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ABSTRACT

Fruit development is a complex yet tightly regulated

process. The developing fruit undergoes phases of

cell division and expansion followed by numerous

metabolic changes leading to ripening. Plant hor-

mones are known to affect many aspects of fruit

growth and development. In addition to the five

classic hormones (auxins, gibberellins, cytokinins,

abscisic acid and ethylene) a few other growth

regulators that play roles in fruit development are

now gaining recognition. Exogenous application of

various hormones to different stages of developing

fruits and endogenous quantifications have high-

lighted their importance during fruit development.

Information acquired through biochemical, genetic

and molecular studies is now beginning to reveal

the possible mode of hormonal regulation of fruit

development at molecular levels. In the present

article, we have reviewed studies revealing hor-

monal control of fruit development using tomato as

a model system with emphasis on molecular

genetics.
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INTRODUCTION

Fruit development and ripening is a well-coordi-

nated, temporally and spatially tightly regulated

complex process involving the interplay of a num-

ber of biotic and abiotic factors. Plant hormones

have long been known to regulate the development

and ripening of fruits (Crane 1964, 1969; Nitsch

1970). The five classical hormones, namely, auxins,

cytokinins, gibberellins (GAs), abscisic acid (ABA),

and ethylene, are all known to modulate growth

and development at various stages of the developing

fruit (Ozga and Rienecke 2003). In addition, the

roles of growth regulators such as polyamines (PAs),

salicylic acid, jasmonic acid, and brassinosteroids on

fruit development and ripening are beginning to be

identified (Li and others 1992; Cohen 1999; Mehta

and others 2002; Vardhini and Rao 2002; Sheng and

others 2003).

Fruits serve as receptacles for the developing

seeds, initially protecting them from destructive

environmental and predatory elements, and later

promoting their dispersal. To that end, fruits usually

develop distinct characteristics such as bright colors,

aroma, flavor, and succulence, as observed in such
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fleshy fruits as tomato or wings of maple fruit. De-

spite their varied morphologies, fruits share com-

mon events and pathways in their life cycle that are

crucial for their induction and development. The

development of a fruit can be separated into phases

that include pre-pollination, pollination, fertiliza-

tion and fruit set, post-fruit set, ripening, and

senescence stages. Pre-pollination development in-

volves the floral and fruit primordia (ovary and

ovule) initiation, with the ovary and the ovule

undergoing development until pollination/fertiliza-

tion. Successful pollination of the ovary and fertil-

ization of the ovule warrant further development;

failure in either of these two events results in their

senescence. The successful fertilization of the ovule

is followed by cell divisions and expansion resulting

in the growth of the fruit (fruit set). Fruit may either

undergo growth entirely by cell enlargement after

the cell division phase, as in Lycopersicon esculentum,

or some cell division may accompany cell enlarge-

ment throughout the period of fruit growth, as in

Lycopersicon pimpinellifolium (Crane 1964). Fruit

maturation is followed by ripening and ultimately

senescence, which marks the switch in the fruit�s
function from protection of the developing seeds to

their dispersal, and is accompanied by myriad

changes in the biochemical and physiological as-

pects. Seeds, a rich source of many hormones

(Crane 1969), are known to be essential for normal

development of fruits; the size and shape of many

fruits being determined by seed number and distri-

bution. Fruits also act as mobilization centers for

nutrients, with hormones possibly modulating the

process (Brenner and Cheikh 1995). Plant hor-

mones are essential for successful completion of

each developmental stage and progression of the

developing fruit into the next stage. However, de-

spite extensive studies on the effects of hormones

on plant growth and development over many years,

the mode of their action at the molecular level in

fruit development is not yet understood. Only in

recent years have the molecular components in-

volved in control of hormonal effects during fruit

development begun to emerge. In this review, we

have focused on recent advances in hormonal

control of tomato (Lycopersicon esculentum) fruit

development, with emphasis on molecular regula-

tors.

Tomato, a fleshy climacteric fruit, has long-served

as a model for fruit development and ripening

studies. Extensive work in this fruit crop has re-

sulted in the development of large populations of

well-characterized mutants, which provide a system

amenable to analyzing molecular aspects of fruit

development and ripening, including the aspects of

hormonal regulation (Table 1). Tomato fruit devel-

opment has been broadly divided into four phases,

with the growth and maturation of tomato fruit

following a single sigmoidal growth curve (Fig-

ure 1A, 1C) (Crane 1964). Phase I represents floral

development, pollination, fertilization, and fruit set.

Phase II involves cell division that lasts for 7–14

days after pollination (Mapelli and others 1978).

During this phase most of the fruit cells are estab-

lished. However, fruit growth is slow, reaching only

about 10% of the final fruit fresh weight (Fig-

ure 1C). Phase III primarily comprises cell expan-

sion, which, depending on the genotype, continues

for 3–5 weeks and is responsible for attainment of

the maximum fruit size (Ho and Hewitt 1986). The

final fruit size is dependent on the number of cells

established in phase II (Ho 1996). It is also a func-

tion of the cell number within the ovary prior to

fertilization, the number of successful fertilizations

that occur in the ovary, and the extent of cell

enlargement (Bohner and Bangerth 1988). Phase IV

involves ripening, which is characterized by slow

growth and intense metabolic changes. The life cy-

cle of tomato fruit spans 40–70 days from fertiliza-

tion to the ‘‘red ripe’’ stage. Many factors such as
cultivar, position on the cluster, climactic conditions,
and cultural practices influence the overall fruit
development.

HORMONAL ROLES DURING TOMATO FRUIT

DEVELOPMENT

Early studies involving exogenous application of

various hormones to developing fruit indicate their

roles at different stages of fruit development

(Crane 1964). However, the fact that the effects of

exogenous application may not be a true repre-

sentation of their cellular role has led to an

examination of the endogenous levels of hormones

during fruit development and ripening (Figure 1B).

The abundance of certain hormones over others at

specific stages of fruit development indicates a

possible role for these hormones during that

developmental stage. Exogenous application stud-

ies and endogenous quantifications have provided

insights into the roles of hormones during tomato

fruit development.

Exogenous application of gibberellins (GAs) at or

near anthesis to the styles of tomato flowers in-

duces cell enlargement in pre-formed normal

ovaries and leads to parthenocarpic fruit develop-

ment (Fos and others 2000). Application of GAs to

unpollinated tomato flowers results in increased
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auxin levels in tomato ovaries (Sastry and Muir

1963). It has been suggested that the GAs pro-

duced by the pollen may play a role in increasing

auxin production in the ovary, which may serve as

a signal for fruit set and further cell division (Gil-

laspy and others 1993). High GA levels have been

detected in young, immature tomato fruits (Ko-

ornneef and others 1990). GA may play a role in

anthesis and stimulate fruit and seed development

(Rebers and others 1999). Bioassay studies have

shown that the endogenous GA-like activities in

normal seeded tomato plants follow a bimodal

pattern (Figure 1B), with the levels peaking first

from anthesis to about the 8th day and then from

about the 15th day to ripening (Mapelli and others

1978; Sjut and Bangerth 1982). Gas chromatogra-

phy-mass spectrometry (GC-MS) along with gas

chromatography-selected ion monitoring (GC-SIM)

studies show that the levels of GA1 and GA20,

considered to be the most important GAs physio-

logically, are high in pericarp and seeds, with the

GA1 levels decreasing during development in

pericarp whereas the seed GA levels increase with

peaks between 15 and 30 days after pollination

(Bohner and others 1988). The two peaks of gib-

berellin accumulation coincide with the cell divi-

sion (phase II) and cell expansion phase (phase III)

of tomato fruit development (Figure 1).

The presence of auxins in pollen, its production

in the style and ovary accompanying pollen tube

growth and fertilization, and resultant stimulation

of ovary growth along with production of parthe-

nocarpic fruits by exogenous application of auxins,

strongly indicates a function for this hormone dur-

ing fruit set (Crane 1964). Bioassay studies for

auxins also reveal a bimodal pattern of activity

(Figure 1B), with the peaks in activity occurring at

about 10 days after anthesis and then again at about

30 days after anthesis in developing tomato fruits,

suggesting roles for this hormone both at initiation

Table 1. Hormone-Related Tomato Mutants Used for Fruit Development Studies

Mutant Description Hormonal deviations Reference

pat Parthenocarpy GA metabolism pathway

may be affected; Net spermine

and spermidine accumulation

during pre-anthesis floral development.

