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Abstract To elucidate the role of auxin in flower
morphogenesis, its distribution patterns were studied
during flower development in Arabidopsis thaliana (L.)
Heynh. Expression of DR5::GUS was regarded to
reflect sites of free auxin, while immunolocalization with
auxin polyclonal antibodies visualized conjugated
auxin distribution. The youngest flower bud was loa-
ded with conjugated auxin. During development, the
apparent concentration of free auxin increased in
gradual patterns starting at the floral-organ tip. An-
thers are major sites of high concentrations of free
auxin that retard the development of neighboring flo-
ral organs in both the acropetal and basipetal direc-
tions. The IAA-producing anthers synchronize flower
development by retarding petal development and nec-
tary gland activity almost up to anthesis. Tapetum
cells of young anthers contain free IAA which accu-
mulates in pollen grains, suggesting that auxin pro-
motes pollen-tube growth towards the ovules. High

amounts of free auxin in the stigma induce a wide
xylem fan immediately beneath it. After fertilization,
the developing embryos and seeds show elevated con-
centrations of auxin, which establish their axial
polarity. This developmental pattern of auxin produc-
tion during floral-bud development suggests that
young organs which produce high concentrations of
free IAA inhibit or retard organ-primordium initiation
and development at the shoot tip.

Keywords Arabidopsis Æ Auxin Æ DR5::GUS
expression Æ Flower development Æ
Immunolocalization Æ Stamen dominance

Abbreviations DR5::GUS: Auxin response element
fused to b-glucuronidase Æ IAA: Indole-3-acetic
acid Æ NAA: a-naphthaleneacetic acid Æ ESM: Electronic
supplementary material

Introduction

Floral organs are initiated sequentially by the floral
meristem. In Brassicaceae such as Arabidopsis, the latter
produces four successive whorls, starting with the out-
ermost whorl of sepals, and progressing inward with a
second whorl of the petals, a third whorl of the stamens,
and finally a fourth whorl of the carpels. The remaining
apical meristem, enclosed by the carpels, ultimately
forms a placenta on which the ovules develop (Sussex
1989). Unexpectedly, although the petal and stamen
primordia in Arabidopsis appear simultaneously (early
stage 5 of flower development), the stamens develop first
(during stages 6 to 8), whereas the petal primordia do
not grow until stage 9 (Bowman et al. 1989); a phe-
nomenon which has wide occurrence among flowering
plants (Endress 1994). However, the mechanism which
controls this surprising developmental pattern is un-
known.

The old opinion that floral organs are homologous
to foliage leaves (see Smyth 2005) has been confirmed
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by genetic studies showing that the floral organs are
modified leaves. In the Arabidopsis ABC triple mutant,
apetala2, pistillata and agamous1 (Bowman et al. 1991;
Weigel and Meyerowitz 1994) and in the quadruple
mutant ap1, ap2, ap3/pi and ag (Goto et al. 2001), the
absence of organ identifying activities causes all floral
organs to develop as leaves.

The auxin indole-3-acetic acid (IAA) produced in
young leaves is the major controlling signal in vascular
pattern formation (Aloni 1987, 2004; Turner and Sie-
burth 2002). The leaf-venation hypothesis (Aloni 2001)
explains how free auxin induces and controls vascular
differentiation and venation pattern formation in foli-
age leaves of dicotyledonous plants. As the floral or-
gans are modified leaves, the above concept can also be
applied to predict the sites and timing of free-auxin
production during morphogenesis of floral organs.
However, additional specific modifications are required
for the different floral organs, as proposed below. In
foliage leaves, hydathodes, the water-secreting glands,
are the primary sites of free-auxin production. The
production of free IAA in a leaf primordium begins at
the tip, during leaf ontogeny, gradually progressing
basipetally along the leaf margins, and finally appear-
ing also in the lamina (Aloni 2001). This developmental
pattern of free-IAA production was experimentally and
analytically confirmed in rosette leaves of Arabidopsis
(Müller et al. 2002; Aloni et al. 2003) and is in agree-
ment with the developmental patterns of auxin-conjugate
hydrolases in the leaf margins and lamina (Rampey
et al. 2004).

Genetic evidence shows that in Arabidopsis the polar
transport of auxin controls flower formation and dif-
ferentiation (Okada et al. 1991; Bennett et al. 1995;
Oka et al. 1999; Reinhardt et al. 2003). Genes regu-
lating floral organ development and gynoecium vascu-
larization were discovered (Sessions and Zambryski
1995; Roe et al. 1997; Sessions et al. 1997; Bowman
et al. 1999; Eshed et al. 1999; Alvarez and Smyth 1999,
2002), indicating probable auxin involvement in flower
development. Furthermore, auxin controls vascular
polarity during gynoecium morphogenesis (Nemhauser
et al. 1998, 2000; Christensen et al. 2000). Although
auxin was detected in the youngest flower bud at the
inflorescence tip and its concentrations remarkably
increased after pollination (Müller et al. 2002), there is
no physiological understanding so far as to where and
when free IAA accumulates during flower development,
and the hormonal mechanisms that regulate floral
organ growth, e.g., why the stamens develop before the
petals, and venation pattern formation are still a
mystery.

