table 3.1).

3.32 Flow-cytometric analysis indicates differences in mitotic activity
of wild-type and dt ovaries at different stages of development

Nuclear DNA content was analyzed by flow-cytometry in dgt and

wild-type developing ovaries from pre-AN to 20 DPA in order to measure



Figure 3.1: Change in ovary size during early fruit development.
Ovaries of both wild-type (solid line) and dgt (dotted line) were measured at
the following stages: pre-anthesis (pre-AN), anthesis (AN), 5 days post-
anthesis (5 DPA), 10 days post-anthesis (10 DPA),15 days post-anthesis
(15 DPA), and 20 days post-anthesis (20 DPA). Values represent means of
at least 8 individuals. Bars representing SE are shown when larger than the
symbol.
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Figure 3.2: Changes in cell number and cell area during early fruit
development are associated with the dgt mutant fruit phenotype. Tissue
sections were obtained from wild-type (Chatham) and mutant (dgt) ovaries
as described in Materials and Methods. Scale bars represent 0.1mm.
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Table 3.1 Changes in cell number and cell size during ovary development in wild-type and dgt plants.
Abbreviations: pre-AN, pre-anthesis; AN, anthesis; 5DPA, 5 days post-anthesis; 10 DPA, 10 days post-anthesis,
15 DPA, 15 days post-anthesis, 20 DPA, 20 days post-anthesis. Three tissue sections (n=3) were analyzed at
pre-AN, AN, 5 DPA, and 10 DPA and four (n=4) were analyzed at 15 and 20 DPA. Cell number and cell area
determinations were performed as described in Materials and Methods.

Reproductive
stage

Cell number (per mm2)
wild-type dgt significance

Reproductive
stage

Cell area (mm2)
wild-type dgt significance

pre-AN 8530 7360 * pre-AN 1.35x10 1.57x104 *

AN 9660 8340 * AN 1.30x104 1.30x104 ns

5DPA 2570 2600 ns 5DPA 531x104 5.31x104 ns

IODPA 850 1500 * IODPA 2.54x103 1.12x103 *

15 DPA 93 116.8 * 15 DPA 9.84x103 7.83x103 *

20 DPA 28 47 * 20 DPA 3.85x102 2.06x102 *

* = significance at p = 0.05 level ns= non-significant



the DNA distribution during the various phases of the cell cycle (Figure 3.3).

Nuclei from pre-AN and AN ovaries exhibited two peaks, corresponding to

the 2C and 4C nuclear DNA content, respectively (where C is the DNA

content of the haploid genome). The 2C DNA peak represents the diploid

nuclei at the G1 phase and the 4C peak corresponds to the S-phase

doubling of chromatids present at the G2 phase of the cell cycle

(Bergounioux et al., 1992; Bergervoet et al., 1996). A very small peak at 8C,

accounting for 3% of total nuclei, was detected in fruits collected at 5 DPA,

whereas DNA nuclear content increases up to 64C in fruits harvested at 10,

15, and 20 DPA (Figures 3.3 and 3.4). The percentages of nuclei present at

2C in pre-AN, and at 2C and 4C in AN, differed between mutant and wild-

type ovaries. In wild-type ovaries at AN, the 2C and 4C peaks

corresponded to 65.1% and 26.6% of total nuclei, respectively, whereas in

dgt ovaries they accounted for 46.9% and 42.2%, respectively. The

distribution of nuclei in wild-type and dgt at later stages of ovary

development was essentially the same, except at 20 DPA where significant

differences were found at 2C and 16C (Figure 3.4).

3.3.3 Microscopic analysis of cell number and size in shoot apical
meristems shows no differences between wild-type and dat plants

In order to investigate whether differences in cell number andlor cell

area are also present between wild-type and dgt in vegetative tissues,



Figure 3.3: Flow-cytometric analysis of nuclear DNA content in wild-type
and dgt developing ovaries. Data was obtained by flow cytometry as
described in Materials and Methods. Representative data corresponding to
the six developmental stages described in Figure 3.1 is shown.
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Figure 3.4: Changes in nuclear DNA content associated with early fruit
development in wild-type and dgt fruits. Data was obtained as in Figure 3.3.
Each value is the mean of at least six independent measurements. Wild-
type is represented by black bars and dgt by white bars. * = significance at
p=O.05 level.
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shoot apical meristems were subjected to light microscopic analysis

(Figure 3.5). Cell number and average cell area (measured at the central

region of the meristem, i.e. quiescent center) did not differ in wild-type and

mutant vegetative shoot apical meristems (i.e. wild-type shoot apical

meristems had 21,740 ± 1533 cells per mm2 with an average cell area of

4.6 x105 ± 3.4 x 10 mm2, whereas dgt shoot apical meristems had 20,629

± 1826 cells per mm2 with an average cell area of 4.8 x105± 4.5 x 10-6

mm2; data not shown).

3.34 Expression analysis of CDKA and cyclin B genes in dgt and wild-
tve ovaries

Because our microscopic and flow cytometry results suggest

differences in mitotic activity between wild-type and dgt ovaries, it was of

interest to investigate the expression patterns of the cell cycle regulators

CDKA and cyclins B1 and B2. Since the expression of all genes varies

dramatically during the cell cycle, histone H4 was used to determine relative

expression levels. However, using the very sensitive method of real-time

PCR, we detected that the expression levels of H4 at anthesis and 10 DPA

are very different in dgt and wild-type ovaries (data not shown). For this

reason, relative expression levels of CDKA, cyclin BI and cyclin B2 to H4

are only presented for ovaries at pre-anthesis, 5 and 15 DPA (Figure 3.6).

The patterns of CDKA, cyclin BI, and cyclin B2 gene expression were
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Figure 3.5: Light microscopic analysis of cell number and cell size in
vegetative shoot apical meristems of wild-type and dgt plants. Tissue
sections were obtained as described in Materials and Methods. Scale bars
represent 0.1mm.
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Figure 3.6: Expression of cycBl, cycB2 and CDKAI during early fruit
development in wild-type and dgt plants. Both dgt (dotted lines) and wild-
type (solid lines) ovaries were collected at five developmental stages.
Expression levels of cycB 1, cycB2 and CDKA I transcripts relative to
histone H4 were measured via real-time PCR as described in Materials and
Methods. A. Relative expression level of cycBl to H4. B. Relative
expression level of cycB2 to H4. C. Relative expression level of CDKAI to
H4.



6

5

0

Figure 3.6

-

PRE-AN 5DPA I5DPA
Developmental stages

6

5

0

6

5

0

-I--

U-

PRE-AN 5DPA I5DPA
Developmental stages

jc
/t

/
/

/ -

I....
PRE-AN 5DPA I5DPA

Developmental stages

B

(0
01



similar in dgt and wild-type ovaries, with some exceptions. Significantly

higher relative values of cyclin B2 expression were found for wild-type at

pre AN (p= 0.003) and for dgt at 5 DPA (p= 0.008). CDKA expression

values were significantly different at pre-AN and 15 DPA, where wild-type

ovaries exhibited significantly higher relative levels of CDKA transcripts

than in dgt ovaries (p= 0.001 and 0.0002, respectively) (Figure 3.6B and C).

