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ABSTRACT

Fruit development involves a complex interplay of

cell division, differentiation and expansion of spo-

rophytic and gametophytic tissues that is carefully

coordinated temporally and spatially. Plant hor-

mones are signal molecules that regulate many

processes of plant development, including fruit de-

velopment leading to mature fruit and viable ma-

ture seed. Auxins, gibberellins, cytokinins, abscisic

acid, and ethylene have been implicated at various

stages of fruit development. In the past, hormone

application studies and hormone analysis studies

have supported the hypothesis that fruit develop-

ment is in part regulated by hormonal interaction.

More recently, biochemical, genetic, and molecular

studies are beginning to unravel the complexities of

how hormones affect fruit development. In the

current work, we review selected studies that show

the interplay between hormones during fruit de-

velopment, with an emphasis on the interaction

between auxin and gibberellin in pea fruit devel-

opment.
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INTRODUCTION

Plant hormones play a significant role in the proc-

esses that lead to mature fruit and viable mature

seed (Nitsch 1970). Auxins, gibberellins (GAs), cy-

tokinins, abscisic acid (ABA), and ethylene have

been implicated at various stages of the fruit growth

cycle (Crane 1964; Nitsch 1970; Pharis and King

1985; Gillaspy and others 1993). Data supporting

interactions between hormones in fruit develop-

ment have come from three types of experiments:

(1) hormone application studies, (2) hormone

analysis studies, and more recently, (3) biochemical,

genetic, and molecular studies.

To understand how hormones are involved in

regulating different stages of fruit development, we

first need to examine the life cycle of a fruit. Fruit

development can be separated into several phases:

(1) initiation of the primordia; (2) development

prior to pollination and fertilization; (3) pollination,

fertilization, and initial fruit set; (4) growth after

fruit set; (5) ripening; and (6) senescence. Hor-

mones have been implicated as signals that influ-

ence each of these phases (Nitsch 1970). Once floral

and fruit (ovary and ovule) primordia are initiated,

the ovary and ovule tissues develop until prior to

the pollination/fertilization phase. At this point,

ovary and ovule development slows, and will cease,

and typically senescence will ensue unless events
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triggered by pollination of the ovary and fertiliza-

tion of the ovules occur. Following fertilization of

the ovules, cell division and enlargement occurs in

both the ovary (pericarp) and the ovules (seeds)

resulting in fruit growth (fruit set). After fertiliza-

tion, pollinated ovaries may still not attain sustained

growth as a result of failure of syngamy (leading to

embryo formation), and/or triple fusion (leading to

the formation of the endosperm), or degeneration of

the endosperm and embryo. In general, normal fruit

growth requires the presence of developing seeds

(Nitsch 1970; Eeuwens and Schwabe 1975; Ozga

and others 1992). In addition, an individual fruit

must effectively compete with other fruits, growing

apices (shoot and root) and other plant organs for

plant nutrients during growth. The final phase of

fruit development is ripening and senescence. This

review will focus on hormonal interactions that

affect developmental events in fruit, from pollina-

tion of the ovary through fruit-set and subsequent

ovary growth prior to ripening and senescence.

Auxin (4-chloroindole-3-acetic acid, 4-Cl-IAA)

regulation of GA biosynthesis in pea fruit will be

highlighted because it is the most characterized

example of hormonal interactions in the develop-

mental stages reviewed.

From previous work on fruit development during

the last 30 years, it is well established that all classes

of plant hormones, auxins, GAs, cytokinins, inhib-

itors (for example, ABA), and ethylene play an

important role in fruit development (Nitsch 1970).

The precise spatial and temporal biosynthesis and

action of these hormones, and their interactions to

bring about normal fruit development, are only

beginning to be understood.

The possible types of hormone interactions re-

quired to bring about fruit growth and development

include:

1) One hormone affecting the biosynthesis of an-

other hormone.

2) A component(s) of the signal transduction

pathway of one hormone affecting a compo-

nent(s) of the signal transduction pathway of

another hormone.

3) Two (or more) hormone classes acting inde-

pendently of one another, with their concerted

action being required to bring about normal

development. For example, each hormonal class

affects a different cell type or tissue within the

fruit but the concerted action of all hormones is

required for normal fruit development.

4) One class of hormone triggers an event but an-

other hormone class is required to bring about

completion of the event.