To clarify the role of auxin in flower development, we
assume that, as in foliage leaves (Aloni 2001; Aloni et al.
2003), also in each floral organ the free-auxin produc-
tion starts at the tip. Accordingly, vascular tissues would
develop basipetally. The two innermost whorls, those of
stamens and carpels, form the most modified floral or-
gans that need further explanation. We suggest that these

reproductive organs need extensive production of phyto-
hormones for their biological functions. Consequently,
the development of these two innermost whorls would
trigger successive cascades of phytohormone production
during reproductive organ morphogenesis and, as indi-
cated above, auxin produced in growing flowers (Müller
et al. 2002) would be a major regulatory signal in flower
morphogenesis. According to the above assumptions, we
suggest the following concept, with specifications for
each floral organ:

1. For the first whorl, the sepals, leaflike green organs
most similar to foliage leaves, their free-auxin pro-
duction and vascular pattern formation are already
described (Aloni 2001).

2. In the second whorl, the petals are characterized by a
brief phase of rapid growth during a late stage of
flower development (Bowman et-al. 1989). Therefore,
the petals are assumed to produce very low free IAA
and hence to induce relatively simple vascular pat-
terns restricted to the procambium configuration in-
duced in their early primordial stage.

3. In the third whorl, the stamens, IAA is synthesized in
the anthers. High concentration of free IAA would be
needed to promote the growth of pollen tubes to the
ovules within the gynoecium.

4. The fourth whorl, the gynoecium, produces free
auxin in the stigma. Ovules produce low IAA con-
centrations. After fertilization, free auxin will boost
in the developing embryos.

The present study was designed to test our concept
pertaining to the role of auxin in Arabidopsis flower
morphogenesis. The localization of free auxin can be
visualized in leaf primordia (Aloni et al. 2003) by the
expression of GUS fused to the highly active synthetic
auxin-response element, referred to as DR5 (Ulmasov
et al. 1997). The DR5::GUS expression pattern was
demonstrated to reflect free-auxin concentrations in
shoots and roots of Arabidopsis transformants between
10�8 and 10�4 M (Ulmasov et al. 1997; Sabatini et al.
1999). The comparison of quantified GUS activity
(Sabatini et al. 1999) with auxin concentration gradients
measured by mass spectrometry (Marchant et al. 2002)
in Arabidopsis roots clearly showed a positive correla-
tion of free auxin and GUS expression in DR5::GUS
transformed Arabidopsis. Therefore, analysis of
DR5::GUS gene expression in transformed Arabidopsis
visualizes the sites of intense free-IAA concentrations
(Sabatini et al. 1999; Friml et al. 2002; Marchant et al.
2002; Avsian-Kretchmer et al. 2002; Aloni et al. 2003;
Mattsson et al. 2003; Zgurski et al. 2005) during flower
and seed development. Accordingly, this study analyzes
the role of free-auxin accumulation in controlling flower
and silique (fruit) development in Arabidopsis. The dis-
tribution of conjugated IAA was elucidated here in
Arabidopsis flowers by immunolocalization with specific
polyclonal antibodies, as recently with polyclonal and
monoclonal antibodies in Arabidopsis leaves (Aloni
et al. 2003).
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Materials and methods

Plant material

DR5::GUS transformants of Arabidopsis thaliana (L.)
Heynh. ecotype Columbia, kindly provided by T. J.
Guilfoyle (Columbia, MO, USA), were grown on soil
(Avi Saddeh mix; Pecka Hipper Gan, Rehovot, Israel),
in 5-cm pots. Plants were grown in a growth chamber
under long-day conditions (16-h-light/8-h-dark cycles) at
23�C. The light intensity was 100 lE m�2 s�1 at the
plant level.

The transformant DR5::GUS comprises seven-copy
tandem direct repeats of 11 bp that include the auxin-
responsive TGTCTC element, which is placed upstream
of a minimal �46CaMV35S promoter-it GUS reporter
gene, as described in detail by Ulmasov et al. (1997).
DR5 shows stronger auxin responsiveness than does the
natural composite AuxRE (D1-4(8x)AuxRE) or the
GH3 transformant (Ulmasov et al. 1997). In order to
elucidate the developmental changes in auxin patterns
during flower and seed development, we serially ana-
lyzed all flowers and siliques along each of the studied
plants. More than 2,000 Arabidopsis flowers were ana-
lyzed during this study.

Immunolocalization of auxin

Inflorescences of 5-week-old plants were fixed at 22�C
for 4 h with 4% (w/v) paraformaldehyde in 0.1x phos-
phate-buffered saline (PBS) containing 0.1% (v/v) Tri-
ton X-100 (0.1· PBS: 13.7 mM NaCl, 0.15 mM
KH2PO4, 0.79 mM Na2HPO4, 0.27 mM KCl, pH 7).
Comparative tissue fixation with 4% (w/v) N-(3-dim-
ethylethylaminopropyl)-N¢-ethylcarbodiimide-HCl
(EDC), as previously used (Aloni et al. 2003), resulted in
no different auxin-antibody labeling pattern or intensity
as obtained with paraformaldehyde, indicating that the
IAA antibodies that were used here recognized auxin
conjugates independent of the fixation method. This
suggests that the low concentration of 1–5% of free
auxin, which was reported to be linked via the auxin-
carboxyl group to proteins only upon EDC and not
paraformaldehyde fixation and hence is recognizable by
IAA-HSA (human serum albumin) raised antibodies, is
completely hidden by the high concentration pool of
conjugated auxin compounds. Therefore, the antibody-
labeled auxins in our study have to be regarded as
endogenous pre-conjugated auxin compounds.