3.3.5 Differential expression of members of the LeIAA gene family in
dgt and wild-type ovaries

We further investigated the expression of LeIAA 2,8,10, and 11

genes at different stages of ovary/fruit development in order to determine

whether the differences in LeIAA gene expression between dgt and wild-

type fruits found later in development (Chapter 2) extended to earlier stages

(Figure 3.7). Relative expression levels of the four LeIAA genes were

measured via real-time RT-PCR, using the 18S ribosomal RNA gene as an

internal control for normalization. Transcripts from LeIAA2 were detected in

wild-type ovaries only at 15 DPA. Interestingly, in dgt ovaries, LeIAA2

transcrips were detected at 5, 10, and 15 DPA (Figure 3.7A). LeIAA8

relative expression level varies in wild-type ovaries, but is present at all the

developmental stages evaluated. In dgt ovaries, LeIAA8 is also

constitutively expressed but at lower levels than wild-type at pre-anthesis,

anthesis, and 5 DPA (Figure 3.7B). Transcripts of LeIAAIO are present at 5,
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Figure 3.7: Differential expression of four members of the LeIAA gene
family during early fruit development in wild-type and dgt plants. Ovaries of
both dgt (dotted lines) and wild-type (solid lines) were collected at the same
stages as those in Figure 3.6. Expression levels of LeIAA transcripts
relative to 18S rRNA gene were measured via real-time PCR as described
in Materials and Methods. A. Relative expression level of LeIAA2 tol8S. B.
Relative expression level of LeIAA8 to 18S. C. Relative expression level of
LeIAAIO to 18S. D. Relative expression level of LeIAAII to 18S. Note
different scales.
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10, and 15 DPA in both wild-type and dgt ovaries, however, expression

levels were higher in dgt at 10 and 15 DPA (Figure 3.7C). Interestingly,

whereas LeIAAII transcripts were absent during pre-anthesis and anthesis

in wild-type ovaries, LeIAA 11 transcripts are present in dgt ovaries at all

stages with a 10-fold increase at 10 DPA, followed by a drop to wild-type

levels at 15 DPA (Figure 3.7D).

3.4 Discussion

During early fruit development, growth is primarily due to two

processes: cell division and cell expansion. The relationship between these

processes and their spatial and temporal control determine, at least in part,

the final fruit size (Gillaspy et al.,1993). In previous studies (see Chapter 2),

we have found that auxin-resistant dgt mutants have dramatically reduced

fruit size, in addition to other effects on fruit morphology and developmental

time. Specific members of the LeIAA gene family have different expression

patterns in wild-type versus dgt fruits during early fruit development.

Therefore, it was of interest to analyze cellular and gene expression

changes associated with the early phases of ovary/fruit development.

As expected, differences in ovary size between wild-type and dgtare

evident soon after anthesis (Figure 3.1). In order to determine if the

difference is due to variations in cell number and/or cell size, we performed
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light microscopic analyzes during early ovary/fruit development in wild-type

and dgt plants (Figure 3.2). Reduced cell number per unit of fixed area

correlated with increased cell size early in dgt ovary development, however,

after 5 DPA cell sizes were smaller (and thus cell numbers/mm2 were

larger) when compared wfth wild-type ovaries (Table 3.1). The larger size of

wild-type fruits after 5 DPA correlates with the higher number of cells

already present in pre-AN and AN wild-type ovaries, as well as with the

larger increase in cell area. Interestingly, quantitative trait locus (QTL)

analysis of fruit size in wild-type and domesticated tomato suggests that

fw2.2, one of the genes responsible for the large increase in fruit size in

modern varieties may function by regulating carpel cell number (Frary et al.,

2000). Frary et al. only analyzed ovaries at anthesis, thus precluding

consideration of possible cell expansion effects, via fw2.2, on fruit size.

Endoreduplication has been suggested to play a role in cell

differentiation and there is growing evidence that size and morphology of

ceHs is linked to their DNA content (Kondorosi et al., 2000). Flow cytometry

allows the identification of DNA distribution during the various phases of the

cell cycle as well as determination of ploidy levels (Jayat and Ratinaud,

1993). Therefore, flow cytometry studies were undertaken to try to correlate

the differences in cell number and size seen between wild-type and dgt

ovaries, with changes in the distribution of nuclear DNA content during early
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The flow cytometric profiles for ovaries at pre-anthesis and anthesis

displayed two peaks, one at 2C and another smaller peak at 4C (Figure

3.3). The 2C DNA peak originates from diploid nuclei at the G1 phase and

the 4C peak corresponds to doubled chromatids present at the G2 phase of

the cell cycle (Bergounioux et al., 1992; Bergervoet et al., 1996). The

presence of peaks at 8C and higher levels indicates that endoreduplication

has occurred (Bergervoet et al., 1996). The higher percentage of 4C nuclei

in dgt ovaries at anthesis suggests that dgt cells remain in G2 for a longer

time than wild-type ovary cells. Additionally, at anthesis there is a smaller

percentage of nuclei at 2C in dgt versus wild-type ovaries (Figure 3.4). The

different DNA distribution in the various cell cycle phases seems to indicate

a cell cycle delay in dgt ovaries, possibly at G2, which could account for the

smaller initial number of larger cells found in the microscopic studies (Table

3.1).

The distribution of nuclei in later stage wild-type and dgt ovaries was

very similar (Figure 3.4), with both genotypes exhibiting the expected

increase in ploidy levels associated with endoreduplication. As in previous

reports (Joubes et al., 1999), this increase in ploidy levels coincides with

the beginning of the second phase of fruit growth, which is characterized by

cell expansion. Developmental regulation of endoreduplication has

previously been reported in both tomato and Arabidopsis (Melaragno et al.,

1993; Smulders et al., 1994; Joubes et al., 1999). Although differences in
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distribution of DNA content were found between dgt and wild-type ovaries

at 20 DPA, their significance is unclear.

To test whether the dgt lesion also results in differences in cell

number and/or cell area in vegetative tissues, shoot apical meristems from

pre-reproductive dgt and wild-type plants were analyzed. There is no

difference in either number of cells or cell size between mutant and wild-

type shoot apical meristems (Figure 3.5 and data not shown). However,

these measurements represented single time points and therefore

precluded observation of differences due to the dynamics of cell division

and cell expansion.

Changes in cell number and cell size during fruit development in dgt

and wild-type plants suggest that both progression through the cell cycle

and cell expansion are affected by the dgt mutation (Table 3.1). It is

tempting to conclude that the differences in cell number and size reflect a

specific effect of the dgt mutation in fruit. Positional control of cell

proliferation is found in several developmental contexts and may be related

to the length of the cell proliferation period. In this respect, the period of cell

division in fruits and other determinate organs like leaves, is limited,

whereas the period of cell proliferation in the central region of the meristem

is longer (Doonan, 2000). It is possible then, that in organs with extended

periods of cell division, like the shoot apical meristem, mutual compensation

between cell proliferation and cell expansion might occur. In this context, no
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difference in size between wild-type and dgt shoot apical meristems would

be found.

To further investigate the potential differences in mitotic activity

between wild-type and dgt ovaries, we analyzed the expression pattern of

cell cycle regulators CDKA and cyclins BI and B2 relative to H4 (Figure

3.6). Histone H4 represents one of the five subtypes of plant histones.

Histones are nuclear proteins that participate in the organization of

chromatin. The level of histone mRNA fluctuates coordinately with

chromosomal DNA synthesis during the cell cycle; therefore histones

exhibit an S phase-specific expression pattern. Although histone genes are

predominantly expressed in meristems and tissues during active cell

division, histone mRNAs have also been detected in tissues with low levels

of cell division and in non-proliferating cells (for review, see Meshi et al.,

2000).

The expression levels of H4 at some stages of ovary development

were very different between wild-type and dgt samples (data not shown).

