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Flowering plants have evolved sophisticated and complicated reproductive structures
to ensure optimal conditions for the next generation. Successful reproduction relies on
careful timing and coordination of tissue development, which requires constant communi-
cation between these tissues. Work on flower and fruit development over the last decade
places the phytohormone auxin in a key role as a master of patterning and tissue specifi-
cation of reproductive organs. Although many questions still remain, it is now clear that
auxin mediates its function in flowers and fruits through an integrated process of biosynthesis,
transport, and signaling, as well as interaction with other hormonal pathways. In addition,
the knowledge obtained so far about auxin function already allows researchers to develop
tools for crop improvement and precision agriculture.

Flower and fruit development requires a pre-
cise patterning of organs and tissues, which

also have to be coordinated for the successful
fulfillment of the tasks inherited. The plant hor-
mone auxin has received a lot of attention for
its prominent role in organ positioning as well
as in organ polarity formation and differen-
tiation, and flowers and fruits make no excep-
tion to the dependency on auxin in these
aspects. In addition, auxin appears to partici-
pate in the coordination of processes within,
as well as between, floral organs, aiding for
example in successful fertilization. In this ar-
ticle, we focus on the role of auxin in the estab-
lishment of the flower, and specifically in the

development and dehiscence of the reproduc-
tive floral organs.

AUXIN MARKS THE FLORAL MERISTEM
INITIATION SITES AND IS REQUIRED FOR
FLORAL ORGAN DEVELOPMENT

A constant relocalization of PIN auxin efflux
facilitator proteins and auxin influx carriers
participates in the generation of distinct local
auxin maxima in the peripheral zone of the
inflorescence meristem (Heisler et al. 2005). In
Arabidopsis these sites are formed in a spiral
arrangement, and are required for floral meri-
stem formation, just as local auxin maxima sites
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are used for leaf primordia initiation in the
vegetative apical meristem (Heisler et al. 2005;
Okada et al. 1991; Vernoux et al. 2000; Rein-
hardt et al. 2000, 2003). Auxin also acts as a
local morphogenic trigger of floral organ pri-
mordia initiation in four concentric whorls
around the central floral meristem (Nemhauser
et al. 2000; Tobena-Santamaria et al. 2002;
Cheng et al. 2006). Organ boundaries on the
other hand, have been suggested to require low
auxin levels, allowing for organ boundary gene
activity and growth repression (Heisler et al.
2005). The identity of initiated floral organ pri-
mordia is determined by so called homeotic
genes (Coen 1992; Weigel and Meyerowitz 1994),
and recently a direct molecular link between
the floral homeotic gene SEPALLATA3 (SEP3)
and auxin response pathways, including sev-
eral AUXIN RESPONSE FACTOR (ARF) genes,
have been made (Kaufmann et al. 2009), suggest-
ing that auxin regulates floral organ growth and
differentiation, partiallydownstream ofthe organ
identity genes. As for the majority of lateral
organs, auxin also marks the apical end of the
floral organ primordia (Benkova et al. 2003), and
determines the venation pattern.

AUXIN REGULATES BOTH EARLY AND
LATE STAGES OF STAMEN AND
POLLEN DEVELOPMENT

Stamen and Pollen Development

Stamen primordia constitute the third whorl
of floral organs and appear after sepal and
petal primordia initiation but before the gyno-
ecium primordia. Soon after appearance, the
stamen primordia differentiate into the anther
and filament compartments. The filament con-
sists of vascular tissue for water and nutrient
supply, whereas the anther contains the tissues
responsible for the production and subsequent
release of pollen grains. Because anther and pol-
len development has been extensively reviewed
elsewhere (Goldberg et al. 1993; McCormick
2004; Ma 2005; Wilson and Zhang 2009), the
major steps are only briefly presented here
(Fig. 1). The first phase of anther morphogenesis
involves the formation of the connective tissue,

the predifferentiation of sites for pollen release,
and the development of anther locules lined
internally with a nutritious cell layer called
the tapetum, which encloses diploid pollen
mother cells. This phase ends with meiosis of
mother cells, resulting in tetrads of haploid
cells together enclosed by a thick callose wall.
This wall will, in phase two, be degraded by
the action of callase, produced by the tapetum
cell layer, which results in the release of free
haploid microspores from the tetrads. Subse-
quently, asymmetric mitosis transforms micro-
spores to pollen grains, consisting of a larger
vegetative cell that engulfs a smaller generative
cell. In parallel, preparations for pollen release
take place, resulting in connective tissue de-
struction, endothecium cell wall lignification,
and stamen filament elongation, allowing the
anther to reach the stigma. After partial dehy-
dration, mature pollen grains are released
through breakage of stomium cells. The pollen
grain rehydrates on the stigma, allowing the
vegetative cell to form the pollen tube by tip
growth, and this is the stage when the generative
cell of most species undergoes mitosis to form
two sperm cells. The nuclei of the vegetative
cell and the two sperm cells will enter the tube,
and when the sperm cells are released into the
embryo sac, pollen development is completed.