After dehydration with a graded series of ethanol at
22�C, the tissue was imbedded overnight in Steedman’s
wax, a polyester with a low melting point (PEG 400
distearate in 1-hexadecanol 9:1, w/w). Longitudinal
sections (12 lm thick) were prepared with a cryomicro-
tome (Cryocut CM 3050, Leica, Bensheim, Germany) and
collected on poly-L-lysine coated slides. The sections
were dewaxed in decreasing ethanol concentrations,

rinsed with 0.1· PBS, incubated with buffer for 30 min
and with 100% methanol for 10 min at �20�C. For
immunolabeling, the sections were incubated overnight
with rabbit polyclonal antibodies, raised against IAA-
HSA conjugate, at a dilution of 1:100 (kindly provided
by S. Veselov, University of Ufa, Russia). The cross-
reactivity of these antibodies had a high degree of
specificity for IAA over structurally and physiologically
related compounds (Veselov et al. 1992). These primary
antibodies were labeled with the green fluorescent Alexa
conjugate (488 goat anti-rabbit IgG, H+L, Molecular
Probes, Eugene, OR, USA) as secondary antibody, di-
luted 1:200 with 1· PBS and applied for 2 h at 22�C.
After immunolabeling, the sections were mounted on
slides in 1,4-diazabicyclo(2.2.2)octane (DABCO)-con-
taining buffer. Control sections were incubated by fol-
lowing the same protocol as described above, but with
1% (w/v) BSA in 0.1· PBS without primary IAA anti-
bodies or with inactivated primary antibodies. Generally
these control sections showed weak green or yellow
autofluorescence (ESM a-f, viewed by epifluorescence
microscopy, Aristoplan, Leica, filter block I3: excitation
BP 450–490 nm, emission LP 515 nm; for further con-
trols see ESMs in Aloni et al. 2003 and Veselov et al.
2003). About 500 sections were viewed with a confocal
laser scanning microscope (TCS SP-MP, DM IBRE in-
verted microscope; Leica). The fluorescence was excited
with 488-nm light (emission 515–525 nm) using a 50-
mW krypton/argon laser. Further details were described
recently (Langhans et al. 2001; Aloni et al. 2003; Vese-
lov et al. 2003).

b-Glucuronidase analyses

For histochemical staining of GUS activity, inflores-
cences were vacuum infiltrated for 30 min with the
staining solution containing 1 mM 5-bromo-4-chloro-
indolyl-b-D-glucuronide at pH 7.0 (X-Gluc; Molecular
Probes, Eugene, OR, USA) and 0.1% Tween 20, and
were incubated for 48 h at 37�C according to Jefferson
(1987). Then the plants were cleared with a solution of
100% chloral hydrate: 90% lactic acid (2:1, v/v) and
were kept at room temperature for at least 24 h. Samples
were viewed in 90% lactic acid (light microscope model
BH2, Olympus, Japan). Micrographs were reproduced
from color slides taken with an OM-2 camera (Olympus)
on Fujichrome 64T film (64 ASA Fuji Photo Film,
Japan).

Selective removal of floral organs

Very young floral buds were gently opened under a
SMZ800 stereoscopic zoom microscope (Nikon, Japan)
under magnifications ranging from ·10 to ·40. In each
treated flower, only one type of floral organ was
removed from the whole plant. After treatment, the
floral bud was gently closed again. Usually, five flowers
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were treated per inflorescence, leaving intact control
flowers between the treated flower buds. In about half of
the inflorescences all flowers received the same treat-
ment, namely, the same floral organ was removed. In the
remaining half, each flower in the inflorescence was
treated differently, either by removing one or two sepals,
or three petals, or the upper part of 3–4 stamens, or the
upper part of the gynoecium. In each experiment all the
flowers were harvested together between 2 and 7 d after
organ removal. Because of variability in the results,
stemming from the major difficulty of removing the or-
gans in extremely small flower buds, more than 100
flowers were used for each treatment. All experiments
were repeated three times.

Results

Effect of exogenous auxin application on GUS
expression in flowers

The effect of exogenous free-auxin concentrations on
DR5::GUS expression during flower morphogenesis
was studied on excised inflorescences from the same
developmental stage of 4-week-old Arabidopsis plants
which were incubated with 0.1–100 lM external a-
NAA. The pattern confirmed that auxin-dependent
DR5::GUS expression reflects auxin responsiveness not
only due to an increase in free-auxin concentration but
also due to different tissue sensitivity, e.g., low response
of petals in comparison to strong response of sepals,
anthers, style and stigma (Fig. 1a–e). Such different
tissue response is assumed to result from pre-existing
different endogenous auxin concentrations (Nakamura
et al. 2003) and accordingly in our study petals with
low versus anthers with high endogenous auxin con-
centrations show different auxin responsiveness. The
major sites of high endogenous auxin concentration in
developing floral buds are the young stamens (Fig. 1g)
and stigma (Fig. 2f). Shortly after stamen removal, the
otherwise unstained petals showed elevated GUS
expression (Fig. 3h), and removal of the stigma caused
detectable GUS expression in the otherwise unstained
distal cells of the remaining gynoecium (Fig. 3c), indi-
cating an increase in free-IAA concentration in the
petals and in the apical gynoecium, and not a change in
tissue sensitivity. Therefore, IAA-dependent DR5::GUS
responsiveness is termed here as ‘‘production’’, stand-
ing for free-auxin concentration, resulting from de
novo synthesis, accumulation and hydrolysis of auxin
conjugates.