Although other possible explanations for the differential H4 expression

exist, it is interesting that histone genes are developmentally regulated,

particularly in reproductive organs. Histone expression can also be induced

in response to external stimuli, which may or may not be correlated with cell

division (Meshi et al., 2000). It appears then that the use of histone as a

marker for cell division and as a baseline to compare the relative
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expression levels of cell cycle regulating genes was not the ideal choice

and therefore our results regarding expression patterns of CDKA and

cyclins 61 and B2 need to be interpreted with caution.

CDKAs regulate both cell cycle transitions, whereas cyclins B

accumulate during G2 and early M phases (Mironov et al., 1999). The

higher relative levels of cyclin B2 at 5 DPA in dgt ovaries (Figure 3.6) may

correlate with the delay in cell cycle, possibly at G2, suggested by our flow

cytometric studies for dgtovaries undergoing cell division (Figure 3.4).

Accordingly, the lower level of CDKA expression in dgt ovaries at 15 DPA

may suggest a correlation with the minor extent of cell expansion found in

mutant ovaries versus wild-type. The lower relative level of CDKA

transcripts found at pre-AN in dgt ovaries could reflect the proposed delay

in the progression through the cell cycle.

Auxin seems to be involved in the transition from ovary development

into fruit, as well as in regulating cell expansion during fruit growth (Gillaspy

et al., 1993). It has been proposed that dgt disrupts an early step in a

specific branch of auxin signal transduction (Nebenfuhr et al., 2000) and the

expression patterns of a subset of LeIAA gene family members (LeIAA2

and 8) is altered in dgt fruits (see Chapter 2). The LeIAA gene family

members affected by the dgt mutation in fruit are different than those

affected in hypocotyls (NebenfUhr et al., 2000), indicating that the DGT

gene product functions in a developmentally specific manner (Chapter 2). In
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flower ovaries LeIAA8 and LeIAA 11 are constitutively expressed from pre-

anthesis to 15 DPA, whereas Le!AA2 and LeIAA 10 transcripts are present

only after anthesis in both wild-type and dgt ovaries (Figure 3.7). The

difference in expression patterns suggests different functional roles for the

LeIAA genes in regulating distinct phases of ovary development.

As is true for later fruit development (Chapter 2), the dgt mutation

seems to affect not only the timing of LeIAA gene expression during ovary

development, but also the relative transcript levels. Mutant ovaries have

significantly higher expression of LeJAA2 and LeIAAIO versus wild-type at 5

and 10 DPA and 10 and 15 DPA, respectively (Figure 3.7A and C).

Similarly, expression of LeIAAII is up-regulated in dgt ovaries, particularly

at 10 DPA (Figure 3.7D). The increase in LeIAA relative transcript levels

may be explained if the intact Dgt gene product is a negative regulator in

wild-type tissues. The disruption of the negative regulator function by the

dgt lesion would differentially alter the expression patterns of LeIAA genes

depending on whether their regulation was DGT- dependent or DGT-

independent. Alternatively, the LeIAA genes themselves may act as

repressors or activators of auxin responses. In Arabidopsis, AuxIIAA genes

with a repressor function have been identified (Rogg et al., 2001). In this

scenario, the disruption of their roles by the dgt mutation would result in

modifications of expression patterns based on the particular gene, tissue-

specific expression, and developmental process.



Although the use of different control genes to normalize expression

levels precludes direct comparison of the expression levels of LeIAA genes

during fruit (Figure 2.5, Chapter 2) and ovary development (Figure 3.7), the

tendencies depicted for fruit development are maintained here overall, with

the possible exception of LeIAA8. In this case, either the relative levels of

LeIAA8 transcript relative to I 8S and RPL2 are very different, or there is a

substantial change in the level of constitutive expression of LeIAA8 from

ovary to fruit development.

In summary, our results indicate that the differences in cell number

and cell size already established at pre-anthesis and anthesis are involved

in the generation of the difference in final fruit size between dgt and wild-

type fruits. Although these differences are likely to be caused by a delay in

cell cycle in the dgt ovaries, further gene expression and protein studies

with cell cycle regulators with preferential expression at G2/M phase of the

cell cycle, such as CDKBs and B-type cyclins, should be undertaken to test

this hypothesis. Gene expression analysis of four members of the LeIAA

gene family indicates different developmental specificity during ovary

development as well as differential regulation by the DGT gene product.

The alterations in LeIAA expression patterns in the dgt mutant suggest that

specific members of this gene family are involved in the regulation of cell

number and cell size during ovary development. Although other LeIAA gene

family members that were not considered in this study may be also
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involved, our results suggest that auxin plays an important role in regulating

both determination of cell number in pre-anthesis ovaries and the extent of

cell enlargement post-anthesis in developing tomato fruits.

3.5 Materials and Methods

3.5.1 Plant material

The dgt dp
allele of the diageotropica (dgt) mutation, formerly called

droopy (Jones and Jones, 1996), an X-ray induced mutation in Chatham, as

well as Chatham wild-type plants, were grown under greenhouse conditions

with supplemental lighting (14 h light, 10 h dark). Greenhouse temperature

was set at 25°C during the day and 16°C at night. Individual tomato flowers

from Chatham and dgt dp were tagged on the day of anthesis (flower

opening) and harvested at the following stages of development: pre-

anthesis (pie-AN), anthesis (AN), 5, 10, 15, and 20 DPA (days post

anthesis). Ovary diameters were recorded in at least eight individual

flowers.
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3.5.2 Microscopic analyses

Wild-type and dgt flower ovaries and shoot apical meristems were

fixed in FAA (formalin acidic alcohol) under vacumm at 18-25 in. Hg for at

least 2 hours, dehydrated in a graded ethanol series (30, 50, 70 and 95%)

and embedded in Historesin (Laica) glycol methacrylate plastic. Sections

(5-6 uM) were cut on a rotary microtone with a steel knife and mounted on

glass slides. Slides were stained in 0.5% Toluidine blue 0 citrate buffer (pH

4.2). Flower ovaries were collected at pre-AN, AN, 5, 10, 15, and 20 DPA.

Shoot apical meristems were obtained from plants with a second leaf length

of 28 to 45 mm and a third leaf length of 5 to 14 mm, as described by

Fleming et al., (1993). Microscopic analyses were performed using a Zeiss

Axiovert microscope (Carl Zeiss, Germany). Digital images were acquired

using a SPOT CCD camera and software (Diagnostic Instruments, Sterling

Heights, Ml, USA). Cell number counting was performed in Photoshop 4

(Adobe) by drawing to scale squares representing one mm2. Cell area

determinations were carried out using the Image-Pro Plus 4.0 software

package (Media Cybernetics, MD, USA). Three individuals (n3) were

analyzed in pre-AN, AN, 5 DPA, and 10 DPA and each analysis included

three cell number and area determinations. Four individuals (n=4) were

analyzed at 15 and 20 DPA, with one cell number and area determination

performed for each one. Three individual shoot apical meristems were
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analysed in wild-type and dgt, with one cell number and cell area

determination for each sample.

3.5.3 Flow cytometric analysis

Individual flower ovaries were chopped with a razor blade in a cold

lysis buffer (45 mM MgCl2, 30 mM sodium citrate, 20 mM 4-

morpholinepropane sulfonate pH 7.0, and Triton X-100) containing I mg/I of

DAPI (4,6- diamino-2-phenylindole). Nuclei were filtered and the relative

DNA content of the isolated nuclei was measured using a Partec PA flow

cytometer (Partec, Germany). Each result presented is the mean of at least

six independent measurements. Data was plotted on a logarithmic scale.

The number of nuclei present in each peak of the histogram was analysed

by measuring the peak area. The data are presented as percentage of the

total number of nuclei in all peaks of the histogram.