Mazzucato and others 1998;

Antognoni and others 2002

pat-2 Parthenocarpy (Russian

cv. Severianin)

High GA20 levels in the ovaries Fos and others 2003

pat-3/4 Parthenocarpy (German

line RP75/59)

Enhanced early 13-hydroxylation pathway

of GA biosynthesis

Fos and others 2001

gib-1 GA deficient GA biosynthetic pathway affected

(lesion in ent-copalyl diphosphate

synthase, CPS, gene)

Bensen and Zeevart 1990

gib-3 GA deficient GA biosynthetic pathway affected

(lesion in ent-kaurene synthase, KS, gene)

Bensen and Zeevart 1990

sitiens (sitw) ABA deficient ABA deficient Groot and Karssen 1992;

Liu and others 1996

rin ripening inhibitor Low ethylene production, impaired

putrescine decline during ripening

Tigchelaar and others 1978

nor non-ripening Low ethylene production; peak ABA levels

50% that of normal fruit; peak in ABA

level is delayed

Tigchelaar and others 1978

Nr Never ripe Insensitive to ethylene Tigchelaar and others 1978

alc alcobaca Reduced ethylene, high PA contents Dibble and others 1988

Cnr Colorless non-ripening Reduced ethylene Thompson and others 1999

flc flacca Reduced ABA levels Sharp and others 2000

not notabilis Reduced ABA levels Burbidge and others 1999

dx extreme dwarf Brassinosteroid deficient (biosynthesis mutant) Bishop and others 1999

dpy dumpy Brassinosteroid insensitive (signaling mutant) Koka and others 2000

cu3 curl3 Brassinosteroid insensitive (signaling mutant) Koka and others 2000

dgt diageotropica Blocked rapid auxin reaction

of tomato hypocotyls

Balbi and Lomax 2003;

Coenen and others 2003

GA = gibberellin; ABA = abscisic acid; PA = polyamines.
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of the cell expansion phase (phase III) and at the

final embryo development phase (phase IV) (Abdel-

Rahman 1977; Mapelli and others 1978; Gillaspy

and others 1993). A more quantitative approach

with GC-SIM-MS studies and radioimmunoassays

has confirmed the occurrence of two auxin peaks

during tomato fruit development, with the auxin

levels in seeds also showing a constant increase in

the first 30 days of fruit development (Bohner and

Bangerth 1988; Buta and Spaulding 1994). Radio-

immunoassays show high levels of cytokinins (Fig-

ure 1B) at 5 days after anthesis (Bohner and

Bangerth 1988). The levels of cytokinin found in

seeds in this study are higher than those in the

pericarp. The correlation between cell number and

cytokinin levels in young developing tomato fruits

suggests a possible role for cytokinin in cell division

(phase II). Bioassays also show a coincidence be-

tween cytokinin level and cell division activities in

tomato fruit (Abdel-Rahman and others 1975;

Mapelli 1981). Gas liquid chromatographic (GLC)

studies reveal a dramatic decline in cytokinin levels

during ripening, reaching the lowest level at the red

ripe stage (Desai and Chism 1978), which suggests

lesser roles for cytokinins during ripening. The

mode of cell-division regulation exerted by cytoki-

nins in the developing seeds of the fruits is not yet

clear. It is hypothesized that cytokinins in the

developing seed may control the synthesis of a po-

sitive regulator that may diffuse into surrounding

cells that are developmentally regulated to divide

(Gillaspy and others 1993).

Figure 1. Hormonal regulation of tomato fruit development. Shown are various phases of tomato fruit development (A)

and classical hormonal fluxes (B). The hormonal fluxes were redrawn with approval from Gillaspy and others 1993

(copyright �American Society for Plant Biologists). The phases represent: I, floral development and fruit set (broken

arrow); II, cell division during early fruit development; III, cell expansion and fruit maturation, and IV, fruit ripening.

Middle panel (C) depicts sigmoidal growth curve, mitotic index , and growth rate for tomato fruit (redrawn with approval

from Cong and Tanksley 2002; copyright � National Academy of Sciences, USA; Abdel-Rahaman 1977). Some of the

genes whose expression is associated with hormonal changes in developing fruit are also indicated. (D) The down-

pointing arrow represents the downregulation of a gene.
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Seeds play an important role in normal fruit

development. Normal seed development within the

tomato fruit is also dependent on developmental

stages of the sheath and the locular tissues. ABA

concentration and osmotic potential fluxes in these

tissues appear to regulate seed desiccation and

dormancy induction, which prevents precocious

germination (Berry and Bewley 1991). Radio-

immunoassays and GLC studies show detectable

ABA levels at about 5 days after pollination, with

the levels rising in both seed and pericarp until 30–

50 days after pollination (Sjut and Bangerth 1982;

Bohner and Bangerth 1988; Berry and Bewley

1991), with the peak level coinciding with the cell

expansion phase (phase III).

Ethylene has been the most widely studied hor-

mone because of its well-demonstrated ripening and

senescence enhancing effects. Ethylene levels are

high in the early stages of fruit set (phase I), de-

crease in later stages, and again increase at the onset

of fruit ripening (Abdel-Rahman 1977; Lacheene

and El-Beltagy 1986). This latter increase in ethyl-

ene levels is associated with the climacteric rise of

respiration (phase IV). The need to control tomato

fruit ripening process to increase the shelf life of

fruit has led to a detailed but not yet complete

understanding of its molecular role during fruit

development and ripening (Giovannoni 2004; Klee

2004).

MOLECULAR PERSPECTIVE OF

PARTHENOCARPY AND HORMONE-DEFICIENT

MUTANTS

Parthenocarpy, the phenomenon of seedless fruit

development, has provided abundant information

about the involvement of hormones during early

fruit development. Tomato shows facultative par-

thenocarpy; that is, seedless fruits may develop

depending upon environmental stimuli (George and

others 1984). Artificial parthenocarpy may be in-

duced by exogenous application of hormones,

especially auxins and GAs that mimic the effect of

pollination, thereby resulting in parthenocarpic

fruit (Gustafson 1936; Nitsch 1971). The genetics of

a number of parthenocarpic lines in tomato have

been described (George and others 1984; Fos and

Nuez 1996; Mazzucato and others 1998; Fos and

others 2000, 2001). Parthenocarpy in pat mutant is

controlled by the recessive pat gene, whereas the

pat-2 gene controls facultative parthenocarpy in

‘‘Severianin’’ (George and others 1984). Partheno-
carpy in the German line RP75/59 is controlled by pat-

3/pat-4 (Nuez and others 1986). The genes pat, pat-2,

and pat-3/pat-4 responsible for the three partheno-

carpic lines in tomato are non-allelic (George and

others 1984; Fos and others 2001).

Studies on parthenocarpic lines of various fruits

suggest that these lines have increased endogenous

hormone levels in the ovary, which promotes the

development of fruits even in the absence of polli-

nation or fertilization (George and others 1984).

These studies have led to the acceptance of Nitsch�s
proposal (Nitsch 1970) of a minimum concentration

requirement in the parthenocarpic ovary at anthesis

before occurrence of pollination. In pat fruits, the

endogenous levels of auxin-like substances have

been found to be threefold higher than the normal

lines at anthesis; levels of GA-like substances are four

times higher during the first 8 days of growth,

whereas those of cytokinin-like substances are 20

times lower than in the normal fruit (Mapelli and

others 1978; Mapelli 1981).

Several GAs (GA1, GA8, GA19, GA20, GA29, and

GA44) have been found in developing tomato fruits

(Bohner and others 1988; Koshioka and others

1994). Quantification of GA levels in pat-2 and

pat-3/pat-4 mutant lines reveal increased levels of

GA1, GA19, GA20, GA29, and GA44 (which are

members of the 13-hydroxylation pathway) in pat-

3/pat-4 ovaries, indicating that this pathway is en-

hanced in the latter parthenocarpic system. These

changes are not seen in the pat-2 system, indicating

that the alteration of GA metabolism produced in

the unpollinated ovaries of the pat-3/pat-4 genetic

system is different from that in the pat-2 genetic

system (Fos and others 2000, 2001). These studies

are in agreement with earlier observation of in-

creased levels of GA-like substances in pat fruits at

the early stages of development (Mapelli and others

1978), and they further illustrate the importance of

GAs in the control of fruit set and development.