Concerning the specificity of the IAA-dependent
DR5::GUS expression, it was recently reported that not
only auxin but also brassinolide (BL) are effective
independently of each other (Nakamura et al. 2003).
According to these findings, a transient activation of the
auxin-response element, as found in our study, is char-
acteristic for an effect of IAA but not of BL.

Furthermore, the obviously higher IAA than BL con-
centration required for activation of the AuxRE (Na-
kamura et al. 2003), analytically found during flower
and silique development in various organs of Arabid-
opsis (Müller et al. 2002), as well as the present detection
of high auxin-conjugate concentrations by immunolo-
calization (Fig. 4a–i), also indicate that IAA and not BL
are likely to be responsible for the observed DR5::GUS
expression here.

Gradual shifts in the sites of free-auxin production
during flower development

In very young flower buds (stage 8 according to Bow-
man et al. 1989), free-auxin-dependent DR5::GUS
expression appears in the tip of the sepals (Figs. 1f in-
sert, g, small arrows), and is followed by a conspicuous
but transient GUS expression in young petals and style
(Fig. 1f), longer persisting in young stamens (Fig. 1g).
When the basipetal flow of IAA from the anthers
diminishes, GUS expression becomes evident in the
nectary glands (Fig. 2a) and re-appears as small spots at
the tip of elongating petals (Fig. 2d,e). Parallel to the
remarkable IAA accumulation in developing and ma-
ture pollen grains, high GUS expression re-appears in
the stigma (Fig. 2f). After fertilization, low GUS
expression in the young embryo (Fig. 3d) is followed by
increasing expression in the developing embryos and
seeds (Figs. 2c, 3e).

Young anthers produce extremely high concentrations
of free auxin

Very young flowers, younger than stage 7, with strong
accumulation of conjugated auxin (Fig. 4a–e), show
only very weak or no GUS expression (Fig. 1f, arrow
and insert). At stage 8, in young growing stamens, very
high GUS expression is apparent in the anthers and
along their filaments (Fig. 1f,g). High magnifications of
young anthers reveal that the tapetum cells show very
high free-auxin-dependent GUS expression (Fig. 1h),
before it can be detected in the developing pollen grains.
Other parenchyma cells in the anthers, in the walls of the
pollen sacs, may also display GUS expression (Fig. 1i,k).
In later developmental stages (stages 9 and 10), when
free-IAA production decreases, GUS expression is de-
tected only in the anthers (Fig. 1i,k) and is lacking in the
stamen filament. After anther dehiscence and the release
of pollen grains, the distal cells of the filament begin to
show high GUS expression, (Fig. 1j) which is absent
during pollen grain development, when high GUS
expression appears in the anther cells (Fig. 1i,k). Only
after the release of the pollen grains, which apparently
repress free-auxin production in the filament tissues
below them, the upper cells of the filament can start to
show GUS expression (Fig. 1j).
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Pollen grains accumulate high IAA concentrations

In very young anthers (stages 8 and 9), the tapetum cells
(Fig. 1h) display strong GUS expression, which is

lacking in very young pollen grains. Gradients of GUS
activity were detected in the walls of very young pollen
sacs, with the highest GUS activity in the upper tapetum
cells (data not shown). In maturing pollen grains GUS

Fig. 1 Auxin-dependent DR5::GUS gene expression in trans-
formed Arabidopsis during early stages of flower morphogenesis.
a–e Effect of exogenously applied a-NAA on GUS expression in
flowers; 0 lM (a), 0.1 l M (b), 1 l M (c), 10 l M (d), and 100 l M
(e). (f) Inflorescence with very weak (arrow) or without any GUS
activity in the youngest flower buds (insert); larger buds with
transient GUS expression in the petals and style and persistent in
the stamens. (g) Young flower with strong GUS expression only in
the stamens, in anthers and filaments (large arrow), before
development of petals and of the vascular tissues in the gynoecium

(arrowhead); GUS activity in the tip of sepals (small arrow). (h)
Close-up of a very young anther with high GUS activity in the
tapetum cells (arrow). (i) GUS expression in parenchyma cells
(arrow) of the pollen sacs, without GUS expression in the filament.
(j) Strong GUS expression at the tip of the filament (arrow), after
dispersal of the pollen grains. The tip of the stamen’s vascular
bundle is marked by small arrow. (k) Young nectary (arrow)
without GUS activity. Bars = 25 lm (h), 100 lm (i,j), 200 lm
(g,k), 500 lm (a–f)
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Fig. 2 IAA-dependent DR5::GUS gene expression in transformed
Arabidopsis in (a–c) nectaries, (d,e) petals, (f,g) stigma and (g–j)
during pollen germination. (a) Incipient low GUS expression at the
tip (arrow) of a nectary before anthesis. (b) Early strong GUS
expression (arrow) in a nectary of a younger flower promoted by
four-stamen removal. Both flowers shown in (a) and (b) are from
the same inflorescence. (c) GUS activity in nectaries (arrows)
continues after pollination, and is detectable below a developing
silique with differentiating seeds with strongest GUS expression
where the embryonic root develops (arrowheads), while unfertilized
ovules (small arrows) lack GUS expression. (d) Confined sites of
low GUS expression in the tip of a petal and at the tip of a vascular
bundle (arrows).(e) Close-up of a petal with GUS activity at the tip