3.5.4 RNA extraction and reverse transcription

Total RNA was extracted from flowers at five developmental stages

pre-anthesis, anthesis, 5, 10, and 15 DPA using a hot phenol method

(Verwoerd et al., 1989). After extraction, RNA samples were treated with

DNase (RQ1, Promega, Madison, WI). Complementary DNA was
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synthesized from 2.5 tg of total RNA using either oligo-(dT) or random

hexamer primers and modified MMLV reverse trancriptase (SuperScript II;

Life Technologies/Invitrogen, Carlsbad, CA) according to the

manufacturer's instructions. Total RNA from pre-AN, AN, 5 DPA, and 10

DPA was obtained from a single pooled sample of approximately 150

ovaries for pre-AN, 100 for AN, 30 for 5 DPA, and 20 for 10 DPA. RNA

samples were subsampled several times to generate cDNA.

3.5.5 Analysis of gene expression by real- time RT-PCR

Real-time PCR was performed with a ABI Prism 7700 sequence

detection system (Central Services Laboratory, Oregon State University)

using the SYBR Green PCR master mix kit (Applied Biosystems, Foster

City, CA) according to manufacturer's instructions. All real-time RT-PCR

reactions were performed using RNA extracted from Chatham and dgt dp

ovaries and fruits. Transcript levels of LeIAA genes in the RNA samples

were normalized against 1 8S ribosomal RNA transcript levels to allow

quantification of gene expression relative to an endogenous control.

Transcript levels of cycBl, cycB2, and CDKAI were normalized against

histone H4 transcript levels. Primers for specific amplification of each cDNA

were designed using the Primer Express software (Applied Biosystems),

taking into account criteria such as product length, optimal PCR annealing
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temperature, and likelihood of primer self-annealing (Table 3.2). PCR

reactions were performed in triplicate in a 25 j.il volume using 500 nM

forward and reverse primers, 12.5 jil of SYBR green master mix, 5 j.il of a

1:10 dilution of cDNA and water to 25 jil. The reactions were performed in

MicroAmp 96-well plates (Applied Biosystems) covered with optical

adhesive covers (Applied Biosystems). Samples were subjected to two-

temperature thermal cycling consisting of denaturation at 950 C for 15 s,

followed by anneal-extension at 60 °C for 1 mm. To distinguish specific from

nonspecific products and primer dimers, a melting curve was obtained

immediately after amplification using ABI PRISM TM Dissociation Analysis

software (Applied Biosystems). For verification of the melting curve results,

PCR products were subjected to agarose gel electrophoresis and bands

identity was confirmed by DNA sequence analysis (Central Services

Laboratory, Oregon State University).

3.5.6 Statistical analysis

All statistical analyses were performed using SAS software (SAS

Institute, Cary, NC), version 8.0. Data were subjected to one-way ANOVA

for comparison of means. The statistical significance of the differences

between means was determined using Tukey's Studentized range (HSD)

test.



Table 3.2 Sets of real-time PCR primers used to amplify gene-specific regions

Gene Primer sequence (5' -* 3') Gene Primer sequence (5' 3')

H4 18S
sense GTGTGAAGCGTATCTCTGGTCTCAT sense AATTGTTGGTCTTCAACGAGGM
antisense TAACCGCCAAATCCATAGAGAGTC antisense AAAGGGCAGGGACGTAGTCAA

CDKAI LeIAA2
sense CCTCCTAAGGACCTGGCAATTATT sense AAGCGAGCTATGTTAAAGTGAGCA
antisense GCATTCCTCGCGGTGATTC antisense CCGTTGTATCCATCTGTTTCTGAA

cycBl LeIAA8
sense ATTAGTTAGCTTCCACTTTGGTGCTG sense CAAATACGTGAAGGTAGCAGTTGAC
antisense TGATCTAACTTCACACATTCACAATCTTT antisense ACACCATTTGTAAGGTCCATAAGCT

cycB2 LeIAAIO
sense GGTACATAGGAAATACAGCATATCGAAAT sense GACTTCTCAAAAGCTTGATCGAGAG
antisense TTCTCCATCACCCCACAAATATATC antisense TGAAATCTTTCATTCCTTGGACAA

LeIAAII
sense AAAGAACAGTTTTAACGGACGTGAA
antisense GACTTATCTGCATCCTCCAATGCT

-
-
N.)
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4.1 Abstract

Interactions between auxin and ethylene have been implicated in the

regulation of multiple processes during plant development. Here, we

analyze the gravitropic response and lateral root formation in wild-type,

diageotropica (dgt) and Never-ripe (Nr) tomato seedlings, as well as in the

Fl and backcross populations between these two mutants. The auxin-

resistant dgt mutant results from a single gene mutation with a pleiotropic

phenotype that includes reduced gravitropic response, lack of lateral roots,

reduced vasculature, and reduced apical dominance. Nr is a single gene,

semidominant mutant that exhibits delayed flower and leaf senescence,

delayed flower abscission and lack of fruit ripening due to a point mutation

in an ethylene receptor gene. Our results reveal that the interaction

between the auxin-resistant dgt and the ethylene-insensitive Nr genes is

different for the two physiological processes evaluated. The dgt mutant is

fully recessive with regard to lateral root formation but partially dominant

with respect to gravitropic response. Nr has a mild quantitative effect on

lateral root formation, but has no effect on gravitropism. These results

indicate the occurrence of distinct interactions between auxin and ethylene

in the regulation of different hormone response pathways.



116

4.2 Introduction

Plant hormones interact to regulate plant growth and development in

response to endogenous and environmental cues. Plant morphogenesis

results from the coordinated occurrence of cell division, cell expansion and

cell differentiation. Auxin has been implicated in the regulation of all three

cellular processes during many aspects of plant development, including

gravitropic and phototropic responses, root initiation, apical dominance, and

vascular tissue differentiation (Davies, 1995). Ethylene's effect on dark-

grown seedlings, the so-called 'triple response', is an example of ethylene

influence on cell expansion. In etiolated Arabidopsis seedlings, the triple

response phenotype includes short and thick roots and hypocotyls, and

exaggerated curvature of the apical hook due to inhibition of cell elongation

by ethylene (Guzman and Ecker, 1990). Conversely, ethylene can promote

cell elongation in internodes of deepwater rice (Kende et al., 1998).

Ethylene is also involved in the regulation of many other aspects of plant

development, such as germination, senescence, abscission, fruit ripening,

and stress responses (Abeles et al., 1992; Johnson and Ecker, 1998).

Despite extensive research on the 'classic' plant hormones over

decades, new examples of hormone 'cross-talk' are still being uncovered

(e.g. new links between ethylene and abscisic acid signaling pathways;

Beaudoin et al., 2000; Ghassemian et al., 2000). Auxin and ethylene have
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both been implicated in the regulation of differential growth responses

(Went and Thimann, 1937; Schwark and Schierle, 1992; Schwark and

Bopp, 1993). Functional interaction between these two hormones in

processes such as shoot and root elongation, abscission and gravitropism

(Abeles et al., 1992; Smalle and Van Der Straeten, 1997), is accompanied

by interactions at the biosynthetic level, including auxin stimulation of

ethylene production (Yang and Hoffman, 1984).