Studies with the GA-deficient mutants gib-1 and gib-

2 have demonstrated the requirement of GAs for

normal floral development and seed set (Groot and

others 1987; Bensen and Zeevart 1990), and three

flower-specific cDNAs (tgas100, tgas105, and tgas118)

upregulated by GAs have been isolated from the

GA-deficient gib-1 mutant (van den Heuvel and

others 2001, 2002). The deduced TGAS105 poly-

peptide shows homology to extensin-like proteins,

whereas the TGAS100 polypeptide is similar to a

stamen-specific gene from Antirrhinum. Transcript

expression studies of three GA20 oxidase cDNA

clones, namely, Le20ox-1, -2, and -3, show organ-

specific patterns of mRNA accumulation. Le20ox-1, -

2, copalyl diphosphate synthase (LeCPS), and GA 3b-

hydroxylase (Le3OH-2) transcript accumulation oc-

curs up until anthesis, with high levels of Le3OH-2
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transcripts in open flowers, as compared to Le20ox-1,

-2, and LeCPS. A post-anthesis increase in transcript

levels of LeCPS and Le20ox-1, -3 is observed,

whereas the transcript levels of Le3OH-2 decrease.

These results reveal tight spatial and temporal reg-

ulation of GA biosynthesis during tomato flower

bud development (Rebers and others 1999).

GAD3 (similar to non-metallo short-chain alcohol

dehydrogenase) and LeSPH1 (S protein homolog),

two differentially expressed genes putatively in-

volved in fruit set and early development, have

been isolated from tomato pat mutant lines by dif-

ferential display (Testa and others 2002). LeSPH1

upregulation seems to be specific for the expression

of parthenocarpic lines, as it is also found in ovaries

of pat-2 lines. Transcript levels of GAD3 and LeH2A-2

(similar to Histone H2A) increase in response to GA3

treatment in wild-type ovaries but not in pat mutant

lines, showing that both are GA-responsive genes in

tomato (Jacobsen and Olszewski 1996; van den

Heuvel and others 1999). The non-responsiveness

of these genes to GA treatment in parthenocarpic

lines could be due to saturated levels of GAs in

parthenocarpic ovaries (Mapelli and others 1978;

Fos and others 2000, 2001), further supporting the

role of GAs in this mode of fruit development. Pla-

centa-specific transcription of GAD3 genes reflects

the tissue specificity of this gene for rapidly dividing

cells and supports the hypothesis that it plays an

important role in early fruit development and,

possibly, in parthenocarpic fruit development.

Unpollinated ovaries induced for parthenocarpic

growth with 2,4-dichlorophenoxyacetic acid (2,4-

D) show more rapid weight increase than with GA3,

indicating that auxins have a more important role

than GAs in tomato fruit set and development

(Bangerth 1981; Alabadi and others 1996). Fur-

thermore, 2,4-D– or GA3–induced parthenocarpic

fruits show decreased arginase activity, indicating

that a change in arginine metabolism is associated

with early tomato fruit development. Also, a de-

crease in the levels of conjugated PAs post 2,4-D

treatment of the unpollinated ovaries has led to the

speculation that conjugated polyamines serve as a

source of polyamines and related compounds in-

volved in fruit growth by cell division, resulting in

their depletion before growth by cell expansion. In

the parthenocarpic pat ovaries, a net accumulation

of PAs has been observed at pre-anthesis floral

stages, whereas in the control plants the PA pattern

did not change significantly during the develop-

mental stages considered in the study (Antognoni

and others 2002). These results are correlated to the

typical rapid growth of the ovary at anthesis in

parthenocarpic lines. These studies have correlated

the levels of PAs with parthenocarpic tomato fruit

development, indicating a possible role for this

growth regulator in inducing parthenocarpy. Fos

and others (2003) have demonstrated partial par-

thenocarpic growth in tomato on application of

putrescine, spermidine, and spermine to unpolli-

nated wild-type ovaries, confirming the role of PAs

in parthenocarpic fruit set. They have also shown

that parthenocarpic growth in the pat-2 genetic

system relies on PAs and requires both arginine

decarboxylase (ADC) and ornithine decarboxylase

(ODC) pathways, and that pat-2 activates PA bio-

synthesis through the ODC pathway, leading to

elevated free spermine content in unpollinated

ovaries.

A detailed light and electron microscopic study of

male and female organ development in tomato pat

mutant lines has led to the suggestion that parthe-

nocarpy may be an induced secondary effect of a

mutated gene whose primary function is to regulate

floral organ development (Mazzucato and others

1998). In addition to aberrant male and female or-

gans, defective ovules, and parthenocarpic fruits, pat

mutants also exhibit defective pollen–pistil interac-

tions that obstruct seed set (Mazzucato and others

2003). An association between patterns of modu-

lation of certain proteins and the phenotypic

expression of genetically controlled parthenocarpy

has been shown in studies where a 62-kDa protein

shows a sharp decline in seeded fruits, while

remaining elevated in pat-2 parthenocarpic fruits

(Barg and others 1990). In another study, compar-

isons of in vitro translation products of two different

parthenocarpic lines (pat-2 and pat-3/pat-4) and

normal tomato flower at bud, anthesis, pre-, and

post-anthesis stages revealed a dramatic increase in

a 30-kDa polypeptide at the pre-anthesis and

anthesis stages in parthenocarpic lines (Fos and

Nuez 1996). More work is needed to understand the

function of these proteins in parthenocarpic fruit

development. Studies with tomato parthenocarpic

and mutant lines are making it increasingly clear

that auxins, GAs, and PAs are important players in

fruit set and early development of tomato fruits.

MOLECULAR COMPONENTS OF FRUIT

DEVELOPMENT

Following successful fruit set, a phase of rapid cell

division establishes the total cell population of the

final fruit (Figure 1A). Depending on the species,

the cell expansion phase (phase III) may follow

or accompany the cell division phase in tomato.

Auxins, GAs, and cytokinins, found at high con-
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centrations during pollination/fertilization and early

fruit development, have been implicated in the cell

division and expansion phase of the fruit (Abdel

Rahman 1977; Mapelli and others 1978; Bohner

and Bangerth 1988), with the hormones affecting

many other components. In the following section,

we have compiled the studies revealing various

molecular components that are affected by hor-

mones during tomato fruit development. Fruit rip-

ening and seed dormancy, largely affected by

ethylene and ABA, respectively, are addressed in a

separate section.

AUXIN RESPONSE FACTORS

Auxin is known to induce the expression of several

gene families, including the SAUR (small auxin

upregulated RNA), GH3, and Aux/IAA genes

(Guilfoyle and others 1998). The Aux/IAA genes

constitute a family of early auxin response genes

(Abel and Theologis 1996) that encode for proteins

containing nuclear localization signals with short

half-lives (Abel and others 1994; Oeller and Theolo-

gis 1995). Aux/IAA family members are capable of

forming homo- and heterodimers with DNA-binding

auxin response factors, supporting their role as reg-

ulators of auxin responses (Reed 2001). Auxin-

resistant dgt (diageotropica) tomato mutant lines

homozygous for any of the three independent alleles

(dgt1-1, dgt1-2, and dgtdp) show similar plieotropic

phenotypes, which include reduced apical domi-

nance and gravitropic response, hyponastic leaves,

retarded vascular development, high levels of

anthocyanin and chlorophyll, and lack of lateral roots

(Zobel 1972). The dgt mutation affects size, weight,

and internal anatomy of the fruit, with fruit weight,

number of locules, and seeds per fruit significantly

reduced in the mutant as compared to the wild-type

lines (Balbi and Lomax 2003). As the overall auxin

metabolism and transport in dgt mutants is not af-

fected and the auxin responsiveness is only partially

abolished (Muday and others 1995; Rice and Lomax

2000), it has been proposed that the dgt lesion dis-

rupts a specific step during early auxin signal trans-

duction (Nebenfuhr and others 2000). Expression

studies for members of the AUX/IAA family (LeIAA1-

11) in mutant and wild-type control fruits show

higher expression for LeIAA2 and LeIAA8 in the dgt

mutant at early developmental stages of the fruit,

indicating that in wild-type fruit, the intact Dgt gene

product may serve as a negative regulator (Balbi and

Lomax 2003). Furthermore, altered expression of

members of the LeACS gene family (LeACS6 and

LeACS7) in the early stages of fruit development in dgt

mutants also indicates a significant role for ethylene

biosynthesis in early fruit development. In a separate

study, transcript accumulation for several Aux/IAA-

like (DR1, DR3 DR4, and DR8) genes in tomato was

found to be differentially regulated by ethylene

(Jones and others 2002).