and the upper side of a vascular bundle loop (arrows). (f) Early
stage of GUS expression in the stigma (arrowhead) inducing the
central vascular bundle of the gynoecium and anthers with lower
GUS activity (arrow). (g) Mature gynoecium with germinating
pollen grains (arrow). Well-developed wide stylar xylem (white
arrow). A few pollen grains (arrowhead) with high GUS expression
are still in the anthers (arrowhead). (h) Strong GUS expression in
germinating pollen grains (arrows) and (i) in a pollen tube (arrow)
and an empty pollen grain (arrowhead) from which most of the
cytoplasm has moved into the tip of the elongating pollen tube. (j)
High GUS activity in a germinating pollen grain whose pollen tube
(arrow) penetrates the cuticle of one of the stigmatic papillae. Bars
= 20 lm (j), 50 lm (h, i), 100 lm (a, b, e), 200 lm (c, d, f, g)
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staining is enhanced in the grains (Fig. 2g, arrowhead,
inside an open anther).

Nectary glands at the base of the stamens produce free
auxin

While young nectaries (up to stage 9) do not show GUS
expression (Fig. 1k), it starts just before anthesis
(Fig. 2a), increases gradually during pollination, and
continues for a relatively long period, up to embryo
maturation (Fig. 2c).

Petals produce low free-auxin concentrations

Although the petals are induced before or with the
stamens, petal development is retarded during the early
stages of continuous stamen development (see Fig. 4a–e).
Intact petals show transient (Fig. 1f) and later very
low GUS expression only in their tip and in distal sites
of their veins (Fig. 2d,e).

Distinct free-auxin production in the stigma

Stigmatic papillae of a young gynoecium show initial
transient GUS activity (Fig. 1f) and are soon free from
detectable GUS expression (Fig. 1g). However, shortly
before pollen maturation, these stigmatic papillae start
to display considerable GUS expression giving the stig-
ma a sky blue color, which is always lighter than the
dark blue staining of the pollen grains in mature anthers
(Fig. 2f,g). Stigmatic papillae that are not pollinated
show high GUS expression (Fig. 3a) in contrast to the
pollinated papillae (Fig. 3a, arrow).

Upon heavy pollination the stigma stops GUS
expression after pollen grain germination on almost all
stigmatic papillae. Only then, the parenchyma cells
located immediately beneath the stigma start to display
high GUS expression (Fig. 3b), indicating that the stig-
ma papillae, while active, inhibit free-IAA production in
those parenchyma cells.

Vascular differentiation in the gynoecium

The high apparent concentration of free auxin by the
stigmatic papillae (Figs. 2f–j, 3a) induces a wide stylar
xylem (Figs. 2g, 3b) immediately beneath them, which
supplies water for pollen-grain hydration. The gradual
development of the gynoecium midvein and its stylar
xylem can easily be followed, step by step, during flower
morphogenesis (Figs. 1g, 2f,g).

In the funiculus, the stalk by which the ovule is
attached to the placenta, the tiny xylem strand origi-
nating from the ovule does not extend into the longitu-
dinal bundle of the gynoecium (Figs. 2g, 3c) to facilitate
the seed abscission after fertilization.

Very high concentrations of free IAA in germinating
pollen grains and growing pollen tubes

During hydration and germination, the pollen grains
and the tubes show elevated IAA-dependent GUS
expression (Fig. 2g–j), higher than before hydration.
The tips of the pollen tubes penetrate the papillar cuticle
(Fig. 2j) and continue to grow intrusively along the
stigmatic papillae to the center of the style into the
transmitting tract toward the embryo sacs. The cyto-
plasm of a germinating pollen grain, detected by its high
GUS expression, is concentrated at its growing tip
(Fig. 2h–j). Early germinating pollen grains loose their
cytoplasm and hence GUS activity (Fig. 2i, arrowhead),
while the latest germinating pollen grains are also the
last with the dark blue GUS staining (Fig. 2h,i, arrows).

Free auxin induces axial polarity in developing embryos
and seeds

About a day after fertilization, incipient low IAA-
dependent GUS expression appears as small spots on the
basal side (upper end) of the embryo sac (Fig. 3d). The
ovules do not show any GUS activity, neither before
fertilization (Fig. 2f, g), nor even later in a growing
silique, as long as an ovule is not fertilized (Fig. 2c, the
two ovules on the left side). Embryo and seed develop-
ment is polar, and high free-auxin-dependent GUS
expression is evident at the root side (Figs. 2c, 3e, f). The
orientation of the micrographs in all figures is correct,
emphasizing that the embryos usually develop anatrop-
ically with their roots upward, towards the stigma
(Figs. 2c, 3e, f). Maturing seeds stop GUS activity in
their late developmental stages. However, they continue,
for a short duration, to show GUS expression in the
embryonic root side (Fig. 3f), which concentrates for a
while in the funiculus.