POLLINATION AND FERTILIZATION

In general, the production of new cells accounts for

most of the growth of fruits before pollination/fer-

tilization (Nitsch 1970). The slowing or cessation of

ovary/ovule growth and the resumption of growth

following pollination/fertilization in these tissues is

certainly regulated by hormones. The precise cau-

se(s) of the cessation of growth resulting from the

failure of pollination and fertilization is not under-

stood; however, a number of events are likely in-

volved. The level of endogenous hormone or

hormone-like substances drops to a low level in the

ovary/ovules at this time (auxin- and GA-like sub-

stances in grape, Coombe 1960; and other studies

cited in Nitsch 1970; GAs in tomato, Fos and others

2000, 2001).

Inhibitors of ovary growth in surrounding and

distant tissues appear to be present prior to polli-

nation/fertilization events. The presence of floral

whorls surrounding the ovary significantly reduced

parthenocarpy (the development of a fruit without

fertilization of the ovules) of the Arabidopsis fwf

(fruit without fertilization) mutant, indicating that

interfloral organ signals and functional FWF activity

normally act in concert to prevent fruit initiation in

the absence of pollination and fertilization (Vivian-

Smith and others 2001). Vivian-Smith and co-

workers (2001) speculated that FWF may inhibit

auxin-dependent processes because the fwf mutant

exhibits some auxin-related morphology. Further-

more, because GA biosynthesis is essential for pol-

lination-induced and parthenocarpic silique growth

in fwf, the authors suggest that the interaction of

auxins and GAs is required for fruit development in

Arabidopsis, although the specific nature of that in-

teraction is not currently known.

Pea fruit (Pisum sativum L.) has been a model

system to understand how GAs and more recently

how auxins are involved in fruit development

(Eeuwens and Schwabe 1975; Rodrigo and others

1997; Reinecke and others 1995; Reinecke 1999).

Pea plants are self-pollinating, and anthesis (fully

reflexed floral petals) is a standard morphological

characteristic used to stage fruit development (days

after anthesis [DAA]). Pollination in pea occurs

approximately 24 to 36 h before anthesis whereas

fertilization of the ovules occurs by anthesis (0

DAA)(Cooper 1938). Pea fruit are moderately sized

allowing for easy manipulation of the ovary and

seeds to investigate the roles of seeds and hormones

in fruit development.

Parthenocarpic fruit can be used as a tool to un-

derstand pre- and post-pollination signals required
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for ovary growth. In intact pea plants, GA treatment

to unpollinated ovaries stimulates parthenocarpy

(Carbonell and Garcı́a-Martı́nez 1980). Partheno-

carpy can also be induced by removing the shoot

just above the unpollinated ovary (Carbonell and

Garcı́a-Martı́nez 1980), and this induced partheno-

carpy can be inhibited by the application of IAA to

the remaining stump (Rodrigo and Garcı́a-Martı́nez

1998). In addition, the GA parthenocarpic mutant,

gio (unpollinated gio ovaries are less sensitive to

applied GA), has a higher IAA content in the shoot

apex and higher IAA basipetal transport from the

shoot apex (Rodrigo and others 1998). The sensi-

tivity of gio ovaries to GA3 was significantly in-

creased by removing the apical shoot and by

blocking the transport of IAA from the apical shoot

with 2,3,5-triiodobenzoic acid (IAA transport in-

hibitor) (Rodrigo and others 1998). Therefore, these

studies suggest that when GA levels are low (in the

absence of pollination/fertilization of the ovary/

ovules), the shoot apex acts to inhibit fruit growth

and this inhibition is associated with basipetal IAA

transport (Rodrigo and Garcı́a-Martı́nez 1998;

Rodrigo and others 1998). Additionally, an inhibi-

tory role for ABA in parthenocarpy was suggested

by Rodrigo and Garcı́a-Martı́nez (1998) because

ABA application to the stump of decapitated plants

inhibited parthenocarpic fruit growth, and IAA

treatment of the stump enhanced the content of

endogenous ABA in the ovary.

Ovary response to hormones varies with polli-

nation/fertilization status of the ovary. Unpollinated

pea ovaries (pericarps) respond differently to exo-

genous GAs and auxin (4-Cl-IAA) than pollinated

deseeded pericarps. In unpollinated pericarps, both

GA3 and 4-Cl-IAA stimulated pericarp growth, but

GA3 was significantly more active in stimulating all

measured parameters of pericarp growth than 4-Cl-

IAA (Ozga and Reinecke 1999). 4-Cl-IAA, GA1, and

GA3 were similarly effective at stimulating pericarp

growth in pollinated deseeded pericarps. In addi-

tion, the synergistic effect of simultaneous applica-

tion of 4-Cl-IAA and GAs on pericarp growth was

observed only in pollinated deseeded pericarps

(Ozga and Reinecke 1999). These data suggest that

pollination of the ovary or fertilization of the ovules

removes an inhibition or increases sensitivity to

auxin-stimulated ovary growth.