Auxin in Early Stamen Development
(Morphogenesis, Phase 1)

Early during floral development (stage 9) (Bow-
man et al. 1994), the auxin biosynthesis genes
YUC2 and YUC6 are expressed in the thecas
(carrying the reproductive tissues, before dif-
ferentiation and subsequently in pollen mother
cells), the tapetum, the endothecium, and pro-
cambium, and the expression stays on in most
of these tissues through stage 11 (Cecchetti
et al. 2008). In these cell layers, members of the
TIR/ABF auxin receptor gene family and the
DR5 auxin response constructs are activated,
but at a slightly later stage (Fig. 1) (Cecchetti
et al. 2008; Feng et al. 2006). Because polar
auxin transport (PAT) restrictions, inflicted by
the auxin transport inhibitor NPA, do not affect
auxin responses during early stages of anther
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morphogenesis, it has been suggested that early
anther development is mainly dependent on
local auxin biosynthesis (Cecchetti et al. 2008).
The role of auxin during these early stages has
not yet been determined, but it is likely that
auxin participates in the differentiation, activity,
and/or fate of, for example, the tapetum layer,
which plays critical roles in providing enzymes
for microspore release, material for pollen wall
formation, and nutrients for pollen maturation
(Esau 1977; Pacini et al. 1985). It has also been
suggested that the tapetum layer may supply the
developing pollen grains with indole acetic acid
(IAA) (Aloni et al. 2006) and reduced auxin
levels in the tapetum results in decreased pollen
embryogenesis (Yang et al. 1997).

Auxin Is Required for Stamen Filament
Elongation, Pollen Maturation, and
Anther Dehiscence (Phase 2)

Mutant analysis revealed that auxin is required
also for a number of later events during sta-
men development. First, yuc2 yuc6 lines, auxin

receptor mutants (tir afb), and lines with reduced
auxin response gene activity (arf6 arf8 mutants
and lines overexpressing miR167) fail to elon-
gate stamen filaments at anthesis (Cheng et al.
2006; Cecchetti et al. 2008; Nagpal et al. 2005;
Ru et al. 2006; Wu et al. 2006), suggesting that
auxin is required for this process. In accor-
dance, YUC2 and DR5 reporter lines are ex-
pressed apically in the filament (Cheng et al.
2006; Cecchetti et al. 2008). Furthermore, PAT
appears important for later stages of filament
elongation, as both NPA-treated flowers and
flowers of the mdr1 pgp1 transport double
mutant have short filaments (Cecchetti et al.
2008; Noh et al. 2001). Auxin transport from
the filament to the anthers may also affect
some of the later stages of pollen development.
Feng et al. (2006) reduced the IAA levels only in
the stamen filament by expressing the bacterial
iaaL gene from a filament-specific promoter,
PM5-K. The iaaL gene product induces the
conjugation of free IAA to inactive IAA-lysine.
This resulted, as expected, in defected anther
filament elongation, and also in a reduction
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Figure 1. Schematic picture of pollen and anther development. Diploid pollen mother cells surrounded by
a tapetum layer goes through meiosis in phase 1. Auxin responses (yellow) are detected in the tapetum
layer, the theca and the vasculature (V) from late stage 10. Callase released from the tapetum subsequently
frees the microspore from the tetrads, and during phase 2, the microspore goes through mitosis. During
these stages, auxin responses are detected in the pollen grains. The anthers dehisce and release the dehydrated
pollen grains. St, stomium; CCC, circular cell cluster; V, vascular bundle; C, connective tissue; E, endothecium.
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of DR5:GUS anther expression and pollen
viability. Tapetum development appeared
normal, whereas pollen mitosis was affected.
This suggests that auxin needs to be transported
through the stamen filament not only for
induction of filament elongation but also for
normal pollen development (Feng et al. 2006).
However, reduced auxin biosynthesis during
pollen development results in a complete loss
of pollen formation, suggesting that both
biosynthesis and transport is required (Cheng
et al. 2006).