DR12, an auxin response factor (ARF), encodes

for a protein that exhibits nuclear localization, in

accordance with its putative function as a tran-

scriptional regulator (Jones and others 2002). DR12

transcript accumulation is ethylene dependent, with

its highest accumulation in early red fruit. Pheno-

types displayed by DR12 inhibited or overexpressed

transgenic plants indicate that the DR12 encoded

protein is important in seed development, seedling

growth, and fruit cell division, processes where

auxin is expected to play a role. DR12 inhibited lines

show upwardly curled leaves, dramatically

increased chlorophyll content in the fruit resulting

in a dark green unripe fruit, increased hypocotyl

lengths, and blotchy fruit ripening. These varied

phenotypes are indicative of different hormonal

effects, with the curling of leaves and increased

hypocotyl lengths indicating auxin responses,

whereas the blotchy fruit ripening is similar to the

phenotype observed in the ipt transformed cytoki-

nin enhanced tomato lines (Martineau and others

1994). These observations implicate DR12 in physi-

ological processes where both auxin and ethylene

have been shown to play roles and further indicate

that DR12 may be involved in modulating the re-

sponses of other hormones.

CELL DIVISION AND CYCLINS

At the molecular level, cyclin-dependent protein

kinases (CDK) are involved in regulation of cell

division processes in eukaryotes such as yeast

(Forsburg and Nurse 1991) and animals (Norbury

and Nurse 1992). Cyclin binding to CDK is necessary

for protein kinase activity and target specificity

determination (Morgan 1995; Nigg 1995). Among

over 60 cyclin cDNA clones isolated from plants

(Renaudin and others 1996), many are related to the

animal A- and B- type cyclins, which are involved in

progression through G2 and for mitosis; additionally,

type-A is essential for S-phase. The transcripts for

Lyces;CDKA1 and Lyces;CDKA2, that encode for to-

mato homologs of CDK p34
cdc2

and the correspond-

ing CDKA proteins predominantly accumulate

between anthesis and 5 days after anthesis in tomato

fruit (Joubès and others 1999). The CDK activity

seems to be post-translationally regulated at both

temporal and spatial levels during early tomato fruit
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development. Lyces;CDKC;1, a tomato C type cyclin,

is preferentially expressed in actively dividing cells of

the fruit and shows slight modulation by sugars or

hormones, whereas the expression of CDKA (Ly-

ces;CDKA;1) and CDKB (Lyces;CDKB1;1 and Ly-

ces;CDKB2;1), which are also associated with

meristematic tissues, is either induced by or strictly

dependent on sugar availability (Joubès and others

1999, 2001). Three tomato D3 cyclins (LeCycD3;1,

LeCycD3;2, and LeCycD3;3) show upregulation in

ovaries after pollination/fertilization, with the tran-

script levels reaching a peak at 3 days after anthesis

(Kvarnheden and others 2000). As the levels of GAs

and cytokinins are known to peak at the time of

fertilization, the authors in this study speculate that

the cyclin genes may be involved in transducing the

hormonal signals leading to fruit growth by cell

divisions.

INVERTASES AND SUGAR TRAFFICKING

In tomato, extracellular invertase isoenzymes are

encoded by a gene family comprising of at least four

members: Lin5, Lin6, Lin7, and Lin8 (Godt and

Roistch 1997). The expression of Lin5 is specific to

reproductive organs and fruit (Godt and Roitsch

1997), and it is higher during early fruit develop-

ment (Preols and others 2003). In addition, a 1.6-kb

promoter fragment of Lin5 shows hormone (GA,

AUX, and ABA) inducibilty. Lin7 expression, on the

other hand, is restricted to anther and pollen grains

(Godt and Roitsch 1997; Proels and others 2003)

and suggests an important function in supplying

carbohydrates to these flower organs. Lin6 is ex-

pressed under conditions that require a high car-

bohydrate supply such as seedling roots, flower

buds, and Agrobacterium induced tumors. Transcripts

show a sink tissue-specific distribution, and the

concentration is elevated by stress-related stimuli,

cytokinin, and in response to the induction of het-

erotrophic metabolism (Godt and Roitsch 1997).

The induction of these extracellular invertase genes

by various hormones during flower and fruit

development indicates their hormonal regulation

and also the fact that they may be important in

maintaining a carbohydrate supply during the ac-

tive growth and development phases of these or-

gans. Further work should elucidate the molecular

basis for the hormonal induction of these genes and

their contributions to flower and fruit development.

Cytokinins are generally associated with increas-

ing sink strength and delaying senescence (Brenner

and Cheikh 1995; Roitsch and Ehneß 2000; Balibrea

Lara and others 2004). Tomato 2A11:ipt transgenic

lines producing high cytokinin in the fruit show

blotchy ripening, with regions of green and red tis-

sues in the same fruit (Martineau and others 1994).

The authors argue that this phenotype in the trans-

genic lines implicates cytokinin involvement in

blocking various cellular differentiation and gene

expression pathways associated with fruit ripening.

In a different study, increased cytokinin levels in

tomato lines transformed with the ipt gene expressed

predominantly in the ovary tissues are associated

with higher total solids and improved sugar:acid

ratio, and with a reduction in average fruit size

(Martineau and others 1995). The increased cyto-

kinin levels improve fruit set, possibly by enhancing

the ovary/young fruit sink strength, thereby leading

to higher total solids in the fruit. However, compe-

tition for photosynthates among the greater number

of fruits in these transgenic lines may have a limiting

effect on the fruit size.

The ASR (abscisic acid, stress, and ripening)

proteins induced by ABA, stress, and ripening, were

first described in tomato (Iusem and others 1993;

Amitai-Zeigerson and others 1994; Rossi and Iusem,

1994). The ASR proteins resemble eukaryotic non-

histone chromosomal proteins (Iusem and others

1993) and might act as downstream components of

a common signal transduction pathway involved in

responses of plant cells to environmental factors

(Maskin and others 2001) The sugar-induced

VuMSA, a grape ASR, homolog, shows strongly

enhanced expression in the presence of ABA, thus

providing molecular evidence for ABA-sugar cross

talk in fruit development and ripening (Cakir and

others 2003). Although reverse transcriptase poly-

merase chain reaction (RT-PCR) studies in three

developmental stages of tomato have failed to detect

any differences in the expression of Asr genes

(Maskin and others 2001), microarray data sets

generated from a broader developmental time scale

reveal a decrease in the expression of these genes

over time (Carrai and others 2004). In contrast to a

grape Asr gene, which shows positive correlation

with a plasma membrane hexose transporter, the

tomato Asr genes are negatively correlated with

hexose transporter homologs (Carrari and others

2004). Further knowledge about the functional

interactions between all proposed players in the

presence of ABA and sucrose is required to elucidate

the possible physiological significance of ASR as

regulators of sugar trafficking in fruits.

The sucrose non-fermenting 1 (SNF1)-related

kinase (SnRK1) complex has been implicated in

both sugar and ABA sensing (Himmelbach and

others 2003; Lunn and MacRae 2003). The SnRK1

complex is thought to be the central component of
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the sugar sensing and response mechanism and was

first identified in yeast (Halford and Hardie 1998,

2000, 2003). Expression studies of tomato cDNAs

corresponding to the kinase (LeSNF1), regulatory

(LeSNF4), and localization (LeSIP1 and LeGAL83)

subunits of the SnRK1 complex during seed devel-

opment reveal that LeSNF4 expression is influenced

by ABA and GA levels (Bradford and others 2003).