The reduction of inhibitory influences is appar-

ently not sufficient for ovary commitment to pro-

ceed with fruit development (fruit set). For

example, excised pollinated ovaries of Cucumis an-

guria transferred to sterile culture on a simple

mineral salts and sugar medium were able to grow,

whereas excised unpollinated ovaries, though they

remained green and intact, were unable to grow on

the same medium (Nitsch 1951). Therefore, fruit set

is also dependent on positive growth signals gen-

erated during pollination/fertilization. These posi-

tive growth signals are derived from pollen, and/or

produced by the ovary in response to pollen ger-

mination, pollen-tube growth, and/or fusion of the

nuclei (fertilization) in the ovule. Growth factors by

which pollination/fertilization might influence fruit

set include auxins, GAs, cytokinins, and ethylene

(Crane 1964; Nitsch 1970; O’Neill 1997).

In orchid (Phalaenopsis spp.), pollination of the

ovary and fertilization of the ovules is separated in

time (11 weeks) (O’Neill 1997). The pollination

event initiates a cascade of responses including

ovary and ovule development prior to fertilization.

Auxin-stimulated ethylene has been implicated as a

primary signal stimulating these processes (Zhang

and O’Neill 1993; O’Neill 1997).

In many fruits, size is largely a function of cell

division in the early stages and cell enlargement in

the final stages of fruit growth. However, final fruit

size in a number of species is a function of cell

number, which is determined during the early

stages of fruit growth (greater fruit cell number

correlates with larger fruit at maturity) (Smith

1950; Bohner and Bangerth 1988; Scorza and others

1991). Cytokinins promote cell division in plants

(Mok 1994) and cytokinin levels peak during the

phase of high mitotic activity in tomato fruit (4 d

after pollination) (Bohner and Bangerth 1988).

Cytokinins no doubt interact with the other classes

of plant hormones to stimulate and coordinate fruit

development. However, their specific interactions

are not currently understood.

GAs have been implicated in many aspects of

reproductive development (Pharis and King 1985).

Pea plants metabolize GAs by the early 13-hy-

droxylation pathway: GA12 fi GA53 fi GA44 fi
GA19 fi GA20 fi GA1 (Sponsel 1995). In pea,

PsGA20ox1 codes for the multifunctional enzyme GA

20-oxidase that converts GA53 to GA20 (Martin and

others 1996; Garcı́a-Martı́nez and others 1997) and

PsGA3ox1 (Mendel’s LE gene) codes for the GA 3b-

hydroxylase (Lester and others 1997; Martin and

others 1997) that converts GA20 to the biologically

active GA1. Pericarps from unpollinated pea ovaries

(2 d before anthesis) contained high levels of

PsGA20ox1 mRNA (van Huizen and others 1997)

and GA20 (5 ngÆ g fwt)1 for emasculated ovaries at

the equivalent to 0 and 1 DAA) (Garcı́a-Martı́nez

and others 1991). However, pericarps from unpol-

linated ovaries (2 d before anthesis) contained

minimally detectable levels of PsGA3ox1 mRNA

(Ozga and others 2003) and GA1 (Garcı́a-Martı́nez
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and others 1991). After pollination, pericarp and

