
6 Hormonal cues during fruit 
initiation

In 1936, Gustafson discovered that application of synthetic auxins to emasculated flowers of

several different plant species resulted in parthenocarpic fruit development and, thus,

established the initial linkage between fruit initiation and plant-growth regulators (Gustafson,

1936). At present, three main types of plant-growth regulators are recognized as having

phytohormonal properties that can potentially induce fruit setting and fruit development (Gillaspy

et al., 1993). Application of auxin, gibberellins or cytokinin, either alone or in combination, has
been shown to trigger parthenocarpy across a wide variety of plant species (Gustafson, 1936;

King, 1947; Srinivasan and Morgan, 1996; Vivian-Smith andKoltunow, 1999; Ozga et al., 2002,
2003). Application of optimal combinations of plant-growth regulators to emasculated pistils can

often promote elongation to the extent observed in fully seeded fruits (Vivian-Smith et al., 2001).
These results have led to a long standing belief that fruit initiation is sustained by phytohormone

biosynthesis occurring during the stages of seed development, although often this assertion

remains unchallenged.



6.1 Auxin

 Auxin appears to have a primary role during fruit initiation since the genetic analysis of
wild-type Arabidopsis fruit initiation with gibberellin biosynthesis and perception mutants
shows that auxin-mediated differentiation underlies other signalling pathways.

 transcriptional profiling during fruit initiation also shows directionality in phytohormonal
responses with auxin preceding gibberellin responses at 12–14 h period post-fertilization.

 The use of the transgenic DEFH::iaaM construct in a broad range of species additionally
suggests a universal role for auxin in triggering fruit set.

Accordingly, auxin-mediated signalling is an early response in the Arabidopsis ovule (Fig. 4.2). 
Auxin-responsive reporters show transcriptional activation 2–3 h post-fertilization expression, 
when the nuclear endosperm has undergone only one division.



6.1.1 Auxin-mediated transcriptional 
activation

 Several genetic lesions in the auxin pathway conferring autonomous fruit
initiation have been isolated. Each of these mutants appears to work within
the auxin-mediated transcriptional network. The Arabidopsis genome
encodes 22 functional auxin response transcription factors (ARFs) and 29
Aux/IAA interacting proteins, and each gene appears to have strong
sequence conservation in other plant genomes.

 The ARFs are a family of Aux/IAA interacting proteins that contain a DNA-
binding domain (DBD) which recognizes auxin response elements (AuxREs) in 
DNA sequences.

 FWF/ARF8 transcripts are naturally downregulated within 24 h post-
pollination.









6.1.2 Auxin biosynthesis and transport

 Three important processes that regulate auxin action in the flower 
and fruit are its biosynthesis, transport and catabolism.

iaaM is involved in the conversion of tryptophan to indole-3-acetamide, which is the hydrolyzed to IAA.In an experiment, the iaaM gene from Pseudomonas syringae pv savastonoi wasplaced under the control of the placental and ovule-specific promoter DEFH9.Eggplants and tobacco transformed with this construct had parthenocarpicfruit development...



Experiments with PAT inhibitors show that flower
morphology and apical–basal carpel polarity can be severely
disrupted by PAT inhibitor application (Nemhauser et al.,
2000). Timed applications of PAT inhibitors can also induce
parthenocarpy, suggesting that the anthesis ovules and pistil
may exert control over PAT, either directly or indirectly, and
this has an impact on the regulation of fruit initiation

This appears to contradict the proposed mechanism for auxin action
in fruit initiation, since PAT is required to transport auxin from the
ovule to the carpel to trigger growth and development. Therefore, the
mechanism by which PAT inhibitors triggers fruit initiation may rely on
a balance between PAT and AuxRE transcriptional activation.



 To explain the apparent paradox:

one must consider that auxin is also prevalent in the 
target cells. Therefore, the end concentration in target 
cells is important and may normally be restricted to a 
low level through potentiation of PAT and a reduction 
in transcriptional activation. Once PAT is inhibited, 
AuxRE would be activated due to the increased net 
auxin accumulation within the cell that would trigger 
fruit initiation through cross-talk with other 
phytohormonal pathways.



To explain PAT,

a chemiosmotic model was proposed in which the noncharged, lipophilic IAA molecule enters
the cell through diffusion, or through the action of a saturable auxin import carrier.

Once inside the cell, the IAA molecule is deprotonated at the higher cytoplasmic pH and only
can exit through active export by auxin efflux carriers (AECs) and endosomal/vessicle
transport.

The specific location of AECs at the basal side of the cell was hypothesized to be the rate-
limiting transport step of PAT.

The PIN1 gene encodes a transmembrane protein that has similarity to bacterial-type
transporters and data suggest that PIN proteins function as AECs.

The PIN family in Arabidopsis comprises eight members six of which have been functionally
characterized through genetic analysis.

Genetic analysis has also uncovered partial redundancy and functional compensation
amongst PIN family members. As a functional AEC, the PIN1 protein is localized to the basal
end of xylem parenchyma and cambial cell files in the Arabidopsis inflorescence and root axis.