The authors further suggest that, during seed mat-

uration, binding of LeSNF4 to LeSNF1/LeGAL83 (or

other SIP proteins) alters the kinase activity of the

complex, thereby promoting metabolic pathways

involved in the accumulation or maintenance of

storage reserves and blocking those involved in the

mobilization or utilization of stored reserves. After

inhibition, expression of LeSNF4 is reduced in seeds

that are not dormant or stimulated by GA, which

potentially alters LeSNF1 kinase activity to de-re-

press genes encoding enzymes required for reserve

mobilization and metabolism (Bradford and others

2003). This study provides insight into the possible

mechanism of sugar and hormonal regulation of

seed maturation and germination.

EXPANSINS AND OTHER CELL WALL

COMPONENTS

Fruit development stages provide an excellent

model system for the study of cell wall dynamics,

including wall assembly, restructuring, and disas-

sembly, as well as the role that hormones may play

during this process. Expansins are proteins that in-

duce extension in isolated plant cell walls in vitro

and have been proposed to disrupt noncovalent

interactions between hemicellulose and cellulose

microfibrils (Rose and others 1997). LeEXP1, a to-

mato expansin protein, has been detected at the

ripening stage of the fruit and is regulated by eth-

ylene (Rose and others 1997, 2000). Both expand-

ing and ripening fruit contain expansin proteins and

possess expansin-like activities, suggesting that the

basic mechanism of action of ripening-related and

expansion-related expansins is likely to be similar.

However, immunological differences between

expansion-related and ripening-related expansin

isoforms hint at functional and biochemical vari-

ability (Rose and others 2000). LeExp2, another

expansin gene, isolated from auxin-treated, etio-

lated tomato hypocotyl along with genes encoding

for xyloglucan endotransglycolase (LeEXT1) and

endo-1, 4-b-glucanase (Cel7), two enzymes respon-

sible for cellulose-xyloglucan framework reorgani-

zation, showed auxin regulation (Catala and others

1997, 2000). All three genes, namely LeEXP2, LeE-

XT1, and Cel7, show higher expression during the

cell expansion phase of fruit development, with

temporal differences in their peaks and stability

prior to onset of ripening (Catala and others 2000).

LeEXP4, an expansin gene, and LeXET4, a xyloglu-

can endotransglycosylase isolated from GA-deficient

gib1 mutant lines, are expressed specifically in the

endosperm cap of seed, flowers, and expanding

fruits and micropylar endosperm cap tissue (Chen

and Bradford 2000; Chen and others 2002). In

addition, the expression of these genes is dependent

on application of GA in the gib-1 mutant, which

indicates a hormonal regulation of these genes.

Tomato LeAGP-1 represents a major arabinoga-

lactan-protein (AGP) that is localized to the plasma

membrane via a glycosylphosphatidylinositol (GPI)

anchor and is suggested to play roles in cellular sig-

naling and matrix remodeling (Sun and others

2004). The phenotype of GFP-LeAGP-1 over-

expressing transgenic plants is similar to that of

cytokinin-overproducing plants, displaying signifi-

cantly shorter plants that are highly branched and

produce more flower buds, most of which, however,

do not mature, resulting in less fruit production and

smaller than normal seeds (Sun and others 2004).

Examination of hormonal effects on these trans-

genics reveals that cytokinins upregulate LeAGP-1

mRNA expression, whereas auxins and ABA inhibit

LeAGP-1 mRNA expression. These results indicate

that GPI-anchored LeAGP-1 most likely functions in

plant growth and development in concert with

auxin/cytokinin signaling.

Rab GTPases are a class of proteins found on

vesicles affecting cellular transport of proteins and

other large molecules (Sanderfoot and Raikhel

1999). Each type of Rab is associated with a specific

type of vesicle and probably plays a role in ensuring

correct fusion (Takai and others 2001). LeRab11a, a

tomato homolog to ripening-related Rab-11–like

GTPase from mango (Zainal and others 1996),

shows higher expression during tomato fruit rip-

ening than when the fruit is unripe (Lu and others

2001). The lack of expression of LeRab11a in Never-

ripe (Nr) fruit suggests that the LeRab11a gene is

regulated in an ethylene-dependent manner in

fruit. The ripening-associated textural changes in

the cell wall require a number of enzymes such as

polygalacturonase (PG) and pectinesterase (PE),

both of which are synthesized on the rough endo-

plasmic reticulum and presumably are trafficked

through the endomembrane system of the cell and

secreted to the apoplast. Transgenic LeRab11a

antisense tomato lines generated to test the

hypothesis that Rab GTPases might be essential for

this transport, indeed reveal reduced softening
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accompanied with reduced levels of PG and PE in

the transgenic fruit compared with those in wild-

type fruit (Lu and others 2001). The authors suggest

that the varied abnormal phenotypes observed in

these antisense transgenic lines could be an out-

come of disrupted trafficking of hormone trans-

porters or receptors to the cell membrane.

Alternatively, the authors argue that if endocytotic

receptor downregulatory mechanisms for Rab11-

type GTPases exist in plants, then their disruption

may result in failure to completely switch off hor-

mone-mediated developmental programs or may

lead to increased sensitivity to low levels of signal-

ing molecules. A clear perception of the mode of

Rab-GTPases action in plant systems is required to

further understand their role and regulation during

fruit development.

ETHYLENE-REGULATED FRUIT RIPENING

In comparison to other hormones, impressive ad-

vances in understanding the mode of molecular

regulation of ethylene action in tomato fruit

development and ripening have been made. Ethyl-

ene has long been accepted as a ripening and

senescence-inducing hormone in climacteric fruits

(Oeller and others 1991; Theologis 1992; Picton and

others 1993; Lanahan and others 1994). The eth-

ylene biosynthesis pathway is well established in

higher plants (Yang and Hoffman 1984) and

exhibits a two-step regulatory control. The first step,

catalyzed by the enzyme 1-aminocyclopropane-1-

carboxylic acid (ACC) synthase (ACS), involves the

formation of ACC from S-adenosyl-L-methionine,

and the second step, catalyzed by ACC oxidase

(ACO), converts this intermediate to ethylene

(Kende 1993). In higher plants, two systems of

ethylene regulation have been proposed to operate

(Lelièvre and others 1998). System 1, functional

during normal vegetative growth, is ethylene auto-

inhibitory and is responsible for producing the basal

levels of ethylene detectable in all of the tissues,

including non-ripening fruit. System 2 operates

during the ripening of climacteric fruit and during

petal senescence, when ethylene is auto-stimula-

tory and requires the induction of both ACS and

ACO. LeACS1A and LeACS6, two members of the

ACS gene family, have been shown to have regu-

latory effects on system 1 ethylene production. It

has been suggested that a change in sensitivity to

the basal levels of ethylene produced by system 1

results in a transition to system 2, leading to in-

creased expression of LEACS1A, LEACS2, and

LEACS4 and higher ethylene production, and also

resulting in negative feedback on the system 1

developmental pathway with reduction in LEACS1A

and LEACS6 expression (Barry and others 2000).

Many of the molecular components involved in

ethylene perception and the signal transduction

pathway during tomato fruit development and rip-

ening have been unraveled using ripening mutants

(Giovannoni 2001). Of the six ethylene receptors

(LeETRs) isolated in tomato, five bind ethylene (Klee

2002; Klee and Tieman 2002), and studies with a

subset (NR and LeETR4) that show induction during

ripening reveal that the ethylene receptors act as

negative regulators of ethylene signaling (Wilkinson

and others 1995; Yen and others 1995; Hackett and

others 2000; Tieman and others 2000; Ciardi and

others 2000), a hypothesis consistent with the model

predicted in Arabidopsis. LeCTR1 (Constitutive Triple

Response 1), a member of the multi-gene family, is

another ethylene signaling component in tomato

(LeClercq and others 2002; Adams-Phillip and oth-

ers 2004) whose transient silencing confirms its

negative regulation of ethylene responses (Liu and

others 2002). Three functionally redundant EIL

(Ethylene Insensitive-like) genes have been shown to

regulate multiple ethylene responses throughout

plant development (Tieman and others 2001)

whereas a fourth member, LeEIL4 shows ripening

induction (Yokotani and others 2003). Among the

four members of the ERF (Ethylene Response Factors)

family, which show induction in response to

wounding and ethylene treatment along with rip-

ening, LeERF2 exhibits ripening-associated expres-

sion and is not found in several ripening mutants

(Tournier and others 2003), indicating a definite role

in ripening.