Interactions between auxin and ethylene have been reported at the

molecular level for the Arabidopsis auxin mutants axrl (auxin-resistant 1),

auxi (auxini) and eirl (ethylene-insensitive rooti). In axrl plants, auxin

resistance is accompanied by reduced sensitivity to ethylene with respect to

root-growth inhibition (Timpte et al., 1995). The AXRI gene encodes a

protein with sequence similarity to the ubiquitin-activating enzyme El

(Leyser et al., 1993). AXRI is localized primarily in the nuclei of dividing

and elongating cells and its role as activator of the RUB/NEDD8 family of

ubiquitin-related proteins is required for normal auxin response (del Pozo et

al., 1998). Both auxi and eirl seedling roots are also less sensitive to

ethylene (Pickett et al., 1990; Lusching et al., 1998). AUXI belongs to a

family of plant and fungal amino acid permeases (Bennett et al., 1996),

whereas EIR1 (also known as PIN1, PIN2, or AGRI) is member of a family

of plant genes with similarities to bacterial transporters (Chen et al., 1998;

Gälweiler et al., 1998; Luschnig et al., 1998; Muller et al., 1998;Utsuno et
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al., 1998). A large body of evidence supports the putative roles of AUXI

and EIRI as auxin influx and efflux carriers, respectively (for review see

Muday and DeLong, 2001; Parry etal., 2001). Identification and

characterization of the h/si (hook/essi) Arabidopsis mutant also provided a

link between the ethylene and auxin response pathways (Lehman et al.,

1996). The h/si mutant lacks differential growth in the apical hook in air and

in ethylene and this phenotype can be phenocopied by auxin transport

inhibitors or by high levels of endogenous or exogenous auxin. HLSI is an

ethylene-inducible gene that encodes an N-acetyltransferase protein.

Interestingly, the spatial expression patterns of two early auxin-responsive

genes (IAA4 and SAUR) are altered in the h/si mutant, suggesting that the

ethylene response gene HLS1 controls differential growth in the hypocotyl

by regulating auxin activity (Lehman et al., 1996). Finally, the NPH4 gene

has been demonstrated to encode the auxin response factor ARF7 (Harper

et al.,2000), a member of a family of transcription factors that bind to auxin-

response elements in early auxin-responsive genes (Ulmasov et al., 1997).

The severely impaired auxin-induced hypocotyl bending in nph4 mutants

can be suppressed by exogenous application of ethylene, indicating

functional overlap between auxin and ethylene response pathways (Harper

et al., 2000).

To further understand the interactions between auxin and ethylene at

the whole plant level, we have evaluated gravitropic behavior and lateral
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root formation in wild-type, auxin-resistant diageotmpica (dgt), and

ethylene-insensitive Never ripe (Nr) tomato seedlings, as well as in Fl and

backcross progenies between these two mutants. Auxin participation in the

regulation of gravitropism and lateral root formation is clear (Muday, 2001;

Francis and Sorell, 2001). However, the involvement of ethylene in the

control of these processes is less definite (Smalle and Van Der Straeten,

1997, Madlung et al., 1999). Because of this, it was of interest to investigate

via phenotypic mutant analysis, the possible interactions between the dgt

and Nrgenes.

The dgt mutation is characterized by a pleiotropic phenotype that

includes reduced gravitropic response, lack of lateral roots, reduced

vasculature, hyponastic (eaves, overproduction of anthocyanin, and

reduced apical dominance (Zobel 1973, 1974). The dgt mutant is

considered recessive except with respect to leaf shape where dgt

heterozygotes exhibit smaller, mottled and deformed leaves (Ursin and

Bradford, 1989), suggesting semidominance, at least for these

characteristics. Shoot apices of homozygous dgt seedlings contain normal

levels of IAA (Fujino et al., 1988), however, dgt shoot segments are

insensitive to exogenously applied auxin with respect to auxin-induced

elongation and ethylene production (Kelly and Bradford, 1986). Roots of the

dgt mutant are less sensitive to growth inhibition by auxin, auxin transport

inhibitors, and ethylene (Muday et al., 1995). The reduced gravitropic
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response of dgt can be restored with very low concentrations of ethylene,

to wild-type levels of curvature, but not with wild-type kinetics (Madlung et

al., 1999).

Never Ripe (Nr) is a single-gene semidominant mutant that exhibits

lack of fruit ripening, delayed flower and leaf senescence, lack of triple

response in etiolated hypocotyls, and delayed flower pedicel abscission due

to ethylene insensitivity (Lanahan et aL, 1994). This pleiotropic phenotype is

caused by a single nucleotide mutation in a member of the ethylene

receptor gene family in tomato (Wilkinson et aL, 1995). Recently, the

tomato ethylene receptors Nr and LeETR4 have been shown to be negative

regulators of ethylene response and to exhibit functional compensation

(Tieman et al., 2000).

Here, we report the effect of dgt and Nr, in both the homozygous and

heterozygous condition, on lateral root growth and gravitropism. We also

examined the effect of double mutants in these two processes.

4.3 Results

4.3.1 Lateral root formation

Both auxin and ethylene appear to play a role in lateral root

formation (Evans et al., 1994; Smalle and Van Der Straeten, 1997). To
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investigate the interaction between auxin and ethylene in the formation of

lateral roots, the number of lateral roots produced by I O-d old seedlings

was counted in the wild-type parental line AC, in Nrand dgt single mutants,

and in the Fl and backcross populations (Table 4.1). 94.7 % of the dgt

seedlings evaluated had no lateral roots. Interestingly, 6.7% of the wild-type

AC seedlings also did not generate lateral roots. Both Fl progenies (Figure

4.1) formed lateral roots, showing a slight difference in their mean values.

Lateral root formation was greatly reduced in the backcross

populations (Figure 4.1: BCA and BCAR), with 74 and 59 % lacking lateral

roots, respectively (Table 4.1). BCA and BCAR are expected to contain four

genotypes with equal frequency (Figure 4.1). If the dgt homozygous

phenotype is not ameliorated by Nr, we expect 50 % of the seedlings to

have no lateral roots. The hypothesis that 50% of the progeny in the

backcross populations would have lateral roots was tested by 2 analysis.

For BCA, the expected ratio for presence versus absence of lateral roots is

different from 1:1 with a 1-sided p-value of 0.013, whereas for BCAR the

expected ratio is not different from 1:1 (1-sided p-value <0.25) (data not

shown). However, it is important to note the difference in number of

individuals evaluated in each backcross progeny (i.e. 27 seedlings in BCA

and 17 seedlings in BCAR; Table 4.1).

Figure 4.2 shows the distribution in the number of the lateral roots

present in all the genetic materials evaluated. Nrseedlings exhibited a



4.1: Crosses and segregation analysis of Fl and backcross populations

Crosses Expected genotypes
and ratios

dgt;nr X dgt; Nr r F1A: gqt; ic

dgt; nr

dgt; Nr X dgt; nf Fl B: g; N
dgt; nr

t;iz( X F1A BCA
dgt; nr

F1A X 'BCAR
dgt; ni

dgt; nr4

dgt; Nr

cicLt U(
dgt; ni-1

gt .flr+

dgt; Nr

100%

100%

Observed traits

lateral roots

lateral roots

Predicted traits

1/4 wild-type: with lateral roots

1/4 Nr: with lateral roots

1/4 dgt: NO lateral roots

1/4 ???