6.1.3 Auxin signalling and feedback regulation

 Auxin rapidly induces early auxin response genes 
including two other major classes, SAURs and GH3s.

The GH3 gene family in Arabidopsis represents an important network component in feedback
signalling, auxin homeostasis and in the homeostasis of jasmonic acid (Liu et al., 2005; Terol et
al., 2006). GH3 enzymes catalyze bidirectional conjugations of indolic compounds and
jasmonic acids with amino acids (Liu et al., 2005). Many GH3 genes are responsive to
environmental stimuli, but most are also primary auxin response genes and are induced in
response to auxin treatments to pistils and have altered expression in fwf/arf8 and arf6 mutant
backgrounds (Nagpal et al., 2005). The genes GH3.5, GH3.6 and GH3.17 appear to be targets
of ARF8 and ARF6 (Tian et al., 2004; Nagpal et al., 2005) and plants overexpressing ARF8
showed a decrease in free IAA content possibly due to GH3 expression (Tian et al., 2004).
Regulation through ARF8 and GH3 genes at anthesis may therefore be a mechanism that
constrains auxin responses further since free auxin would be removed and this would
potentiate Aux/IAA proteins to form inactive complexes with ARF proteins.





6.2 Gibberellins

 Gibberellins form a large family of tetracyclic diterpernoid
compounds of which only a small number are active PGRs.

 Several lines of evidence have shown that fertilization
results in increased levels of GA in the ovary (Eeuwens and
Schwabe, 1975; Mapelli et al., 1978; Ozga et al., 1992; van
Huizen et al., 1995; Ben-Cheikh et al., 1997; Serrani et al.,
2007b, 2008; Vriezen et al., 2007). Due to their high
gibberellin content, fertilized ovules have long been
considered the source of growth-promoting and fruit-
setting compounds.



6.2.1 Gibberellin biosynthesis

In higher plants, GA biosynthesis can be divided into three stages:

 The first stage results in the synthesis of ent-kaurene by the action of two
cyclases, ent-copalyl diphosphate synthase (CPS) and ent-kaurene
synthase (KS).

 In the second stage, GA12 and/or GA53 are produced as a result of the
action of ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO)
in the case of GA12 and an extra 13-hydroxylation step in the case of
GA53.

 The final stage results in the synthesis of active GAs through two parallel
pathways (Fig. 4.5):

the non-13-hydoxylation pathway (leading to GA4) and the early 13-hydroxylation
pathway (leading to GA1 and GA3 in some cases). Enzymes involved in this final stage
include 2-oxoglutarate-dependent dioxygenases, GA 20-oxidases (GA20ox) and GA 3-
oxidases (GA3ox).





Our present understanding of the role of GA biosynthesis in fruit
initiation and fruit development is based mainly on the study of the final
steps of the biosynthetic pathway. Several studies have shown that
pollination/fertilization results in increased expression levels of enzymes
catalyzing the last steps of GA biosynthesis.

 in pea, removal of seeds reduced the activity of GA 
20-oxidase in the pericarp.

 In tomato, pollination/fertilization results in increased 
expression levels of GA 20-oxidases on the ovary.



2 recent studies:



6.2.2 Gibberellin signalling

 Similarly to the GA biosynthesis pathway, GA
response and signalling path-ways have also been
intensively studied in the past few decades and many
molecules involved in these pathways have been
characterized. However, few components of the GA
response and signalling pathways have been studied in
the context of fruit initiation and fruit
development.





 DELLA proteins are probably the most intensively
studied components of the GA signalling pathway.
They are part of the GRAS transcription factors
family and, within this larger family, DELLA proteins
are characterized by a conserved N-terminal amino
acid sequence which appears to be essential for
the regulation of GA responses. It has been shown
that DELLA proteins act as growth repressors and
GA-mediated degradation of these proteins
through the 26S proteosome pathway is required in
order to promote growth (Fig. 4.6)







6.3 Cytokinin and ethylene 
perception

 The role of cytokinins in fruit initiation and fruit development has been studied to
a considerably lesser degree than other phytohormonal processes.

 Like numerous other phytohormones, cytokinins have also been identified as
potential phytohormonal components produced in developing seeds that could
promote fruit development.

 Indeed, exogenous cytokinin application to pistils can result in parthenocarpic fruit
development in Arabidopsis, Brassica napus and in pea amongst many other species.

 Additionally, stimulation of cytokinin biosynthesis by using fruit and ovary-specific
expression of the ipt gene from Agrobacterium produces parthenocarpy in tomato.

 Strong linkage of cytokinins to the control of cell cycle progression has led to the
speculation that cytokinins could be responsible for stimulating carpel cell division
post-fertilization.



 Cytokinin downregulated ARF8, PIN2 and an auxin biosynthesizing nitrilase gene.
 These three genes are characterized as late responders to cytokinin treatment

since the modulation of expression occurred after 120 min.
 This matches well with data that cytokinin treatment to pistils can trigger an

auxin response in unfertilized Arabidopsis ovules.
 Unfertilized pistils that were treated with benzyl adenine (BA; 1 nmol pistil−1) had

a similar auxin response to that observed following pollination (Figs. 4.6b, 4.6c),
yet this occurred after a 12 h period.