Selective removal of floral organs alters flower
development and free-auxin production

In order to ascertain that free-auxin production regulates
relationships among the floral organs, various modes of
selective floral-organ removal were tested on young
flower buds at stages 8 and 9 of flower development.

Since young stamens show extremely high GUS
expression, their possible regulatory role was investi-
gated first. Careful removal of four stamens out of six at
stage 8 (anthers and the upper portion of the filament)
accelerated GUS expression in the nectary glands
(Fig. 2b). This also promoted early petal elongation.
Two days after stamen removal the length of the petals
extended to 252±16.8 lm while in intact control flowers
the petal length was only 22.5 ± 0.6 lm (mean values ±
SE, n=10); this difference was highly significant (p <
0.01; by t test). Hence, although the petals may
be induced before the stamens, petal elongation was
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Fig. 3 IAA-dependent DR5::GUS gene expression in transformed
Arabidopsis after (a,b) pollen germination, (d) in a fertilized embryo
sac, (e,f) developing siliques, (g–i) flowers from which some floral
organs had been experimentally removed and (c) following the
removal of the upper part of the gynoecium. (a) Stigmatic papillae
through which pollen tubes have grown lack GUS activity (arrow),
in contrast to GUS expression in intact papillae (upper left side). (b)
Collapse of stigmatic papillae after pollination results in strong
GUS activity in the parenchyma cells located immediately beneath
the stigma (arrowhead) with well-developed stylar xylem (white
arrow). (c) GUS expression at the cut surface (arrowhead), where
the upper portion of the gynoecium was removed. Note degener-
ated ovules. (d–f) Polar patterns of GUS expression after
fertilization. (d) Longitudinal view of an embryo sac one day after
fertilization, showing an early stage of polarity in which GUS

expression (arrow) is concentrated at the basal end (located at the
upper side), where the embryonic root will develop. (e) GUS
expression at the base of developing seeds and in their funiculus
(this stage is more advanced than the stage of developing seeds
shown in Fig. 2c). (f) In a more advanced developmental stage,
GUS activity is mainly in the funiculus. (g–i) Effect of selective
removal of floral organs. (g) GUS expression induced at the tip
(arrow) of a remaining stamen filament after excision of anthers
and upper filament tissues. (h) Elevated GUS expression in the
petals (black arrow) induced by the removal of three anthers (white
arrow). (i) GUS expression throughout a very young gynoecium
and stamen induced by sepal removal at an early developmental
stage. At this stage the gynoecia of intact flowers do not show GUS
expression (see Fig. 1g). Bars = 20 lm (d), 100 lm (a–c, g),
200 lm (e, f, h, i)
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suppressed by the young stamens during early stages of
floral bud development (up to stage 9). Shortly after
stamen removal, the petals tended to show elevated GUS
expression (Fig. 3h), indicating that young growing
stamens retard free-IAA production in petals. Anther
removal also caused GUS expression in the distal cells of
the remaining stamen filament (Fig. 3g), and extended
the duration of detectable GUS expression in the sepals.
Interestingly, stamen removal promoted growth of the
gynoecium and stigmatic papilla elongation (data not
shown).

Removal of one or two sepals reduced the size of the
petals, stamens and gynoecium (probably owing to loss
of sepal protection), but increased GUS expression in the
petals (data not shown) and even in the gynoecium
(Fig. 3i), thus evincing induced modifications of floral
organ development in the acropetal direction.

Partial removal of the gynoecium causes detectable
GUS expression in the distal cells of the remaining
gynoecium (Fig. 3c), while most of the ovules degener-
ate, indicating that free-IAA production in the stigma is
required for gynoecium and ovule development. Fur-
thermore, after removal of the distal gynoecium part, the
petals stop elongation and remain inside the sepals.
When the gynoecium was removed from five or more
flowers of an inflorescence, apical dominance was
released in that inflorescence, resulting in early and rapid
growth of secondary inflorescences. This infers that free
auxin from growing flowers and developing seeds regu-
lates inflorescence architecture.

Petal removal (done at stage 9) exerts no detectable
effect on other organs, suggesting that their free-IAA
production is too low to affect the development of the
neighboring floral organs.

Auxin immunolocalization

Analysis of the earliest stages of flower primordia with
IAA antibodies revealed high concentrations of auxin
conjugates during early stages of flower development
(Fig. 4a–d). At the beginning, the smallest flower bud
before sepal differentiation is already loaded with con-
jugated auxin (Fig. 4a, b), even the uppermost tunica
layer of the promeristem (Fig. 4b). Gradients of
decreasing concentrations of auxin conjugates from the
promeristem tip (Fig. 4a, b), in developing anthers
(Fig. 4c, d), differentiating pollen grains (Fig. 4d, e, g),
young nectaries (Fig. 4f), developing ovules (Fig. 4d, e, g)
and growing stigmatic papillae are obvious (Fig. 4h, i).

Discussion

Genetic investigations provided evidence that the polar
transport of auxin regulates flower formation, gynoe-
cium morphogenesis and vascularization (Okada et al.
1991; Bennett et al. 1995; Nemhauser et al. 1998, 2000;
Oka et al. 1999; Christensen et al. 2000; Reinhardt et al.