seed PsGA3ox1 mRNA levels increased 50-fold and

19-fold, respectively. By 1 DAA, the message level

had dropped rapidly to 9- to 10-fold above pre-

pollinated levels and remained at this level through

4 DAA for pollinated ovaries. Although steady-state

GA1 levels were reported to be the same in polli-

nated and unpollinated ovaries at 0 DAA, GA8 levels

were two times higher in pollinated than unpolli-

nated ovaries at this time (Garcı́a-Martı́nez and

others 1991). Because GA8 is the immediate bio-

logically inactive product of GA1 (as a result of 2b-

hydroxylation), these data suggest that more GA1

was synthesized in pollinated than in unpollinated

pericarps and/or ovules at 0 DAA. In addition, the

large increase in PsGA3ox1 mRNA levels was not

observed in emasculated pericarps at the equivalent

to 0 DAA. These data show that pollination triggers

the synthesis of pericarp PsGA3ox1 mRNA message,

and suggest that GA1 is synthesized from the pool of

GA20 present in pre-pollinated pericarps by pericarp

GA 3b-hydroxylase. The resulting pulse of GA1

could stimulate initial fruit set and development. A

similar sequence of GA20ox (Le20ox-1 and -2) and

GA3ox (Le3ox-2) expression during pollination/fer-

tilization (stage 9 and 10 of tomato flower bud de-

velopment) was observed in tomato floral organs

(samples were a composite of sepals, petals, anthers,

pericarp, and seeds) (Rebers and others 1999).

Metabolism and turnover studies are needed to

clarify how GA1 levels are regulated in these tissues

and to determine the importance of GA for the

growth of these tissues.

In pea, the exact timing of auxin signals with that

of GA signals during pollination/fertilization is not

known. However, in tobacco, appreciable quantities

of an auxin-like compound start to diffuse from the

base of the style after 13–20 h, from the base of the

ovary after 35–40 h, and from the pedicel 60–65 h

after pollination (Muir 1942). Because auxin (4-Cl-

IAA) has been shown to stimulate GA biosynthesis

in pea ovaries (2 to 3 DAA pollinated deseeded

pericarp) (van Huizen and others 1997; Ozga and

others 2003), auxin may also function as a polli-

nation or early post-pollination signal that stimu-

lates GA biosynthesis (via an increase in GA3ox

mRNA levels) in the ovary, thereby stimulating in-

itial ovary growth and fruit set.

In tomato, GA and IAA are effective in stimulat-

ing parthenocarpic fruit development when applied

alone, and, when applied in combination, stimulate

synergistic growth of the fruit at a low GA to auxin

ratio (Wittwer and Tolbert 1960). Sastry and Muir

(1963) found that GA applied to unpollinated to-

mato fruit increased the amount of diffusible auxin-

like substance from non-detectable levels to an

equivalent IAA concentration of 0.27 lM within 28

h after application. The authors concluded that the

stimulus of pollination in fruit growth arose from

pollen GA that brought about diffusible auxin pro-

duction in the ovary. Therefore, indirect evidence

also exists that supports gibberellin stimulation of

auxin biosynthesis in fruit development.

GROWTH AFTER FRUIT SET

(ENLARGEMENT OF THE OVARY)

Following fruit set, the pedicel/peduncle increases

in size and in vascular development; existing vas-

cular strands enlarge and new ones are differenti-

ated (Nitsch 1952). Because development of xylem

and phloem elements can be regulated by auxins,

cytokinins, and GAs (Aloni 1987), it is likely that

fruit-produced hormones stimulate this vasculari-

zation. Indeed, pedicel diameter increased linearly

with increasing log concentration of 4-Cl-IAA when

applied to 2-DAA deseeded pea fruit (Reinecke and

others 1995).

In general, ovary growth following pollination/

fertilization consists of both cell division and cell

enlargement (Nitsch 1970). Using molecular and

histological methodologies, cell division and en-

largement phases were found to overlap in early pea

ovary (pericarp) development (Ozga and others

2002). After pollination and fertilization, cell divi-

sion in the pea pericarp was highest from anthesis (0

DAA) to 2 DAA, then subsequently decreased until

the mitotic phase of fruit development was essen-

tially completed by 7 DAA (Ozga and others 2002).

Consistent with these anatomical data, histone H2A

mRNA levels were highest from 2 d before anthesis

(prior to pollination/fertilization) to 2 DAA and

then declined rapidly (Ozga and others 2002). Ex-

pression of the H2A gene is replication dependent

(Koning and others 1991) and accumulation of its

mRNA is a useful marker for cell division in pea

pericarp (Ozga and others 2002).

Molecular aspects of cell enlargement during

early pea fruit development were studied by pro-

filing c-TIP (tonoplast intrinsic protein) gene ex-

pression (Ozga and others 2002). c-TIPs are a

subclass of aquaporins (Maurel 1997) that are ca-

pable of forming transmembrane channels that al-

low the passive transfer of water into the tonoplast

(Maurel and others 1993), and their transient ex-

pression pattern is associated with cell expansion

(when large central vacuoles are being formed) in

plant tissues (Ludevid and others 1992). A 2-fold

76 J. A. Ozga and D. M. Reinecke



increase in c-TIP mRNA levels in pea pericarp from

0–2 DAA preceded the peak in pericarp growth rate

and rapid mesocarp cell expansion (longitudinal

plane) (Ozga and others 2002). After the peak in

pericarp growth rate (length) and c-TIP mRNA

levels (4 DAA), c-TIP message decreased in parallel

with the reduction in the pericarp growth rate (5–7

DAA).