-
1)
N.)



rable 4.1: Lateral root formation in wild-type AC, Nr and dgt single mutants, Fl and backcross populations

Lateral roots a

AC Nr dgtAC Fl-B Fl-A BCA BCAR
b C

# % # % # % # % #
0 5 6.7 2 2.7 54 94.7 0 0 20 74 10 59
1 3 4 2 2.7 2 3.5 1 3.2 1 2.4 0 0
2 11 14.7 0 0 1 3.2 4 9.5 0 0
3 14 18.7 2 2.7 1 1.8 2 6.5 6 14.3 2 7.4 0
4 12 16 8 10.7 0 1 3.2 6 14.3 0 1 5.9
5 8 10.6 5 6.7 0 8 25.8 7 16.7 2 7.4 1 5.9
6 14 19 17 22.7 0 4 12.9 9 21.4 2 7.4 2 12
7 5 6.7 9 12 0 6 19.4 6 14.3 1 3.7 0
8 1 1.3 13 17.3 0 4 12.9 2 4.8 0 3 18
9 1 1.3 7 9.3 0 2 6.45 1 2.4 0 0

10 1 1.3 5 6.7 0 2 6.45 0 0 0
11 0 1 1.3 0 0 0 0 0
12 0 3 4 0 0 0 0 0
13 0 0 0 0 0 0 0
14 0 1 1.3 0 0 0 0 0

total 75 75 57 31 42 27 17
mean 3.9 6.7 0.1 6.2 4.9 1.3 2.6

a All lateral roots were counted on 1 0-d old seedlings
bseedlings were grouped in categories 0 to 14 based on the number of lateral roots produced
C Percentage of seedlings per category of lateral roots

-

C)
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Figure 4.2: Distribution of the number of lateral roots in wild-type AC, Nr
and dgt single mutants and Fl and backcross populations. Lateral roots
were counted on 1O-d old seedlings. AC, blue bars; NrIAC, orange bars;
dgtIAC, green bars; FIB, black bars; FIA, red bars; BCA, yellow bars;
BCAR, light green bars. Note difference in scale for dgt/AC.
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broader, quantitative range in number of lateral roots per seedling than AC,

with a mean value of 6.7 roots. F1A and FIB (Figure 4.1) seedlings had

higher mean number of lateral roots than AC and their distribution

resembled the distribution of lateral roots in Nr. In the dgt mutant,

distribution of lateral roots is clearly placed around zero as was expected

from previously reported data (Zobel 1973,1974). In the backcross

populations, number of lateral root exhibits a discontinuous distribution, with

greater than 50% of the seedlings producing zero lateral roots (Table 4.1

and Figure 4.2).

4.3.2 Gravitropic response

In agreement with previous reports (Madlung et al., 1999; Rice and

Lomax, 2000) we found that dgt seedlings have a reduced gravitropic

response (Figure 4.3-A). The gravitropic response of Nr mutant seedlings

was normal, with no statistical differences in curvature and kinetics from

wild-type AC seedlings. Reciprocal Fl populations exhibited the same

gravitropic behavior (Figure 4.3-B) that was intermediate to AC/Nr and dgt

(Figure 4.3-C).

When analyzing both backcross populations, the gravitropic

responses of seedlings with and without lateral roots were plotted

separately in order to try to distinguish between the expected backcross
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genotypes (i.e. dgtldgt and dgt/+). However, no significant differences in

gravitropic response were detected between any of the backcross classes.

The gravitropic responses of BCA and BCAR were also not significantly

different from the parental lines (Figure 4.3-D).

4.4 Discussion

Interactions between auxin and ethylene have been implicated in the

regulation of multiple developmental processes, including differential growth

responses (Went and Thimann, 1937; Schwark and Scherle, 1992),

abscission, and gravitropism (Abeles et al., 1992; SmaIle and Van Der

Straeten, 1997). Both hormones also appear to play a role in lateral root

formation (Evans et al., 1994; Smalle and Van Der Straeten, 1997). Several

auxin-resistant mutants, such as axrl (Timpte et aL, 1995), axr3 (Leyser et

al., 1996) and auxi (Pickett et al., 1990), are also less sensitive to ethylene.

Since single gene mutations can affect both auxin and ethylene responses,

it was of interest to investigate the interaction between both hormones in

plants carrying mutations for both auxin and ethylene responsiveness. As

mentioned above, the semidominant Nr mutant is ethylene insensitive and

encodes a member of the ethylene receptor family (Lanahan et al., 1994;

Wilkinson et al., 1995). The auxin-resistant dgt mutant has been reported to

be recessive with respect to most characteristics (Zobel 1973, 1974) and
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Figure 4.3: Gravitropic response in wild-type AC, Nr and dgt single mutants
and Fl and backcross populations. A. Wild-type AC, (red circles), dgt/AC
(purple squares) and NrIAC (green diamonds). B. F1A (black squares) and
Fl B (light green circles). C. Wild-type AC, (red circles), dgtIAC (purple
squares), Nr/AC (green diamonds) and average of FIA and FIB (black
triangles). D. BCA-NO, seedlings from backcross population A without
lateral roots (orange triangles, dotted line); BCA, seedlings from backcross
population A with lateral roots (orange triangles, solid line);BCAR-NO,
seedlings from reciprocal backcross population A without lateral roots (blue
triangles, dotted line); BCAR, seedlings from reciprocal backcross
population A with lateral roots (blue squares, solid line).Note presence of
wild-type AC, (circles), dgtIAC (squares), NrIAC (diamonds) and average of
F1A and FiB (triangles) as light-blue curves in the background.
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exhibits impaired auxin-induced ethylene production (Kelly and Bradford,

1986). Roots of the dgt mutant are less sensitive to growth inhibition by

ethylene (Muday et al., 1995). Here, we analyzed lateral root formation and

the gravitropic response in wild-type, Nrand dgt single mutants, Fl, and

backcross populations in order to identify the nature of the interaction

between the Nr and dgt genes in these two physiological processes.

Based on the reported genetic nature of the dgt and Nr mutations

and the predicted phenotypes for each of the four genotypes present in

BCA and BCAR, 50% of the backcross progeny (dgt/dgt) could be expected

to exhibit lack of lateral roots. When tested, the prediction held only for

BCAR, however, these results are statistically unreliable due to the small

number of individuals tested in this backcross. For BCA, there was

moderate to convincing evidence that the expected ratio for presence

versus absence of lateral roots in the backcross progeny is different from

1:1; raising the possibility of epistasis between Nr and dgt in lateral root

formation (Figure 4.1). Furthermore, the biphasic distribution of the number

of lateral roots in the backcross population indicates that the dgt lesion

(both as homozygote and heterozygote) inhibits all lateral root formation

and that this situation is not ameliorated by Nr, indicating that dgt is

epistatic to Nrfor lateral roots.

While dgt mutant seedlings lack lateral roots as expected (Zobel

1973,1974), Nrproduced a broader range of lateral root numbers per
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seedling than wild-type AC seedlings and there were also more Nr

seedlings with higher numbers of lateral roots. The distribution of lateral

roots in both Fl populations was skewed to higher numbers of lateral roots

than AC and dgt, indicating that Nr has a positive effect on lateral root

formation (Figure 4.2). The effect of the Nr lesion on lateral root formation

could be considered to be semi-dominant because the phenotypes of

homozygous and heterozygous Nrseedlings are not identical with regard to

number of lateral roots. Both backcross populations have a discontinuous

distribution in the number of lateral roots/seedling (Figure 4.2). The two

distinct subpopulations seen in BCA and BCAR may represent the

phenotype of homozygous dgt and Nrseedlings, clearly indicating that Nr

does not rescue the dgt phenotype for lateral roots. Therefore, Nr does not

provide an independent way to produce lateral roots, suggesting that dgt is

downstream of Nr in lateral root formation.