Second, auxin affects the timing of anther
dehiscence, which occurs precociously in the
tir abf mutants (Cecchetti et al. 2008) and be-
comes delayed by enhanced auxin sensitivity
(Cecchetti et al. 2004), suggesting that auxin
responses normally prevent premature dehis-
cence. The dehiscence program is initiated
after tetrad formation in wild type and results
in the sequential destruction of specific anther
cell types, and is coordinated temporally with
the pollen differentiation process. Anther de-
hiscence includes degeneration of the tapetum,
thickening of the endothecial cell walls, merg-
ing of the two pollen sacs into a single locule,
breakdown of connective tissue, and finally
rupture at the stomium site (Fig. 1). The endo-
thelium cell wall lignification and stomium dis-
ruption occurred earlier in the mutant lines and
represents tissues in which DR5 constructs, as
well as auxin biosynthesis and response genes
are expressed (Cecchetti et al. 2008). Further-
more, auxin also appears to prevent precocious
pollen maturation; pollen grains of the tir afb
multiple mutants initiate mitosis and germinate
earlier than wild-type pollen, and DR5 reporter
lines appear to be active both during meiosis
and mitosis (Cecchetti et al. 2008; Feng et al.
2006). Taken together, these results suggest that
auxin coordinates the timing of anther dehis-
cence and pollen maturation (Cecchetti et al.
2008).

Auxin function in anther and pollen devel-
opment is likely to occur via interactions with
other hormonal pathways. Jasmonic acid (JA)
is involved in the final stages of anther de-
hiscence, pollen maturation, and in filament
elongation (Sanders et al. 2000; Ishiguro et al.

2001; Nagpal et al. 2005). Based on the obser-
vation that arf6 arf8 double mutants have
dramatically reduced JA levels in developing
flowers, and that the indehiscent arf6 arf8 sta-
mens can be rescued by JA treatment, it was
suggested that auxin acts on JA during anther
and pollen maturation (Cecchetti et al. 2008;
Nagpal et al. 2005). The factors that are in-
volved in this interaction have not yet been
identified. However, because both auxin and
JA signaling involves protein degradation via
the 26S proteasome (Santner and Estelle 2009),
it is plausible that protein stability plays a
central role.

AUXIN PLAY FUNDAMENTAL ROLES IN
POLARITY AND TISSUE DIFFERENTIATION
DURING GYNOECIUM DEVELOPMENT

Gynoecium Development

The angiosperm female structure, the gyno-
ecium, which develops in the central organ
whorl, protects ovules, selects male gameto-
phytes, and aids pollen tube growth toward
the ovules. After fertilization, the gynoecium
develops into a fruit that initially protects and
subsequently disperses the seeds. The devel-
opmental processes of the gynoecium have
been reviewed elsewhere (Balanza et al. 2006;
Østergaard 2009; Sundberg and Ferrandı́z
2009) and are therefore only briefly summar-
ized here. The Arabidopsis gynoecium (Fig. 2)
develops from two congenitally fused carpels,
which have evolved from ancestral leaflike struc-
tures (Goethe 1790; Pelaz et al. 2001; Castillejo
et al. 2005; Honma and Goto 2001; Ditta et al.
2004). The gynoecium primordium grows
into a hollow cylinder and the fused carpel
margins develop two meristematic ridges,
which laterally give rise to placentae and ovules
(Esau 1977). The meristematic ridge also pro-
duces a bulge that fuses centrally to form the
septum, harboring the transmitting tract used
by growing pollen tubes. An apical–basal pat-
terning also occurs, resulting in apical gyno-
ecia enclosure, followed by the development
of style and stigma. At the base, a gynophore
connecting the centrally localized ovary to the
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flower develops. At anthesis, all reproductive
tissues have developed and those required for
fruit maturation and dehiscence are al-
ready specified (Bowman et al. 1999; Alvarez
and Smyth, 2002; Roeder and Yanofsky, 2005).

Auxin in Apical–Basal Gynoecium
Pattern Formation

Auxin has been suggested to act as a major
morphogen-directing apical–basal patterning
of the gynoecium. Mutant lines defective in
PAT or the activity of ETT/ARF3 and ARF5
display enlarged apical and basal regions con-
comitantly with strongly reduced ovaries (Okada
et al. 1991; Bennett et al. 1995; Przemeck et al.
1996; Sessions et al. 1997; Sessions and Zam-
bryski 1995). Thus, Nemhauser et al. (2000)
proposed that the apical–basal patterning is
established by a suggested auxin gradient span-
ning the gynoecia primordia (Fig. 2). According
to their model, high auxin levels in the apical

region would promote style and stigma devel-
opment, whereas intermediate and low levels
would specify ovary and gynophore, respect-
ively. In accordance, proposed regulators of
auxin biosynthesis (STYLISH [STY]/SHORT
INTERNODES [SHI], NGATHA [NGA] genes)
and their downstream targets (e.g., the auxin
biosynthesis genes YUC2 and YUC4) are all ex-
pressed in the apical end of the developing
gynoecia (Kuusk et al. 2006; Sohlberg et al.
2006; Trigueros et al. 2009; Alvarez et al. 2009;
Cheng et al. 2006). Reduced PAT would thus
result in trapping auxin apically, causing shifts
in the boundaries between the different tissues
(Fig. 2) (Nemhauser et al. 2000). The bHLH
transcription factors SPATULA (SPT)/HECATE
(HEC) have been suggested to respond to high
auxin levels, or to participate in the regulation
of PAT, thereby directing stigma, style, and trans-
mitting tract differentiation (Alvarez and Smyth
1999; Heisler et al. 2001; Gremski et al. 2007).
ETT/ARF3 represses the SPT/HEC activity