 This is significantly greater than the auxin treatment described earlier (<2 h) or
even that induced by fertilization (<3h). Since the cytokinin-induced auxin
response occurs outside these timeframes this suggests indirect mechanisms of
triggering fruit initiation, or at least that BA treatment had reduced mobility
when compared to auxin.



 In contrast to cytokinin, ethylene has been typically associated with floral and fruit
abscission and in fruit ripening.

 Associations of ethylene with fruit initiation have not been intensively investigated,
however ethylene precursor molecules, like 1-aminocyclopropane-1-carboxylic acid
(ACC), have been associated with actions that stimulate fruit growth.

 Proof of the definitive involvement of the ACC in fruit initiation: exogenous application of
ACC to unpollinated pistils induced fruit elongation (Tang, 2003).

 Genetic analysis proved that ACC induction was completely dependent on AXR1, (a
ubiquitin-activating) enzyme involved in the auxin response pathway.

 The genetic analysis revealing the involvement of AXR1 in ACC induced fruit elongation,
potentially implicates that the degradation of Aux/IAA proteins is involved in
parthenocarpic fruit development triggered by the ACC response.

 These results together with the experiments that show that radio-labelled ACC transport
readily occurs in carnation gyneocia may suggest that ACC is an important player in fruit
set.



6.4 Hormonal cross-talk

 Treatment of unpollinated ovaries with auxins,
gibberellins or cytokinins alone does not result in
normal fruit development across different plant
species and application of specific hormonal
combinations is required to trigger fruit
development to the extent observed in fully seeded
fruit. For example in Arabidopsis, application of
gibberellins together with either cytokinins or auxins
is required to restore silique length to that of
pollinated siliques. These observations suggest that a
hormonal interplay is necessary for normal fruit
development.





A recent study has also shown that application of brassinosteroids can induce parthenocarpic
cucumber fruit development (Fu et al., 2008). This is in agreement with previous results by
Montoya et al. (2005) which showed that Br C-6 oxidase, an enzyme catalyzing what it is
thought to be a rate-limiting step in brassinosteroid biosynthesis, is highly expressed in
developing seeds in tomato.

Both studies certainly point towards a role of brassinosteroids in fruit initiation and fruit
development.

Furthermore, brassinosteroids have also been shown to act synergistically to auxin in the
regulation of several target genes.

For example, the brassinosteroid-regulated BIN2 kinase is able to phosphorylate auxin response factor 2
(ARF2) which results in the loss of ARF2 activity (Vert et al., 2008). In the model proposed by Vert et al.
(2008), brassinosteroids release the repression activity of ARFs (such as AFR2) while auxin increases the
expression of activator ARFs.

Thus, brassinosteroids and auxin would coregulate gene expression through ARFs activity 







8 Signal transduction from ovule to 
carpel and vascular canalization

 Fruit initiation involves coordinated intra- and inter-
organ signalling between the ovule and carpel.

 Numerous signalling components in the ABA,
ethylene, cytokinin, GA and auxin pathways are
already modulated within 24 h post-pollination.



In a short time period, developmental changes also occur and carbon partitioning
is established.

The development of vascular networks in the ovule, carpel and pedicel of the
flower facilitates this process.





Vascular biogenesis and development within the ovule may ultimately alter carbon partitioning and

source-sink relationships.

The processes of vascular biogenesis may not only be restricted to the ovule–carpel vascular junction,

but also elsewhere in the flower, since vascular biogenesis, or its absence, in the pedicel has been linked

to growth and abscission in citrus, Prunus and apple, respectively. Importantly, these observations appear

to pinpoint a time when discrimination occurs.

Competition begins between fruit and flowers, and causes the fruit abscission often observed in the first

week of many important commercial tree crops. Competition also occurs between parthenocarpic fruit

and seeded fruit, which are usually stronger.

Vascular biogenesis presumably reinforces nutrient and photoassimilate allocation to developing fruit

affecting retention.

Interestingly, the fruit weight locus (fw2.2) from tomato is highly expressed in ovules at anthesis and is

responsive to adjacent fruit loads (Baldet et al., 2006). This suggests an early role for fw2.2 in fruit

retention.



9 Current models of fruit initiation

 In leaves, auxin is thought to be synthesized in the marginal tissue and
transported away via PAT that is dependent on MP and PIN efflux
carriers.

 Development of provascular strands would act as efficient drainage 
canals, thereby developing the observed vascular networks.

 Auxin synthesis after fertilization in the integuments, or integument tips,
would not only stimulate the formation of the provascular network in
the carpel margin, but also the growth of the carpel into the fruit.

 Prior to fertilization, ARF8 is expressed in the female gametophyte, the
endothelium of the inner integument and in the chalaza/funiculus
regions. At this stage, the activity of ARF8 would restrict the auxin
response, possibly through self-reinforcement.