As the maximum length of the pericarp is ap-

proached (6–7 DAA), rapid expansion in pericarp

diameter (inflation) occurs to accommodate the

rapidly growing seeds (6–12 DAA) (Ozga and others

2003). Although this phase of pericarp growth has

not been well documented anatomically, it is as-

sumed that this growth is the result of cell en-

largement.

SEEDS ARE REQUIRED FOR NORMAL

FRUIT DEVELOPMENT

In most fruits, normal ovary (pericarp) growth re-

quires the presence of seeds and the final weight of

the fruit is often proportional to the number of

developing seeds (Nitsch 1970). This is the case in

pea where pericarp growth (length, fresh weight,

and dry weight) was positively correlated with ini-

tial seed number (Ozga and others 1992), and the

removal or destruction of the seeds 2–3 DAA re-

sulted in the slowing of pericarp growth and sub-

sequently abscission (Eeuwens and Schwabe 1975;

Ozga and others 1992).

After fertilization, the presence of developing

seeds was required for maintenance of histone H2A

and c-TIP gene expression in the pea pericarp (Ozga

and others 2002). In general, GA and 4-Cl-IAA

maintained histone H2A and c-TIP gene expression,

cellular development and expansion, and pericarp

growth in deseeded pericarps similarly to pericarps

with seeds. Both hormones together were required

to obtain mesocarp cell sizes equivalent to intact

fruit (Ozga and others 2002).

Chemical signals originating from the seeds may

be responsible for continued fruit development by

maintaining hormone levels in the surrounding

tissue (Eeuwens and Schwabe 1975; Sponsel 1982;

Ozga and others 1992). Developing pea seeds and

pericarps contain GAs (Garcı́a-Martı́nez and others

1991; Rodrigo and others 1997) and auxins (4-Cl-

IAA and IAA) (Marumo and others 1968; Magnus

and others 1997). During early pericarp growth (2

DAA), application of the naturally occurring hor-

mones, 4-Cl-IAA (Reinecke and others 1995) and

GA (GA1 or GA3) (Eeuwens and Schwabe 1975;

Ozga and Reinecke 1999), to deseeded pericarp can

substitute for seeds and stimulate pericarp growth.

However, the other naturally occurring auxin in pea

fruit, IAA, was ineffective in promoting growth

(Reinecke and others 1995).

Initial work comparing the growth-promoting

properties of 4-, 5-, 6- and 7-Cl-IAAs and the cor-

responding F-IAA analogs demonstrated that a

chlorine at the 4-position of the indole ring (4-Cl-

IAA) was required for significant biological activity

in pea pericarp growth (Reinecke and others 1995).

Studies comparing the growth-promoting response

and the physicochemical properties of 4-Cl-IAA and

4-substituted analogs found that the 4-substituents’

size and lipophilicity were associated with the

auxin’s growth-promoting activity on pea pericarp

(Reinecke and others 1999). Pea pericarps re-

sponded in a qualitatively different manner to two

naturally occurring auxins which, in other auxin

biological assays, showed only quantitative differ-

ences in activity (Reinecke 1999). These results

suggest unique modes of auxin action, based on

alternative molecular recognition mechanisms in

this tissue, although differing auxin metabolism or

cellular compartmentalization have not been en-

tirely ruled out.

Both PsGA20ox1 (van Huizen and others 1997)

and PsGA3ox1 (Ozga and others 2003) mRNA levels

substantially decreased after pollination in the

pericarp (after an initial increase in the case of

PsGA3ox1). This decrease in message levels during

this stage of ovary development may be important

for a multitude of factors, including hormones

(auxins and GAs), to fine-tune GA biosynthesis to

coordinate ovary and seed development.

Studies using the pea split-pericarp assay (test

compounds are applied to the inner walls of split, or

split and deseeded 2-DAA pericarps) have shown

that the presence of seeds is required to maintain

both the conversion of [14C]GA19 to [14C]GA20 (van

Huizen and others 1995), and the expression of

PsGA20ox1 (van Huizen and others 1997) and

PsGA3ox1 (Ozga and others 2003) in the pericarp.