Stigma
style

High High
High

Intermediate

Low

LowGynophore

Intermediate

Ovary
enclosed
by two
fused
carpels

High

Ovules, placentae
and septum

Gynoecium primordia
in cylinder stage

Mature
gynoecium

Aux grad
theory

Aux/cyt
theory

No pat
Aux grad

Pat-inhibited
gynoecium

Figure 2. Gynoecium morphology and the auxin gradient theory. The gynoecium promordia develops as an
open cylinder that fuses apically to form the style and stigma, and internally to form the septum (gray) and
placentae with ovules (gray). The apical–basal patterning has been suggested to depend on an auxin
gradient (Nemhauser et al. 2000), and according to the proposed model, high auxin (yellow) apically results
in style and stigma proliferation, whereas intermediate auxin level is required for ovary formation, and low
level for gynophore formation. Reduction in PAT would result in trapping of apically produced auxin and
thus in a steeper auxin gradient, resulting in boundary shifts. An alternative model proposed by Østergaard
(2009) suggests that the ovary is formed in a low auxin (yellow) and cytokinin (orange) region, whereas high
auxin induces style and stigma, and high cytokinin the gynophore.
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in the ovary region, and may, by responding
to intermediate auxin levels, establish the ovary
size (Sessions and Zambryski 1995; Sessionset al.
1997; Heisler et al. 2001; Pekker et al. 2005).
Although the proposed auxin gradient can be
used to build a model for apical–basal pattern-
ing, no auxin level measurements along the
length of the gynoecia has yet been reported,
which can support the existence of such a gradi-
ent. Auxin response reporters, just as the auxin
biosynthesis regulators, are expressed at high
levels apically, whereas no expression is detected
in the middle ovary (Aloni et al. 2006; Benková
et al. 2003), suggesting the existence of only two
separate auxin level domains. Based on these
facts, the auxin gradient theory was complemen-
ted by suggesting the existence of a reversed cyto-
kinin gradient, with a concentration maximum
at the base of the gynoecium, resulting in three
distinct territories; high auxin/low cytokinin
apically, low auxin/low cytokinin in the middle,
and low auxin/high cytokinin basally (Fig. 2)
(Østergaard 2009). Future studies will shed light
on the current gradient models.

Internally, Transmitting Tract and Ovule
Development Requires Auxin Activity

Although less is known about the role of auxin in
the regulation of tissues derived from the meri-
stematic carpel margins, it is clear that auxin is
requiredfor,forexample,transmittingtractmor-
phogenesis and ovule development. The devel-
opment of the transmitting tract, which spans
the length of the gynoecium and facilitates
pollen tube tip growth by secreting a polysac-
charide rich extracellular matrix (Lennon et al.
1998; Wang et al. 1996; Crawford et al. 2007), is
largely dependent on the activity of genes con-
nected to auxin production or responses such
as the HEC, SPT, SHI/STY, and ETT/ARF3
genes (Gremski et al. 2007; Alvarez and Smyth
2002; Heisler et al. 2001; Kuusk et al. 2006;
Sohlberg et al. 2006; Crawford and Yanofsky
2008). Furthermore, ARF6 and ARF8, expressed
within the stigma, style, and transmitting tract,
have been suggested to regulate the production
of some component necessary for pollen tube
germination or growth (Wu et al. 2006).

Auxin responses also peak in the apical end
of developing ovules (the nucellus tip) and inte-
gument primordia (forming the outer ovule
layer), where it coincides with the expression
of auxin biosynthesis activators, such as STY1
(Benkova et al. 2003; Kuusk et al. 2002). In
addition, PIN1 is expressed in the ovule epider-
mis and integuments in a polarized manner,
supporting an apical auxin peak formation
(Benkova et al. 2003). Furthermore, in ovule
integument mutants, the PIN1, TIR1, AFB1, and
AFB3 genes were all down-regulated, demon-
strating a close link between integument for-
mation and auxin (Skinner and Gasser 2009).
Development of the female gametophyte of
angiosperms is initiated by formation of a single
cell (syncitium) with eight nuclei that are dis-
tributed to individual compartments and even-
tually partitioned into seven individual cells. It
was recently found that the precise distribution
of these nuclei depends on an asymmetric dis-
tribution of auxin (Pagnussat et al. 2009). The
gradient is formedby localauxinbiosynthesisand
this exciting finding adds an extra dimension
to the way auxin regulates cellular processes.