The role of auxin in regulating differential growth in response to

gravity has been demonstrated in numerous studies (for review, see

Muday, 2001). However, the role of ethylene in gravitropism has been

controversial because the results of studies using inhibitors of ethylene

biosynthesis or action to block the gravitropic response have not been

consistent (Smalle and Van Der Straeten, 1997). In tomato, ethylene plays

multiple, non-primary roles in modulating gravitropism (Madlung et al.,

1999). Here, we found that the gravitropic response of dgt seedlings is
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delayed (Figure 4.3), in agreement with previous studies showing a reduced

gravitropic response in dgt seedlings (Madlung etal., 1999; Rice and

Lomax, 2000). Very low ethylene concentrations can restore the reduced

gravitropic response of dgt, but not with wild-type kinetics (Madlung et al.,

1999). It has previously been reported (Madlung et al., 1999) that Nr

seedlings have a slightly slower gravitropic response, however, we found

no statistical difference between the Nrand wild-type gravitropic responses

during 12 h of gravistimulation in our experiments (Figure 4.3-A).

Neither homozygous nor heterozygous Nr plants have altered

gravitropic responses (Figure 4.3, -B and -C). Conversely, dgt as a

homozygote has a clear negative effect on gravitropism, however,

heterozygous dgt seedlings exhibit an intermediate gravitropic response

(exemplified by the intermediate position of Fl). Interestingly, a

semidominant effect of dgt on leaf size and shape has been previously

reported in heterozygous dgt seedlings. These plants grow upright, exhibit

normal root branching and produce normal levels of ethylene in response to

applied ethylene (Ursin and Bradford, 1989). Lack of statistical differences

between the gravitropic response of BCA and BCAR versus parental lines

is fully consistent with the presence of a mix of homozygous and

heterozygous dgt individuals in the backcross progeny (Figure 4.3-D).

In summary, the auxin-resistant dgt mutant is fully recessive with

respect to lateral root formation, but partially dominant with respect to
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gravitropic response. The ethylene-insensitive Nr mutant has a mild

quantitative effect on lateral root formation and no effect on gravitropism.

4.5 Materials and Methods

4.5.1 Plant material and genetic crosses

Seeds of wild-type tomato (Lycopersicon esculentum MID.), variety

Alisa Craig (AC), as well as homozygous seeds from the two single-gene

mutants Nr (Never ripe) and dgt (çjiageotropica) were used. Both mutants

were in the same AC parental background. Seeds of dgt11and AC were

originally obtained from Dr. C. M. Rick (University of California, Davies) and

seeds of Nrwere a gift from Dr. Harry Klee (University of Florida,

Gainesville). All materials were propagated by selfing at the Oregon State

University Botany Farm (Corvallis, OR).

To generate a population that would contain double mutant plants,

reciprocal crosses between homozygous dgt plants and homozygous Nr

plants were performed and the resultant Fl progeny was backcrossed with

dgt (Figure 4.1). Because no obvious directional effects were visualized in

the reciprocal Fl, only one Fl was used in the subsequent reciprocal

backcrosses with dgt (BCA, BCAR). Crosses were made by emasculation

and hand pollination. Plants were grown under standard greenhouse
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conditions. Deviations from expected segregation ratios were tested by x2

analysis.

4.5.2 Gravicurvature and rooting assays

Surface-sterilized seeds of wild-type AC, single mutants dgt and Nr,

and Fl and backcross progeny were germinated in the dark for 5 days at 28

°C. Seedlings of approximately 1.5 cm in length were placed on 1% agar in

Petri dishes (15 cm in diameter) and vertically oriented under red light (2.51

umol m2 measured from 640-680 nm) to allow roots to grow on the

surface of the agar. Digital photos (Nikon Coolpix 995, Japan) were taken

every two hours, and curvature angles were measured from prints using

a protractor. Each experiment was repeated at least three times with similar

results and the data pooled. Each data point represents at least 30

individual measurements for AC, dgt /AC, Nrand Fl and at least 17

individual measurements for the backcross progenies. Emerged lateral

roots were counted on 1 0-d old seedlings. Seedlings from all genetic

materials were carefully monitored for appearance of any abnormal

phenotypes.
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5. CONCLUSIONS

Plant hormones interact to regulate a multitude of events during plant

development in response to endogenous and environmental cues.

Interactions between plant hormones can be antagonistic or cooperative

depending on the hormones, developmental processes, and organs or

tissues involved in the response. Recently, genetic and molecular studies

have identified several key components in the signal transduction pathways

of the 'classic' plant hormones. Whereas the molecular basis underlying

how multiple pathways interact to regulate some developmental processes

such as floral transition is well understood, the regulatory mechanisms that

control other processes such as early fruit development are still unclear.

In order to better understand how early fruit development is

regulated, I analyzed the onset of ovary to fruit development and the

different stages of fruit development in both the diageotropica (dgt) auxin-

resistant tomato mutant and its wild-type parent (Chapters 2 and 3).

Hormonal regulation of ovary and fruit development was quantified using

real-time PCR to measure the expression of auxin and ethylene-regulated

genes (Chapters 2 and 3). Interactions between auxin and ethylene were

also investigated during vegetative plant development by analyzing the

gravitropic response and lateral root formation in wild-type, dgt and Never
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ripe (Nr) mutant seedlings, as well as in their corresponding Fl and

backcross populations (Chapter 4).

In addition to previously characterized vegetative phenotypes (Zobel,

1973, 1974; Kelly and Bradford, 1986; Fujino at aL, 1988, Muday et at.,

1995; Madlung etal., 1999), the dgt mutation displays a reproductive

phenotype that includes reduced fruit weight and fruit set, lower numbers of

seeds and locules, and extended developmental time from anthesis to the

onset of ripening (Chapter 2). Determination of final fruit size is a complex

phenomenon where several elements such as number of cells within the

ovary before fertilization, number of seeds and locutes, number of cell

divisions that occur in the developing fruit following fertilization, and extent

of cell expansion are involved (MacArthur and Buttler, 1938; Gillaspy etal.,

1993; Lippman and Tanksley, 2001). The reduced number of seeds in dgt

fruits can explain at least in part, the smaller final fruit size in these fruits.

Increased seed number has been proposed to enhance fruit growth by

controlling cell division in the surrounding tissue (Varga and Bruinsma,

1986) and embryo-synthesized auxin may be involved in this process

(Hotcher et al., 1992).

Analysis of fruit growth at earlier stages of development indicated

that differences in size between wild-type and dgt ovaries are present as

early as 5 DPA (Chapter 3). Early fruit development in tomato is

characterized by a period of active cell division, which proceeds for
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approximately 7-10 days after fertilization (Mapelli et al., 1978; Varga and

Bruinsma et aL, 1986), followed by a second phase of 6 to 7 weeks where

fruit growth is mostly due to cell expansion (Gillaspy et al., 1993).

Microscopic analysis of the two basic mechanisms of cell growth, cell

division and cell expansion, revealed differences in the dynamics of cell

number and cell size between dgtand wild-type developing fruits. The

larger size of wild-type versus mutant ovaries is explained by the presence

of more cells at the initial stages of ovary development in wild-type flowers.

After 5 DPA, the larger size is due not only to the higher number of cells

already present at pre-AN and AN, but also to the presence of larger cells.