Physiological studies of tomato ripening mutant

lines, namely, ripening inhibitor (rin), non-ripening

(nor), and Colorless non-ripening (Cnr) suggest that

these genes may have a regulatory role prior to

ethylene biosynthesis (Adams-Phillips and others

2004). Positional cloning and characterization of rin

and nor loci have revealed rin to be MADS-box

transcriptional factor (LeMADS-RIN) (Vrebalov and

others 2002) and nor to be similar to a transcrip-

tional factor, although not a MADS-box family

member (Adams-Phillip and others 2004). The

advancement in studies aimed at deciphering the

mode of ethylene perception and signaling has ar-

rived at a point where several of the key players in

this process are now known. The model emerging

from these studies suggests transcription factors like

LeMADS-RIN, LeNOR, and other MADS-box pro-

teins to be the components of developmental

signaling systems that initiate ripening in climac-

teric fruits. Recovery of a LeMADS-RIN like sequence

from strawberry, a non-climacteric fruit, is an
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indication of a conserved link between climacteric

and non-climacteric ripening control (Vrebalov and

others 2002). The developmental signaling systems

regulate ethylene synthesis, an autocatalytic pro-

cess, along with non-ethylene–mediated ripening

responses (Adams-Phillip and others 2004).

ABA AND SEED DORMANCY

Abscisic acid plays an important role during seed

development, dormancy, and germination, and in

plant responses to drought and osmotic stresses (Lee

and others 2003). Overripe fruits of ABA-deficient

sitw tomato mutants display precocious germination

(Liu and others 1996), indicating a role for ABA in

maintaining seed dormancy. Berry and Bewley

(1991) suggest that the osmotic environment of the

fleshy fruits plays an important role in preventing

precocious seed germination. It has been suggested

that ABA controls seed dormancy by antagonizing

the stimulation of seed germination by another

hormone, gibberellic acid, which is an important

essential hormone for germination (Karssen and

others 1989; Bewley and Black 1994). Studies with

GA-deficient gib-1 and ABA-deficient sitw tomato

mutants and wild-type control plants indicate that

precocious seed germination is prevented by the

action of the fruit�s osmotic environment and ABA

on the seed tissues that surround the embryo and

not the embryo itself (Liu and others 1996).

ROLES OF OTHER PLANT GROWTH

REGULATORS

Brassinosteroids

Brassinosteroids (BRs), a group of plant polyhydr-

oxysteroids that have been identified as a class of

phytohormones, play diverse roles in plant growth

and development (Bishop 2003). Exogenous BR

application to tomato pericarp discs leads to elevated

levels of lycopene, lowered chlorophyll levels, de-

creased ascorbic acid, and increased carbohydrate

contents (Vardhini and Rao 2002). Characterization

of mutant tomato dx-fruits (which are brassinoster-

oid-deficient) display delay in ripening, severely

reduced levels of most carbohydrates resulting in a

decreased dry mass, lower activity of acid invertases,

and lower fruit yield. In contrast, amino acids levels

in dx- fruits are elevated, possibly as a result of en-

hanced protein degradation. Brassinosteroid treat-

ment could partially complement all these observed

effects (Lisso and Altman 2003). These results

indicate a role for BR in tomato fruit development,

with an effect on both the time of ripening and the

tomato fruit composition. Additionally, BR-induced

growth responses have been correlated with in-

creased carbohydrate supply brought about by the

increased levels of an extracellular invertase,

namely, Lin6 (Goetz and others 2000), further

supporting the role of BRs in influencing fruit

composition.

Jasmonic Acid

Jasmonic acid (JA) and its methyl ester (methyl

jasmonate: MeJA), which are derivatives of lino-

lenic acid, are known to modulate aspects of fruit

ripening, pollen viability, root growth, and resis-

tance to insect and pathogen attack (Creelman and

Mullet 1997). Endogenous concentration of jasmo-

nates increases at the onset of fruit ripening, and

exogenous jasmonate application stimulates ethyl-

ene production and color change (Imanishi and

Nagata 2003). Expression studies involving treat-

ment of breaker stage tomato disks with methyl

jasmonate reveals accumulation of mRNA for ACO,

ACS2, and ACS6, but not for ACS4. Furthermore,

JA-induced defense responses in tomato have pro-

found effects on their reproductive fitness, and

treatment of plants with high levels of JA produce

fewer but larger fruits with fewer seeds per unit of

fresh weight (Redman and others 2001). These

studies indicate a role for JAs in ethylene-mediated

fruit ripening, as well as in defense responses.

Leucine aminopeptidase (LapA) expression in-

creases under the influence of systemins, MeJA,

ABA, ethylene, and under stress conditions such as

water deficit and salinity in tomato. LapA1-::GUS

transgenic tomato plants reveal that LapA1-pro-

moter is active during floral and fruit development

(Chao and others 1999).

Polyamines

Polyamines are ubiquitous low molecular weight,

organic cations that affect a large number of

developmental and physiological responses in a

number of organisms, including plants (Walters

2003). They also influence early fruit development

and ripening. Free polyamines are known to act as

anti-senescence agents, causing retarded fruit color

change, increased fruit firmness, delayed ethylene

and respiration rate emissions, induced mechanical

stress resistance, and reduced chilling symptoms

(Valero and others 2002). In tomato, both ornithine

decarboxylase (ODC) and arginine decarboxylase

(ADC) pathways for PA biosynthesis are active

(Alabadi and Carbonell 1998). As mentioned pre-

viously, application of PAs to wild-type unpollinat-

ed ovaries results in partial parthenocarpy. The
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higher PA levels in unpollinated pat-2 ovaries are

correlated with the activation of the ODC pathway,

which in turn is influenced by the elevated GA

levels found in these ovaries (Fos and others 2003).

The arginase and ODC activity decrease after tomato

fruit set, and these observations suggest that the

ADC pathway may be involved in cell expansion,

whereas the ODC pathway may be active in the cell

division process during early fruit growth of tomato

(Cohen and others 1982; Alabadi and others 1996).

Tomato transgenic lines over-expressing a yeast

SAM-decarboxylase show increases in spermidine

and spermine along with enhanced lycopene and

ethylene levels and increased fruit juice viscosity in

tomato fruit. The increased PAs in these lines seem

to override the senescence effects of higher ethylene

levels, indicating that both pathways, which share

the precursor S-adenosylmethionine (SAM), can

simultaneously exist in vivo and SAM levels are not

limiting. Polyamines, along with salicylic acid,

which is an inhibitor of wound-responsive genes in

tomato, have been suggested to regulate ethylene

biosynthesis at the level of ACC synthase transcript

accumulation (Li and others 1992). Macroarray

analyses indicate that transgenic tomato fruits

accumulating spermidine and spermine due to over

expression of SAM decarboxylase show quantitative

changes of many transcripts, mainly those of eth-

ylene receptor populations or component(s) of the

ethylene signaling pathway (Srivastava and others

unpublished results).

FUTURE PERSPECTIVES

A comprehensive understanding of hormonal reg-

ulation of fruit development is important, both in

terms of defining the process of fruit development

and ripening at the molecular level and in improv-

ing the fruit quality in terms of shelf life and

nutritional content. Substantial progress has been

made in identifying the growth regulators involved

in fruit development and ripening and the gene and

protein receptor players. Most of these studies sug-

gest cross talk and signaling among the classic hor-

mones and the recently identified class of growth

regulators. Given the complexity of the fruit

development process, the task of deciphering the

molecular basis of its regulation by hormones is

made none too easy by the possible interactions

between hormones. Despite the advances in recent

years, many questions regarding the mode of action

of various hormones remain unanswered. With

further studies, many more signaling components

playing roles in fruit set, development, and ripening

are expected to come to light. A better compre-

hension of fruit development is expected when the

question of how the genetic and molecular circuit-

ries determine differential expression of the genes

involved in the development of fruit is answered.

The availability of expression arrays, proteomics,

and functional genomic tools should, in the near

future, reveal the expression of genes that are inti-

mately associated with fruit development. One will

also understand the mode of temporal and spatial

expression of these genes, which is regulated by

various developmental cues, including hormones,

other growth regulators, and environmental stim-

uli. Such a foundation of knowledge of the devel-

opment process is essential and will provide specific

information necessary to ultimately develop de-

signer fruits with longer shelf-lives and enhanced

fruit quality.
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Alabadi D, Agüero MS, Pérez-Amador MA, Carbonell J. 1996.