In conclusion, the events that prepare the
individual tissues of the gynoecium for fertili-
zation and fruit growth all rely on auxin dy-
namics to ensure proper patterning and tissue
specification.

FERTILIZATION AND POSTFERTILIZATION
PROCESSES ARE DEPENDENT ON AUXIN
SIGNALING

Pollination

The landing of pollen on a compatible stigma
marks the beginning of pollination and fertili-
zation. The pollen will then adhere, hydrate,
and germinate to produce the pollen tube, a
structure specialized in the delivery of the
sperm cells to the ovule. In a genome-wide
transcriptomic approach using stigmatic tissue
from rice, it was found that several auxin-
signaling genes were overrepresented in the
stigma gene set (Li et al. 2007). In agreement
with this, a very detailed study of auxin distri-
bution in the stigma and style of Nicotiana
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tabacum suggests that auxin distribution plays
an important role in the pollination process
(Chen and Zhao 2008). In this study, high
levels of free auxin in stigmas and styles dur-
ing pollen germination and pollen-tube growth
were detected by immunolocalization. The
auxin levels (immuno detection) and response
(DR5::GUS) increased in the part of the trans-
mitting tract where pollen tubes would enter
and then rapidly declined in the part where
pollen tubes had penetrated, suggesting that
auxin is important for growth of the pollen
tube tip.

Seed-to-Pod Communication

In 1936, Gustafson discovered that application
of synthetic auxins to emasculated flowers of
several different plant species resulted in fruit
development in the absence of fertilization, a
process known as parthenocarpy. This exper-
iment established the initial linkage between
fruit initiation and plant-growth regulators,
and presently auxin, gibberellins, and cytokinin
are recognized to have the ability to induce fruit
setting and fruit development in a wide range of
plant species (Gillaspy et al. 1993; Gustafson
1936; King 1947; Wittwer et al. 1957; Ozga et al.
2002; Ozga et al. 2003; Srinivasan et al. 1996;
Vivian-Smith et al. 1999).

Although these results indicate that fruit
initiation is coordinated by phytohormone
biosynthesis during seed development, it is
only now that molecular data to support this
idea are beginning to emerge. In a facultative
parthenocarpic Arabidopsis mutant, dramati-
cally reduced IAA levels were found in unpolli-
nated versus pollinated fruits, even though the
unpollinated grew to almost the same length
(Fuentes and Østergaard, unpubl.). A detailed
study showed that the only difference between
these fruits is the presence or absence of seeds,
suggesting that the seeds are the main source
of auxin (Fuentes et al., submitted). In
another example, it was recently reported that
gibberellin (GA) biosynthesis genes are up-
regulated on pollination of pea fruits and that
this regulation depends on the presence of
seeds (Ozga et al. 2009). However, the auxin

4-chloro-IAA (4-Cl-IAA) was found to mimic
this effect in the absence of fertilization, there-
by directly confirming previous results that auxin
and gibberellin pathways interact to mediate
fruit initiation (Sastry and Muir 1963; Koshioka
et al. 1994). Moreover, Ozga et al. (2009) also
found that GA biosynthesis was induced by ap-
plying 4-Cl-IAA to deseeded pericarp, support-
ing the hypothesis that auxin is synthesized in
the seed on fertilization and transported to the
pericarp to induce GA-mediated fruit growth.

Central to GA signaling are DELLAs, nuclear
proteins characterized by a conserved DELLA-
motif in their amino-terminal domain (Peng
et al. 1997; Silverstone et al. 1998). According to
the “relief of restraint” model (Harberd 2003),
DELLA proteins act as growth repressors, and
GA-mediated DELLA degradation is required to
overcome this restraint. The crucial role of
DELLA proteins in GA signaling is well under-
stood and their role in fruit development has
recently been identified by Marti et al. (2007),
Dorcey et al. (2009) and Fuentes et al. (sub-
mitted), who showed that lackof DELLA proteins
results in parthenocarpic fruit development.

Based on the molecular data described
previously, a model is emerging for fruit ini-
tiation in which auxin is synthesized in the
ovules on fertilization and then transported to
the pericarp, where it induces GA biosynthesis.
In turn, the newly synthesized GA will lead
to DELLA degradation and thereby relief of
growth repression to allow fruit elongation
(Fig. 3). This description is highly simplified,
and there are most certainly additional layers
of regulation. For example, it has been shown
that a threshold level of GA in the gynoecium
is required to initiate the auxin biosynthesis,
providing a feedback circuit (Vivian-Smith and
Koltunow 1999). Further elucidation of the hor-
monal interactions during fruit initiation will
provide exciting insight into the setup of fruit
development.