Flow cytometry studies corroborated that differences in cell

proliferation are involved in determining the smaller size of mutant ovaries

(Chapter 3). The differences in flow cytometric profiles for wild-type and dgt

ovaries suggests cell cycle delay, possibly at the G2 stage, in dgt ovaries, It

has been proposed that two different auxin signal transduction pathways

control cell elongation and cell division, with auxin-binding protein I (ABPI)

acting as a high-affinity auxin receptor mediating cell expansion (Chen,

2001). However, transgenic studies have demonstrated that alterations in

auxin perception mediated by ABP1 also cause changes in the cell cycle,

specifically in the regulation of the G1 and G2IM phases. The finding that

auxin-induced cell division might involve ABPI, suggests that there must be

crosstalk between both pathways in order to regulate growth (Timpte,
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2001). Although additional experiments are needed to confirm that a delay

in cell cycle progression occurs in dgt ovaries, the results obtained in this

thesis clearly indicate that differences in cell number and cell size already

established both at pre-anthesis and at anthesis play a role in determining

final fruit size in dgt fruits.

Auxin is considered to be part of both the signaling mechanism

responsible for fruit set and the hormonal network that regulates early fruit

development (Gillaspy et al., 1993). At the cellular level, auxin plays a key

role in regulating cell division, elongation and differentiation. While the

molecular events that lead to these cellular responses are little known,

analysis of auxin-regulated gene expression has allowed the identification

of genes whose products probably regulate most developmental processes.

The Aux/IAA gene family represents such a group of genes. It has been

proposed that the presence of divergent regions between the four

conserved domains that characterize Aux/IAA proteins mediates

interactions with other proteins, giving functional specificity to different

members of the family (Reed, 2001). Additional functional specificity could

result from differential gene expression, in terms of either auxin

induction/repression of AuxIIAA gene expression or tissue-specific patterns

of expression (Reed, 2001).

Various members of the LeIAA gene family are differentially

expressed during ovary and fruit development (Chapters 2 and 3). For
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example, LeIAA8 is constitutively expressed during ovary and fruit

development, whereas LeIAAIO is only expressed from 5 DPA until the

immature green stage. Distinct gene expression patterns at different

developmental stages may link participation of individual Le!AA gene

products with specific developmental responses. For example, LeIAAIO

expression may be necessary for cell division and the early phase of rapid

cell expansion in tomato fruits, whereas continuous expression of LeIAA8

may be required at all stages of fruit development from cell division to

ripening. The expression patterns of LeIAA genes in reproductive tissues

differ from those previously found in seedlings (Nebenfuhr et al., 2000),

indicating that specific members of the LeIAA gene family play different

functional roles in ovary/fruit development and seedling growth.

Comparison of the relative levels of Le!AA gene expression in wild-

type and dgt ovaries and fruits revealed that the dgt mutation affects only a

subset of LeIAA genes and that alterations in gene expression by the dgt

lesion are developmentally regulated. Importantly, the subset of LeIAA gene

family members affected by the dgt mutation in seedlings (Nebenfuhr et al.,

2000) differs from those affected by dgt during fruit development (Chapter

2). Although the use of different genes for normalization precludes direct

comparison of the expression levels of LeIAA genes during fruit (Chapter 2)

and ovary development (Chapter 3), the tendencies depicted for fruit

development are maintained during ovary development, with the possible
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exception of LeIAA8. In this case, either the relative levels of LeIAA8

transcript relative to I 8S rRNA and RPL2 transcripts are very different or

there is a substantial change in the level of constitutive expression of

LeIAA8 from ovary to fruit development.

These findings can be interpreted in the following way: if the intact

DGT gene product is a negative regulator in wild-type tissues, disruption of

this function by the dgt lesion would differentially alter the expression

patterns of LeIAA genes depending on whether their regulation was DGT-

dependent or DGT-independent. The dgt lesion may disrupt the function of

LeIAA genes early in signal transduction and alter their role as tissue-

specific mediators during the regulation of various developmental

processes. In this context, if the regulation of different developmental

process in different tissues requires a distinct combination of LeIAA

proteins, the subset of LeIAA genes altered by the dgt mutation will vary

with the type of tissue, developmental stage and developmental process

(Figure 5.1).

Studies of the hormonal regulation of gene expression as well as

analyses of mutants with altered hormonal responses are common

approaches to address regulation of distinct developmental processes. In

order to contribute to a better understanding of the interactions between

ethylene and auxin during fruit development, expression patterns of LeACS

and LeIAA genes were analyzed in both wild-type and dgt fruits (Chapter 2).
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Figure 5.1: Model of dgt action. Different combinations of Le!AA genes and
their products regulate different developmental process (each circle
represents a different pool of LeIAA proteins that regulate a particular
developmental process). The dgt lesion (represented by the borken arrows)
would differentially alter the expression of individual LeIAA genes
(represented by the arrows), depending on whether their regulation is DGT-
dependent or DGT-independent.
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Whereas expression of the genes involved in system 2 ethylene production

was found to be intact in dgt fruits, relative expression of LeA CS6 and 7

was affected by the dgt mutation. The clear increase in LeACS6 expression

in dgt versus wild-type fruits at 15 DPA suggests that alterations in early

fruit development result, at least in part, from changes in system 1 ethylene

production at that stage. The LeACS7 gene, which has not previously been

associated with system 1, is expressed early in the development of wild-

type fruit. However, no LeACS7 transcripts were detected in dgt fruits at

any stage.

In hypocotyls, it has been reported that transcriptional activation of

the auxin-inducible LeACS3 and 5 genes requires a functional DGT gene

(Coenen, 1996). Intact DGT expression also appears to be necessary for

the expression of LeACS7 and the LeA CS7 gene product may also be

involved in system 1 regulation of early fruit development. Taken together,

expression analyses of the LeIAA and LeA CS gene families indicate that

auxin responsiveness and ethylene biosynthesis play significant roles in

early fruit development. These results also demonstrate that specific

members of both gene families play a role in the dgt reproductive

phenotype, possibly as direct downstream targets of the DGT gene product.

Additionally, altered expression of specific LeIAA and LeA CS gene family

members plus the differences found in cell number and size between wild-

type and dgt developing fruits demonstrate the importance of the early
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stages of ovary/fruit development as determinants of the final fruit

characteristics in tomato.

In order to improve our understanding of the interactions between

auxin and ethylene at the whole-plant level, we analyzed the gravitropic

response and lateral root formation in wild-type, diageotropica (dgt) and

Never-ripe (Nr) tomato seedlings, as well as in the Fl and backcross

populations between these two mutants (Chapter 4). Auxin clearly

participates in the regulation of gravitropism and lateral root formation

(Muday, 2001; Francis and Sorell, 2001). However, the involvement of

ethylene in the control of these processes is less certain (Smalle and Van

Der Straeten, 1997, Madlung et al., 1999). Because of this, it was of interest

to investigate the possible interactions between the dgt and Nr genes.

Our data indicates that Nr has a mild quantitative effect on lateral

root formation but cannot restore the production of lateral roots in dgt,

suggesting that dgt is downstream of Nrwith respect to lateral root

formation. No effect of Nrwas found on the gravitropic response. The dgt

mutant is completely recessive with respect to lateral root formation, but

partially dominant with respect to gravitropism. These results suggest that

whereas ethylene insensitivity does not seem to play a central role in lateral

root formation or gravitropism, auxin resistance leads to definite effects on

both processes. In order to make firm conclusions about the mechanism of
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dgt action, it will be necessary to first elucidate the function of the DGT

gene product.

In summary, the characterization of a novel reproductive phenotype

in the already pleiotropic auxin-resistant dgt mutant as well as the analysis

of the cellular events and changes in gene expression associated with it

described in this thesis, have enhanced our understanding of the

mechanisms that regulate early fruit development in tomato. I demonstrated

that both auxin and ethylene play important roles in the early stages of fruit

development in tomato and that one of the specific mechanisms by which

auxin controls final fruit size is through the regulation of both determination

of cell number and extent of cell expansion in developing fruits.
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