Arginase, arginine decarboxylase, ornithine decarboxylase, and

polyamines in tomato ovaries: changes in unpollinated ovaries

and parthenocarpic fruits induced by auxin and gibberellin.

Plant Physiol 112:1237–1244.

Alabadi D, Carbonell J. 1998. Expression of ornithine decarbox-

ylase is transiently increased by pollination 2,4-D and GA3 in

tomato ovaries. Plant Physiol 118:323–328.

Amitai-Zeigerson H, Scolnik PA, Bar-Zvi D. 1994. Genomic

nucleotide sequences of tomato Asr2, a second member of the

stress/ripening–induced Asr1 gene family. Plant Physiol

106:1699–1700.

78 A. Srivastava and A. K. Handa



Antognoni F, Ghetti F, Mazzucato A, Franceschetti M, Bagn N.

2002. Polyamine pattern during flower development in the

parthenocarpic fruit (pat) mutant of tomato. Physiol Plant

116:539–547.

Balbi V, Lomax TL. 2003. Regulation of early tomato fruit

development by the Diageotropica gene. Plant Physiol

131:186–197.

Balibrea Lara ME, Garcia MC, Fatima T, Ehness R, Lee TK, and

others. 2004. Extracellular invertase is an essential component

of cytokinin-mediated delay of senescence. Plant Cell 16:1276–

1287.

Bangerth F. 1981. Some effects of endogenous and exogenous

hormones and growth regulators on growth and development

of tomato fruits. In: Jeffcoat B, editor. Aspects and prospects of

plant growth regulators. British Plant Growth Regulator Group

Monograph no. 6, UK: Wessex Pressp p 141–150.

Barg R, Meir E, Lapushner D, Frankel R, Salts Y. 1990. Differ-

ential regulation of a fruit-specific 62 kDa protein in developing

parthenocarpic (pat-2/pat-2) and seeded tomato fruits. Physiol

Plant 80:417–424.

Barry C, Llop-Tous MI, Grierson D. 2000. The regulation of

1-aminocyclopropane-1-carboxylic acid synthase gene expres-

sion during the transition from system-1 to system-2 ethylene

synthesis in tomato. Plant Physiol 123:979–986.

Bensen RJ, Zeevaart JAD. 1990. Comparison of ent-kaurene

synthetase A and B activities in cell-free extracts from young

tomato fruits of wild-type and gib-1, gib-2, and gib-3 tomato

plants. J. Plant Growth Regul 9:237–242.

Berry T, Bewley JD. 1991. Seeds of tomato (Lycopersicon escu-

lentum Mill) which develop in a fully hydrated environment in

the fruit switch from a developmental to a germinative mode

without a requirement for desiccation. Planta 186:27–34.

Bewley JD, Black M. 1994. Dormancy and the control of ger-

mination. In: Bewley JD, Black M, edition. Seeds: physiology of

development and germination, 2nd editon. New York, USA:

Plenum Press. p 199–271.

Bishop GJ, Nomura T, Yokota T, Harrison K, Noguchi T, and

others. 1999. The tomato DWARF enzyme catalyses C-6 oxi-

dation in brassinosteroid biosynthesis. Proc Natl Acad Sci USA

96:1761–1766.

Bishop GJ. 2003. Brassinosteroid mutants of crops. J Plant

Growth Regul 22:325–335.

Bohner J, Bangerth F. 1988. Cell number cell size and hormone

levels in semi-isogenic mutants of Lycopersicon pimpinefolli-

um differing in fruit size. Physiol Plant 72:316–320.

Bohner J, Hedden P, Bora-Haber E, Bangerth F. 1988. Identifi-

cation and quantitation of gibberellins in fruits of Lycopersicon

esculentum and their relationship to fruit size in L. esculentum

and L. pimpinellifolium Physiol Plant 73:348–353.

Bradford KJ, Downie AB, Gee OH, Alvarado V, Yang H, and

others. 2003. Abscisic acid and gibberellin differentially regu-

late expression of genes of the snf1-related kinase complex in

tomato seeds. Plant Physiol 132:1560–1576.

Brenner ML, Cheikh N. 1995. The role of hormones in photo-

synthate partitioning and seed filling. In: Davies PJ, editor.

Plant hormones physiology biochemistry and molecular biol-

ogy. Dordrecht, The Netherlands: Kluwer Academic Publishers.

p 649–670.

Burbidge A, Grieve TM, Jackson A, Thompson A, McCarty DR,

and others. 1999. Characterization of the ABA-deficient to-

mato mutant notabilis and its relationship with maize. Plant J

17:427–431.

Buta JG, Spaulding DW. 1994. Changes in indole-3-acetic acid

and abscisic acid levels during tomato (Lycopersicon esculen-

tum Mill.) fruit development and ripening. J Plant Growth

Regul 13:163–166.

Cakir B, Agasse A, Gaillard C, Saumonneau A, Delrot S, and

others. 2003. A grape ASR protein involved in sugar and

abscisic acid signaling. Plant Cell 15:2165–2180.

Carrari F, Fernie AR, Iusem ND. 2004. Heard it through the

grapevine? ABA and sugar cross-talk: the ASR story. Trends

Plant Sci. 9:57–59.

Catala C, Rose JKC, Bennett AB. 2000. Auxin-regulated genes

encoding cell wall–modifying proteins are expressed during

early tomato fruit growth. Plant Physiol 122:527–534.

Catala C, Rose JKC, Bennett AB. 1997. Auxin regulation and

spatial localization of an endo-14-b-d-glucanase and a xylo-

glucan endotransglycosylase in expanding tomato hypocotyls.

Plant J 12:417–426.

Chao WS, Gu YQ, Pautot V, Bray EA, Walling LL. 1999. Leucine

aminopeptidase RNAs, proteins, and activities increase in re-

sponse to water deficit, salinity, and the wound signals syste-

min, methyl jasmonate, and abscisic acid. Plant Physiol

120:979–992.

Chen F, Bradford KJ. 2000. Expression of an expansin is associ-

ated with endosperm weakening during tomato seed germi-

nation. Plant Physiol 124:1265–1274.

Chen F, Nonogaki H, Bradford KJ. 2002. A gibberellin-regulated

xyloglucan endotransglycosylase gene is expressed in the

endosperm cap durin tomato seed germination. J Exp Bot

53:215–223.

Ciardi JA, Tieman DM, Lund ST, Jones JB, Stal RE, others . 2000.

Response to Xanthomonas campestris pv. Vesicatoria in tomato

involves regulation of ethylene receptor gene expression. Plant

Physiol 123:81–92.

Cohen SS. 1998. A guide to the polyamines New York, USA:

Oxford University Press.

Cohen E, Arad SM, Heimer YM, Mizrahi Y. 1982. Participation of

ornithine decarboxylase in early stages of tomato fruit devel-

opment,. Plant Physiol 70:540–543.

Cong B, Liu J, Tanksley SD. 2002. Natural alleles at a tomato fruit

size quantitative trait locus differ by heterochronic regulatory

mutations. Proc Natl Acad Sci USA 99:13606–13611.

Crane J. 1964. Growth substances in fruit setting and develop-

ment. Annu Rev Plant Physiol 15:303–326.

Crane JC. 1969. The role of hormones in fruit set and develop-

ment. Hort Sci 4:108–111.

Creelman RA, Mullet JE. 1997. Biosynthesis and action of

jasmonates in plants. Annu Rev Plant Physiol Plant Mol Biol

48:355–381.

Desai N, Chism GW. 1978. Changes in cytokinin activity in the

ripening tomato fruit. J Food Sci 43:1324–1326.

Dibble ARG, Davies P, Mutschler MA. 1988. Polyamine content

of long-keeping Alcobaca tomato fruit. Plant Physiol 86:338–

340.

Forsburg SL, Nurse P. 1991. Cell cycle regulation in the yeasts

Saccharomyces cerevisiae and Schizosaccharomyces pombe.

Annu Rev Cell Biol 7:227–256.