2000). Our study with specific IAA antibodies visualizes
that very young flowers accumulate high concentrations
of conjugated auxin, from which free-auxin may be later
released, while DR5::GUS expression shows where and
when free auxin is produced or accumulates during
Arabidopsis flower and seed morphogenesis (Fig. 5). The
justification of the interpretation of DR5::GUS expres-
sion as ‘‘IAA production’’ throughout this analysis is
given in the first chapter of ‘‘Results’’. The present
findings support our assumption that the tip of each
floral organ is a primary site of free-auxin production,
which controls floral organ development and induces its
vascular tissues. The study also demonstrates that auxin
may play two opposing roles in flower development: free
IAA produced by a floral organ promotes its own
development and differentiation, but can repress the
growth or activity of a neighboring organ. Experimental
modifications of flower development by selective re-
moval of young floral organs provide new insights into
the interactions between floral organs and the role of
free auxin in controlling synchronized flower develop-
ment.

Recently, a family of auxin-conjugate hydrolases was
found to be expressed in leaves, flowers and siliques;
they are expressed in the anthers, IAR3 also at the tips of
the sepals and stigma, and ILL1 and 3 in the seeds
(Rampey et al. 2004). In the present study we found that
from a very early developmental stage the flower pri-
mordia contain high concentrations of conjugated auxin
(Fig. 4a–i) from which free auxin may be later released.
The pattern of auxin-conjugate hydrolases (Rampey
et al. 2004) can explain the apparent free-auxin patterns
found in the present study, while the ILL2::GUS
expression pattern explains the developmental patterns
of free-auxin production found in leaves (Aloni et al.
2003). The local free-IAA production sites which induce
the delicate framework of the high-order veins inside the
leaf lamina (Aloni et al. 2003) cannot be explained by an
acropetal IAA movement (Benková et al. 2003; Rein-
hardt et al. 2003), but only by local hydrolysis of con-
jugated auxin (Rampey et al. 2004) during the advanced
stages of leaf-primordium development (Aloni 2001;
Aloni et al. 2003).

Role of free IAA in shoot and flower organ development

The present results of our selective floral organ removal
illustrate how a floral organ, by producing considerable
free-auxin concentrations, can inhibit or retard the
development of other floral organs in both the acropetal
and basipetal directions. The best example found here is
the suppression of petal elongation and nectary gland
activity by the auxin-producing stamens (Fig. 5b). These
results are in line with early investigations on apical
dominance that decapitation of a shoot resulted in rapid
growth of one or more axillary buds below the cut,
suggesting that the polar flow of IAA produced in the
apical bud and young leaves inhibits the outgrowth of
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axillary buds (Thimann and Skoog 1933, 1934; Thimann
et al. 1971). In tissue cultures, elevated auxin concen-
trations inhibit shoot-organ development and promote
root formation (Skoog and Miller 1965; Taiz and Zeiger
2002).

Inhibition of polar auxin export blocks leaf forma-
tion at the shoot apical meristem of tomato. After three
to five weeks of in vitro culture with the auxin efflux
inhibitors NPA or TIBA and repeated removal of the
basal stem portion, the tomato shoot tip becomes pin

Fig. 4 Distribution of conjugated auxin detected by immunolocal-
ization with rabbit polyclonal antibodies (green Alexa Fluor 488
fluorescence) in DR5::GUS-transformed Arabidopsis, viewed by
CLSM. (a) Auxin distribution in three developmental stages of
flower primordia. The youngest flower bud (arrow) before any
visible organ initiation is already loaded with conjugated auxin,
while the most developed flower (before petal growth) shows
differential auxin patterns with highest auxin concentrations mainly
in the anthers and gynoecium. (b) Close-up, all cells of the youngest
flower (arrow), including the upper layer of tunica, with high auxin
concentrations. In the older flower primordium, the auxin is
concentrated in the promeristem (arrowhead) and sepals (s), with a
basipetally decreasing auxin concentration. (c) Very young stamen
primordia (arrow) with the highest auxin concentrations, higher