Parthenocarpy in Crops

There are major advantages of parthenocarpy
in crops. For example, fruit seedlessness is
advantageous for fruit processing (e.g., tomato

Auxin in Reproductive Development

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a001628 7

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


paste), it can improve fruit quality (e.g., egg-
plant), or seedlessness can simply be a feature ap-
preciated by consumers (e.g., grape and melon).
Moreover, in parthenocarpic plants, fruit set
and production is less affected by environmen-
tal factors adverse for pollination and fertilization.

Parthenocarpy can either be elicited by ar-
tificial means or via genetic modifications. In
agriculture, auxin and gibberellin are the most
common phytohormones used to trigger artifi-
cial parthenocarpy. Genetic parthenocarpy can
be either facultative or obligate. In facultative
parthenocarpy, the fruits are seedless only
when grown under conditions adverse for polli-
nation and/or fertilization or when the flowers
are emasculated. Parthenocarpy is obligate
when the fruit is always seedless. In the past,
obligate and facultative genetic parthenocarpy
was either obtained by alterations of ploidy
level or caused by mutations. In recent years,
parthenocarpy has also been achieved via trans-
genesis, as described in the following.

Auxin synthesis within unpollinated ovary
has been achieved by expressing the iaaM gene
from Pseudomonas syringae under control of
the DefH9 (Deficiens Homolog 9) promoter
from Antirrhinum majus (Rotino et al. 1997),
conferring placenta–ovule-specific expression
of tryptophan-2-monooxygenase, known to con-
vert L-tryptophan to indole-3-acetamide (Kosuge
et al. 1966). Within plant cells, indole-aceta-
mide is converted by either spontaneous or
enzymatic hydrolysis to indole-3-acetic acid
(IAA) and ammonia. The DefH9-iaaM con-
struct has been used to induce parthenocarpy
in several crop plant species (eggplant, tobacco
[Rotino et al. 1997]; tomato [Ficcadenti et al.
1999]; raspberry, strawberry [Mezzetti et al.
2004]; cucumber [Yin et al. 2006]). When culti-
vated in vitro, wild-type preanthesis tomato
flowers need exogenous auxin to develop
fruits (Nitsch 1952), whereas DefH9-iaaM pre-
anthesis flower buds develop fruits in medium
not supplemented with auxin. Altogether,
these data show that enhanced auxin synthesis
within the placenta/ovules triggers partheno-
carpic fruit development in species belonging
to distinct botanical families (e.g., Solanaceae,
Rosaceae, and Cucurbitaceae) and with mor-
phologically different fruit types (e.g., tomato,
raspberry, and tobacco). Auxin-synthesis par-
thenocarpy is facultative, because fruits are
seedless only under conditions prohibitive for
fertilization/pollination.

Parthenocarpycanalsobe achieved by modi-
fying auxin signaling. Auxin-dependent tran-
scriptional regulation is controlled by the Aux/
IAA and AUXIN RESPONSE FACTOR (ARF)
gene families (Leyser 2006; Guilfoyle and
Hagen 2007). In the absence of auxin, Aux/
IAA proteins bind ARF transcription factors to
prevent expression of auxin-response genes.
Presence of auxin induces Aux/IAA degra-
dation, thereby allowing the ARFs to activate
gene expression. Manipulation of the activity
of specific Aux/IAA and ARF family members
has now been reported to affect fruit develop-
ment. In Arabidopsis, parthenocarpy has been
obtained by genetic alterations of ARF8 function
(Vivian-Smith et al. 2001; Goetz et al. 2006;
Goetz et al. 2007). ARF8 is an ovule-specific

GA3

GA3
IAA

IAA

DELLA

DELLADELLA

DELLA

Fertilization

Growth

No growth

Figure 3. Model for hormonal activities on fertiliza-
tion. The figure shows schematic cross sections of
an Arabidopsis gynoecium. Before fertilization (top),
DELLA proteins repress growth and elongation of
the ovary. On fertilization (bottom), auxin (IAA) is
produced in the ovules, inducing GA3 production
in the valves. GA3 then mediates DELLA degradation
and fruit growth.
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transcription factor that negatively regulates
fruit set, and ARF8 gene expression is therefore
normally turned off after fertilization (Goetz
et al. 2006; Goetz et al. 2007). In tomato, the
SlARF7 gene is expressed in placental and ovule
tissues and down-regulated soon after polli-
nation. Silencing of the SlARF7 gene leads to
parthenocarpic fruit development, showing
that SlARF7 functions as a negative regulator of
fruit set (de Jong et al. 2009). Similarly, silencing
of the IAA9 gene expression also conferred par-
thenocarpy (Wang et al. 2005). The down-
regulation of IAA9 mRNAs most likely mimics
the degradation of IAA9 protein caused by the
increased auxin content of the ovules/ovary
that follows fertilization.