Fos M, Nuez F, Garcı́a-Martı́nez JL. 2000. The pat-2 gene which

induces natural parthenocarpy alters the gibberellin content in

unpollinated tomato ovaries. Plant Physiol 122:471–479.

Fos M, Nuez F. 1996. Molecular expression of genes involved in

parthenocarpic fruit set in tomato. Physiol Plant 98:165–171.

Fos M, Proaño K, Alabadı́ D, Nuez F, Carbonell J, and others.

2003. Polyamine metabolism is altered in unpollinated par-

thenocarpic pat-2 tomato ovaries. Plant Physiol 131:359–366.

Fos M, Proaño K, Nuez F, Garcı́a-Martı́nez JL. 2001. Role of

gibberellins in parthenocarpic fruit development induced by

Hormonal Regulation of Fruit Development 79



the genetic system pat-3/pat-4 in tomato. Physiol Plant

111:545–550.

George WL, Scott JW, Splittstoesser WE. 1984. Parthenocarpy in

tomato. Hort Rev 6:65–84.

Gillaspy G, Ben-David H, Gruissem W. 1993. Fruits: A develop-

mental perspective. Plant Cell 5:1439–1451.

Giovannoni J. 2001. Molecular biology of fruit maturation and

ripening. Annu Rev Plant Physiol Plant Mol Biol 52:729–

752.

Giovannoni J. 2004. Genetic regulation of fruit development and

ripening. Plant Cell 16:S170–S180.

Godt DE, Roitsch T. 1997. Regulation and tissue-specific distri-

bution of mRNAs for three extracellular invertase isoenzymes

of tomato suggests an important function in establishing and

maintaining sink metabolism. Plant Physiol 115:273–282.

Goetz M, Godt DE, Roitsch T. 2000. Tissue-specific induction of

the mRNA for an extracellular invertase isoenzyme of tomato

by brassinosteroids suggests a role for steroid hormones in

assimilate partitioning. Plant J 22:515–522.

Groot SPC, Bruinsma J, Karssen CM. 1987. The role of endoge-

nous gibberellin in seed and fruit development of tomato:

studies with a gibberellin-deficient mutant. Physiol Plant

71:184–190.

Groot SPC, Karssen CM. 1992. Dormancy and germination of

abscisic acid-deficient tomato seeds. Plant Physiol 99:952–958.

Guilfoyle T, Hagen G, Ulmasov T, Murfett J. 1998. How does

auxin turn on genes?. Plant Physiol 118:341–347.

Gustafson FG. 1936. Inducement of fruit development by growth

promoting chemicals. Proc Natl Acad Sci USA 22:628–636.

Hackett RM, Ho CW, Lin Z, Foote HCC, Fray RG, and others.

2000. Antisense inhibition of the Nr gene restores normal

ripening to the tomato never-ripe mutant consistent with the

ethylene receptor inhibition model. Plant Physiol 124:1079–

1085.

Halford NG, Bouly JP, Thomas M. 2000. SNF1-related protein

kinases (SnRKs): regulators at the heart of the control of car-

bon metabolism and partitioning. Adv Bot Res 32:405–434.

Halford NG, Hardie DG. 1998. SNF1-related protein kinases:

global regulators of carbon catabolism in plants?. Plant Mol

Biol 37:735–748.

Halford NG, Hey S, Jhurreea D, Laurie S, McKibbin RS, and

others. 2003. Metabolic signaling and carbon partitioning: role

for Snf1-related (SnRK1) protein kinase. J Exp Bot 54:467–

475.

Himmelbach A, Yang YY, Grill E. 2003. Relay and control of

abscisic acid signaling. Curr Opin Plant Biol 6:470–479.

Ho LC, Hewitt JD. 1986. Fruit development. In: Atherton JG,

Rudich J, editors. The tomato crop: a scientific basis for

improvement. Cambridge, UK: Cambridge University Press;

Chapman and Hall Ltd. p 201–240.

Ho LC. 1996. Tomato. In: Zamki E, Shaffer AA, editors. Photo-

assimilate distribution in plant and crops. New York, USA:

Marcel Dekker. p 709–772.

Imanishi S, Nagata M. 2003. The effect of methyl jasmonate on

expression of the genes involved in ethylene biosynthesis in

tomato fruits. Abst. 169. American Society of Plant Biologists,

Plant Biology 2003: July 25–July 30, 2003, Honolulu, Hawaii,

USA.

Iusem ND, Bartholomew DM, Hitz WD, Scolnik PA. 1993. To-

mato (Lycopersicon esculentum) transcript induced by water

deficit and ripening. Plant Physiol 102:1353–1354.

Jacobsen SE, Olszewski NE. 1996. Gibberellins regulate the

abundance of RNAs with sequence similarity to proteinase

inhibitors dioxygenases and dehydrogenases. Planta 198:78–

86.

Jones B, Frasse P, Olmos E, Zegzouti H, Li ZG, and others. 2002.

Down-regulation of DR12 an auxin-response-factor homolog

in the tomato results in a pleiotropic phenotype including dark

green and blotchy ripening fruit. Plant J 32:603–613.

Joubès J, Lemaire-Chamley M, Delmas F, Walter J, Hernould M,

and others. 2001. A new C-type cyclin-dependent kinase from

tomato expressed in dividing tissues does not interact with

mitotic and G1 cyclins. Plant Physiol 126:1403–1415.

Joubès J, Phan TH, Just D, Rothan C, Bergounioux C, and others.

1999. Molecular and biochemical characterization of the

involvement of cyclin-dependent kinase A during the early

development of tomato fruit. Plant Physiol 121:857–869.

Karssen CM, Haigh A, van der Toorn P, Weges R.1989. In:

Taylorson RB, editor. Physiological mechanisms involved in

seed priming. Recent advances in the development and ger-

mination of seeds. New York, USA, Plenum Press, p 269–280.

Kende. 1993. Ethylene biosynthesis. Annu Rev Plant Physiol

Plant Mol Biol 44:283–307.

Klee H. 2004. Ethylene signal transduction. Moving beyond

Arabidopsis. Plant Physiol 135:660–667.

Klee H. 2002. Control of ethylene-mediated processes in tomato

at the level of receptors. J Exp Bot 53:2057–2063.

Klee H, Tieman D. 2002. The tomato ethylene receptor gene

family: form and function. Physiol Plant 115:336–341.

Koka CV, Cerny RE, Gardner RG, Noguchi T, Fujioka S, and

others. 2000. A putative role for the tomato genes DUMPY and

CURL-3 in brassinosteroid biosynthesis and response. Plant

Physiol 122:85–98.

Koornneef M, Bosma TDG, Hanhart CJ, Van der Veen JH, Ze-

evaart JAD. 1990. The isolation and characterization of gib-

berellin-deficient mutants in tomato. Theor Appl Genet

80:852–857.

Koshioka M, Nishijima T, Yamazaki H, Nonaka M, Mander LN.

1994. Analysis of gibberellins in growing fruits of Lycopersicon

esculentum after pollination or treatment with 4-chlorophen-

oxyacetic acid. J Hort Sci 69:171–179.

Kvarnheden A, Yao JL, Zhan X, O�Brien I, Morris BAM. 2000.

Isolation of three distinct CycD3 genes expressed during fruit

development in tomato. J Exp Bot 51:1789–1797.

Lacheene ZAES, El-Beltagy AS. 1986. Tomato fruit growth pat-

tern and endogenous ethylene, indoleacetic acid and abscisic

acid under normal and stress conditions. Acta Hort 190:325–

338.

Lanahan MB, Yen HC, Giovannoni JJ, Klee HJ. 1994. The Never

ripe mutation blocks ethylene perception in tomato. Plant Cell

6:521–530.

LeClercq J, Adams-Phillips L, Zegzouti H, Jones B, Latche A, and

others. 2002. LECTR1, a tomato CTR1-like gene, demonstrates

ethylene signaling ability in Arabidopsis and novel expression

patterns in tomato. Plant Physiol 130:1132–1142.

Lee JT, Prasad V, Yang PT, Wu JF, David Ho TH, and others.

2003. Expression of Arabidopsis CBF1 regulated by an ABA/

stress inducible promoter in transgenic tomato confers stress

tolerance without affecting yield. Plant Cell Environ 26:

1181–1190.
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