The effects of hormones (4-Cl-IAA, IAA and GA3)

on the expression of PsGA20ox1 and PsGA3ox1 were

also investigated. The application of 4-Cl-IAA to 2-

DAA deseeded pea pericarp stimulated the conver-

sion of [14C]GA19 to [14C]GA20 (van Huizen and

others 1995) and the expression of PsGA20ox1 (van

Huizen and others 1997) and PsGA3ox1 (Ozga and

others 2003) in pea pericarp. IAA, which does not

stimulate pericarp growth, was ineffective in stim-

ulating expression of pericarp PsGA20ox1 (Ngo and

others 2002) or PsGA3ox1 (Ozga and others 2003).

These data suggest that similar auxin-induced
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transcription regulatory elements may operate to

coordinate regulation of this part of the GA bio-

synthesis pathway, and that biologically active

auxin acts in a concerted fashion on the GA bio-

synthesis pathway to stimulate production of active

GAs in the fruit. Similarly, application of IAA to

decapitated pea plants restored internode elonga-

tion, the message level of PsGA3ox1, and GA1 level

in the elongating internode (Ross and others 2000).

In addition, GA3 reduced 4-Cl-IAA stimulation of

both PsGA20ox1 and PsGA3ox1 message levels in

deseeded pericarp. The inhibitory effect of GA3 on

4-Cl-IAA-stimulated increases of both PsGA20ox1

and PsGA3ox1 message levels could be a direct effect

of elevated levels of GA on the auxin-stimulation

pathway or an indirect effect through the GA feed-

back regulation pathway (Martin and others 1996).

Interestingly, in intact fruit, pericarp PsGA3ox1

levels increased linearly from 6 to 10 DAA. This

increase coincided with the rapid increase in peri-

carp diameter (inflation) to accommodate the de-

veloping seeds (Ozga and others 2003). A peak in

auxin levels (IAA and 4-Cl-IAA) (Eeuwens and

Schwabe 1975; Katayama and others 1988; Magnus

and others 1997) in the seeds precedes the increase

in PsGA3ox1 mRNA levels in the pericarp at this

stage. The steady-state GA1 levels in the pericarp

(approximately 1 ng Æ g fw)1 from 4 to 12 DAA)

(Rodrigo and others 1997), however, do not in-

crease with increasing PsGA3ox1 message level

during this period. Yet, Sponsel (1982) found that 1

lg of GA3 applied to the pericarp of ‘‘seed-killed’’

ovaries (seeds killed 2 DAA by pricking them with a

needle) was sufficient to restore pericarp elongation

growth, whereas 10 lg of GA3 per pericarp was re-

quired to restore normal pericarp inflation. The

greater amount of GA3 required for stimulation of

pericarp inflation coincides with a peak in GA3ox

expression during this time. Therefore, it is possible

that the turnover rate of GA1 is substantially higher

during this period, resulting in similar steady-state

GA1 levels from 4 to 12 DAA, or that a tissue lo-

calized increase in GA biosynthesis is required for

pericarp inflation.

The following paragraph describes a working

model for hormonal-directed fruit set, and seed and

pericarp-coordinated development based on pea

fruit development (Figure 1). Pollination stimulates

GA1 synthesis via an increase in GA3ox mRNA levels

(possibly via stimulation of auxin synthesis in the

ovary) in both the seeds and pericarp, resulting in

initial fruit set and growth of both tissues. Subse-

quently, seeds maintain growth in the pericarp, at

least in part, by transporting auxin (4-Cl-IAA) to the

pericarp, where it stimulates both GA20ox and

GA3ox message levels, maintaining a critical level of

GA1 for pericarp growth. Biologically active GA

(GA1) also can feed-back regulate its own synthesis

in the pericarp by reducing GA20ox and GA3ox

message levels. In addition, auxin (4-Cl-IAA) affects

fruit growth directly through auxin-mediated re-

sponses (van Huizen and others 1996). Therefore,

an auxin-GA interaction is required for coordina-

tion of fruit and seed development. In other plant

systems (tomato, Arabidopsis, and so on), IAA would

replace 4-Cl-IAA in the model because 4-Cl-IAA in

plants has been localized (with one exception) to

the Vicieae tribe from the Fabaceae family (leg-

umes) (Reinecke 1999).