In addition to auxin, gibberellin-based ap-
proaches have also been used to exploit genetic
parthenocarpy in crops. One example is the
tomato pat-3/pat-4 line, which was reported
to induce parthenocarpic capacity in fruits by
increasing the levels of active GAs in the ovary
before fertilization (Fos et al. 2001). In a more
directed approach, Marti et al. (2007) obtained
parthenocarpic tomatoes by RNA silencing of a
DELLA gene, providing an additional tool in the
box to control this important trait.

The observations in this section show
that genetic parthenocarpy can be obtained by
manipulating hormone dynamics in various
ways in most plant species. Genetic partheno-
carpy is advantageous over artificial partheno-
carpy because it is environmentally friendlier
than spraying hormones in the field and it is
uniform and easier to control. Moreover, this
area of research provides an illustrative example
of how fundamental research that has been
invested to understand the biology of hormone
activity can be hugely beneficial for crop im-
provement programs.

ROLE OF AUXIN IN FRUIT DEVELOPMENT
AND DEHISCENCE

Fruit Ripening

It is well-known that ripening of climacteric
fruits such as tomato is promoted by ethylene
(Giovannoni 2007), whereas the ripening process

in nonclimacteric fruits does not respond to
ethylene in the same way (Seymour et al. 1993;
Trainotti et al. 2005; Chervin et al. 2008).
Observations in both climacteric and noncli-
macteric fruits, however, have revealed that
decline in auxin levels and in auxin-regulated
gene expression correlates with onset of ripen-
ing (Given et al. 1988; Cohen 1996; Davies
et al. 1997; Catalá et al. 2000), and that ectopi-
cally applied auxin delays ripening and represses
genes involved in ripening (Vendrell 1985;
Manning 1994; Davies et al. 1997; Aharoni
et al. 2002). These results suggest that auxin
plays an important role in regulating the onset
of fruit ripening in these species, possibly by
optimizing the capacity of the fruit to ripen.

As described previously the seeds are a
major source of auxin, which is transported
from the seeds to the rest of the fruit. It is
pivotal for the development of viable seeds
that seed and fruit maturation is strictly syn-
chronized. Auxin may therefore function as
a communicator to ensure such coordination.
In the nonclimacteric strawberry, two polyga-
lacturonase (PG) genes were recently identified
to play a role in the fast softening process during
fruit ripening (Quesada et al. 2009), whereas
an enone oxidoreductase gene is responsible
for producing the key flavor compound of
strawberries (Klein et al. 2007). The activity
of these enzymes makes the fruits attractive
as food for herbivorous animals, which will
aid in dispersal of the seeds. As immature
seeds are unlikely to survive a trip through the
animal gut, it is crucial that ripening does not
take place before seed maturation. Therefore, it
makes perfect evolutionary sense that the two
PG genes and the enone oxidoreductase gene
are all repressed by auxin (Quesada et al. 2009;
Klein et al. 2007).

Auxin Minimum and Dehiscence

After fertilization, Arabidopsis fruits elongate
and form a number of specialized tissues inclu-
ding the valves (or seed pod walls), a central
replum, and valve margins that form at the
valve/replum borders where fruit opening will
take place in a process known as pod shatter.
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This process is the result of a highly coordinated
series of events leading to the timely defined
dispersal of seeds. The valve margins consist of
two distinct cell layers: A pectin-rich separation
layer, which will become degraded by secreted
pectinases on fruit maturation, and a layer of
lignified cells, whose rigidity has been proposed
to allow the valves to actively pop off of the fruit
in a springlike mechanism to disperse the seeds
(Petersen et al. 1996; Degan et al. 2001; Spence
et al. 1996; Ogawa et al. 2009).

Setting up the overall patterning process
of the Brassicaceae fruit is a prerequisite for pro-
per development, and several of the key genetic
factors from Arabidopsis have been isolated in
the last decade and their genetic interactions
described (Liljegren et al. 2000; Ferrándiz et al.
2000; Liljegren et al. 2004; Roeder et al. 2003;
Dinneny et al. 2005). For example, expression
of the valve margin identity INDEHISCENT
(IND) is restricted to the narrow stripes, where
valve margins will form by repression from
valve and replum factors.

Previously, Chauvaux et al. (1997) isolated
valve and valve margin tissue from B. napus
fruits and measured the concentrations of IAA
throughout development. Interestingly, they
found a remarkable correlation between an
increase in cell-wall-degrading enzyme activity
and a steep decrease in IAA levels in the valve
margin tissue immediately before dehiscence.
These data suggest that removal of auxin from
the valve margin is necessary for fruit opening
to take place. It was recently reported that
the core genetic network interacts with auxin
dynamics to ensure proper fruit patterning
(Sorefan et al. 2009). In wild-type fruits, local
depletion of auxin in cells of the separation
layer is required for fruit opening to take
place. In fact, fruit opening could be entirely
prevented by expression of an auxin biosyn-
thesis gene, iaaM, at the valve margin under
control of the IND gene. It was furthermore
found that IND mediates the formation of the
auxin minimum by regulating auxin transport
in the valve margin: Whereas induction of
IND activity led to a dramatic delocalization
of PIN auxin transporters to all sides of cells
(Fig. 4), a PIN3::PIN3:GFP reporter was found

to be ectopically polarized in the valve margins
of ind mutant fruits. Chromatin immuno pre-
cipitation revealed that IND mediates changes
in PIN polarity by directly and oppositely regu-
lating the expression of the two protein kinase
genes PINOID and WAG2 (Fig. 4). The inverse
regulation of PID and WAG2 is particularly
interesting, as it was recently shown that
whereas PID activity leads to polar apical PIN
localization (Friml et al. 2004), WAG2 affects
PIN polarity differently (Galvan-Ampudia et al.,
pers. comm.).

The simplicity of obtaining the auxin mini-
mum at the separation layer renders it likely that
local depletion of hormones play important
roles in other aspects of development. This is
perhaps particularly useful for specifying a
small number of cells.

CONCLUDING REMARKS

Although our knowledge of auxin function and
spatiotemporal distribution during reproduc-
tive development is still far from complete,
some basic conclusions can be made from the
data reviewed here. Auxin plays a fundamental
role in the differentiation process in both male

IND

WAG2PID

Separation layer

Figure 4. Formation of auxin minimum at the
separation layer. IND directly represses PINOID
(PID) and activates WAG2 to relocalize PIN auxin
efflux carriers. PIN relocalization creates an auxin
minimum in the cells, where separation will take
place. Green lines indicate PIN localization, whereas
cells with DR5::GFP signal are yellow. Small arrows
indicate direction of auxin flow.

E. Sundberg and L. Østergaard

10 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a001628

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


and female organs/tissues, and builds instruc-
tive gradients during polarity establishment
(e.g., gynoecium and gametophyte). Auxin also
appears to regulate the timing of events that re-
quires coordination, such as anther dehiscence,
pollen maturation, gynoecium development,
fertilization, fruit initiation, seed development,
and fruit ripening. This is achieved through
formation of local concentration maxima and
minima, and most likely via interaction with
other hormonal pathways. Identifying the mech-
anisms by which these interactions take place is
one of the immediate challenges ahead for repro-
ductive organ development.
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Sohlberg JJ, Myrenås M, Kuusk S, Lagercrantz U, Kowalczyk
M, Sandberg G, Sundberg E. 2006. STY1 regulates auxin
homeostasis and affects apical-basal patterning of the
Arabidopsis gynoecium. Plant J 47: 112–123.

Sorefan K, Girin T, Liljegren SJ, Ljung K, Robles P,
Galván-Ampudia CS, Offringa R, Friml J, Yanofsky MF,
Østergaard L. 2009. A regulated auxin minimum is
required for seed dispersal in Arabidopsis. Nature 459:
583–586.

Spence J, Vercher Y, Gates P, Harris N. 1996. ‘Pod shatter’ in
Arabidopsis thaliana, Brassica napus and B. juncea.
J Microsc 181: 195–203.

Srinivasan A, Morgan DG. 1996. Growth and development
of the pod wall in spring rape (Brassica napus) as related
to the presence of seeds and exogenous phytohormones.
J Agricult Sci 127: 487–500.

Sundberg E, Ferrandı́z C. 2009. Gynoecium patterning in
Arabidopsis: A basic plan behind a complex structure.
In: Fruit development and seed dispersal. Annual Plant
Reviews ( L. Østergaard, ed.) 38: 35–69.

Tobena-Santamaria R, Bliek M, Ljung K, Sandberg G, Mol
JN, Souer E, Koes R. 2002. FLOOZY of petunia is a
flavin mono-oxygenase-like protein required for the
specification of leaf and flower architecture. Genes Dev
16: 753–763.

Trainotti L, Pavanello A, Casadoro G. 2005. Different ethyl-
ene receptors show an increased expression during
the ripening of strawberries: Does such an increment
imply a role for ethylene in the ripening of these non-
climacteric fruits? J Exp Bot 56: 2037–2046.
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