HORMONES AS MOBILIZERS OF

ASSIMILATES TO THE FRUIT

Growing fruits are very active metabolically and act

as strong sinks for nutrients within the plant. Jah-

nke and others (1989) monitored assimilate distri-

bution in pea plants labeled with the short-lived

isotope 11CO2 on the axil leaf subtending pollinated

or unpollinated fruit. The 11C-radiolabel entering

the ovaries paralleled the growth rate of the fruit.

Figure 1. Model for GA-auxin interactions

during pea fruit growth. 4-Cl-IAA transported

from the seeds stimulates the pericarp GA bio-

synthetic pathway. Specifically, 4-Cl-IAA reg-

ulates pericarp GA biosynthesis by stimulating

GA20ox (GA19 fi GA20) and GA3ox (GA20 fi
GA1, active GA) message levels. GA1 may feed-

back regulate levels of GA20ox and GA3ox

message. 4-Cl-IAA also effects pericarp growth

directly (independently of GA biosynthesis).

GA and auxin (4-Cl-IAA) act coordinately to

stimulate pea fruit growth and development.
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When the unpollinated ovaries stopped growing,

the uptake of 11C rapidly decreased. Pollination/

fertilization, however, restored the strong sink ac-

tivity of the ovaries. The same effect could be

achieved by applying GA3 to unpollinated ovaries.

About 2 h after treatment with GA3, the 11C-radi-

olabel entering the ovary started to increase and, at

about the same time, the ovary resumed growth.

Brenner and Cheikh (1995) state that the concen-

tration gradient of photoassimilates between source

and sink tissue is likely the primary regulator for the

current rate of transport and pattern of partitioning.

Hormones may serve as modulators for many of the

rate-limiting components in this process. Hormones

may stimulate transport of nutrients through the

phloem, modify the strength of the sink by stimu-

lating its growth, increase the ability for sucrose

unloading from the phloem, or act on metabolism

and compartmentalization of sucrose and its me-

tabolites (Brenner and Cheikh 1995).

Sucrose-metabolizing enzymes, such as invertas-

es, have been implicated as playing a major role in

cleaving imported sucrose, which in turn may reg-

ulate the rate of carbon import to developing fruit

(Weber and others 1995). Cytokinin (6-benzylam-

inopurine), auxin (4-Cl-IAA; and auxin-like 2,4-

dichlorophenoxyacetic acid), and GA3 have been

shown to induce parthenocarpic pea fruit (Garcı́a-

Martı́nez and Carbonell 1980; Ozga and Reinecke

1999), and these classes of hormones increased in-

vertase activities in unpollinated fruit that corre-

lated with the growth rate of the fruit (Estruch and

Beltrán 1991). The exact roles of the endogenous

hormones and possible interactions among the

hormones for assimilate mobilization to the growing

ovary remain to be determined by future research.

CONCLUSION

Fruit development is a beautifully complex process

that begins with the change from a vegetative to a

floral meristem and ends with mature fruit and vi-

able seed. In the past, our understanding of hor-

monal interaction in fruit development has come

from hormone application and hormone analysis

studies. We now have powerful biochemical, ge-

netic, and molecular techniques to continue the

comprehensive understanding of fruit development.

Arabidopsis sequencing has shown that up to 10% of

its genes are likely to be involved in signal trans-

duction, ‘‘the diverse array of biochemical mecha-

nisms that regulate cellular physiology’’ (Chory and

Wu 2001). Recent studies are showing that the in-

terplay between signal transduction pathways for

different hormones is involved in vegetative growth

(for example, Francis and Sorrell 2001). Our un-

derstanding of the interactions between various

plant hormones and signal transduction pathways

involved in fruit development will greatly increase

with careful genetic analyses and in-depth physio-

logical studies of wild-type plants and those that

have been modified using mutation techniques

(Emmanuel and Levy 2002) or transgenic technol-

ogy. Understanding how hormones influence gene

expression during fruit development will be aided

by recent research tools, including large-scale

screening of gene expression using DNA microarray

technology (Aharoni and O’Connell 2002) and sig-

nificantly improved quantitative analysis of gene

message levels using real-time RT-PCR (Ozga and

others 2003). Information from model genetic sys-

tems such as Arabidopsis and model agronomic fruit

systems (for example, strawberry, pea, and tomato)

will revolutionize our understanding of how hor-

mones interact to coordinate ovary and seed de-

velopment with the mother plant to ensure

continuation of the species.
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