than in the promeristem (arrowhead) and sepals which already
protect the stamens. (d) Elevated auxin in the stigma, developing
ovules in the gynoecium (g) and the differentiating pollen sacs,
before petal initiation. (e) Early stage of petal growth characterized
by a short phase of high auxin concentration (arrowhead). The
gynoecium and anthers (arrow) continue to maintain high auxin
concentrations during later developmental stages. (f) Auxin
labeling in nectaries (arrow). (g) Auxin accumulation in pollen
grains (arrows). (h) High auxin concentrations in the stigma
(arrowhead) and ovules (arrow), and lower in the sepals (s) and
petals (p). (i) Close-up with auxin in the stigmatic papillae
(arrowhead) and ovules (arrow). Bars = 40 lm (b, c, g), 80 lm
(a, d–f, h, i)
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shaped (Reinhardt et al., 2000). The NPA is known to
induce intracellular accumulation and not a decrease of
IAA (Petrášek et al. 2003), as was already suggested
by Nemhauser et al. (2000). Therefore, over-optimal
inhibitory concentration and not lack of IAA will induce
leaf primordium-deficient pin-shaped shoot apices.
Remarkably, three days after transfer to medium with-
out NPA, the pins spontaneously initiated new primor-
dia (Reinhardt et al. 2000), demonstrating that these
NPA-suppressed shoot primordia are pre-patterned and
that their development was suppressed by the auxin
transport inhibitor. Near to Arabidopsis shoot tips, the
stipules are the closest sites of strong free-auxin pro-
duction (Fig. 1a in Aloni et al. 2003). These leaf
appendages do not induce vascular tissues, suggesting
that their free auxin is transported acropetally to the
shoot tip. This acropetal auxin transport likely induces
the polar pattern of PIN1 in the acropetal membranes of
the differentiating epidermal cells (Benková et al. 2003;
Reinhardt et al. 2003). By RT-PCR analysis of mRNA
expression of the key enzymes of auxin biosynthesis
(IGS and NIT), we found that auxin is synthesized in the
vegetative apical meristem of Arabidopsis (Fig. 4a in
Aloni et al. 2003). Moreover, auxin immunolocalization
with monoclonal antibodies demonstrated that the veg-
etative shoot tip and youngest leaf primordia are loaded
with high concentrations of conjugated auxin (Fig. 3c,d
in Aloni et al. 2003) before they show detectable free
auxin by DR5::GUS expression. The present findings in
the Arabidopsis inflorescence show that the youngest
flower at the tip, including its tunica and the differenti-
ating epidermal cells, is already loaded with very high
concentrations of conjugated auxin (Fig. 4a,b), indicat-
ing that the acropetal free-auxin transport through the
epidermal cells (Benková et al. 2003; Reinhardt et al.

2003) may have a limited effect on organ development at
the shoot tip. It was also suggested that during the early
stage of leaf-primordium development, auxin could
move acropetally along the midvein from the primor-
dium base to its tip (Avsian-Kretchmer et al. 2002),
which is opposite to the flow model suggested by the
PIN1 patterns (Benková et al. 2003; Reinhardt et al.
2003). Here we show that when the auxin concentration
decreased in the sepals, the developing stamens and
gynoecium produce auxin (large flower in Fig. 4a) and
that their auxin is unlikely to arrive from neighboring
organs via the epidermis. The evidence that the stamens
produce high free-auxin concentrations that inhibit petal
growth (Fig. 1g) during early flower development, sup-
ported by our results from selective removal of stamens,
confirm the negative regulatory role of auxin on neigh-
boring shoot-organ development. In flowers the free-
auxin producing stamens (Fig. 1g) suppress growth of
genetically designed organs (petals) (Bowman et al.
1991; Weigel and Meyerowitz 1994), and auxin only
influences the time of their appearance and the rate of
their elongation. In conclusion, our findings suggest that
at the shoot tip, auxin (originating from the continuous
spiral pattern of stipules surrounding the shoot tip, two
stipules per leaf primordium) regulates adjacent shoot-
organ development (Benková et al. 2003) or affects
phyllotaxis (Reinhardt et al. 2003) by inhibition or
retardation and not by promoting neighboring shoot-
organ initiation or development.

The simultaneous appearance of the primordia of
petals and stamens is defined as the start of stage 5 of
Arabidopsis flowers (Bowman et al. 1989). The stamens
develop during stages 6 to 8, while the petal primordia
do not grow until stage 9 of flower development (Bow-
man et al. 1989) because of petal primordia suppression

Fig. 5 Schematic diagrams showing the gradual changes in sites
(blue spot locations) and concentrations (blue symbol sizes) of free-
IAA production (detected by DR5::GUS expression) during
Arabidopsis flower and early fruit development. Arrows mark sites
of auxin production starting at the tip of floral organs during their
development (a–e) and at the ovules and developing seeds in the
gynoecium (d,e). The ontogeny of the gynoecium midvein,
characterized by its wide fan xylem induced by free IAA descending
from the stigma (d,e), and the short xylem veinlets induced by
developing seeds are illustrated by red lines (e). (a) Young floral
bud with incipient free-IAA production at the tip of the sepals (the

bud is loaded with conjugated auxin). (b) Free-IAA production at
the sepal tips and massive auxin production in the stamens,
demonstrating stamen dominance characterized by complete petal
suppression. (c) Decreased auxin production in the stamens
(DR5::GUS activity limited to the anthers) is followed by incipient
auxin production in the growing petals and stigma. (d) High free-
IAA production in the stigma; low auxin production in the ovules,
the nectaries, the petal tips and stamen-filament tips. (e) Residual
free-IAA production beneath the stigma, elevated auxin production
in developing seeds, and continuous production in nectaries
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by the high free-IAA concentrations produced in the
anthers. Petals in intact flowers produce very low free-
IAA concentrations (Figs. 2d,e, 4h) and therefore
probably cannot compete with the high free-auxin-pro-
ducing stamens. When some of the anthers are removed
experimentally, the petals are able to produce higher
amounts of free auxin (Fig. 3h). Naturally, the petals
reach maximum size and the nectaries start to produce
free auxin just before anthesis (a known phenomenon
widely occurring among flowering plants; see Endress
1994), at the time when the polar auxin flow from the
anthers diminishes. These findings indicate that free-
IAA production in the anthers synchronizes the devel-
opment of both the petals and the nectaries, so that they
will start to function shortly before pollination.

In Arabidopsis, the nectary glands which develop at
the base of the stamens are ABC-independent floral
structures. They arise from cells previously expressing
the B class genes, and their proper development requires
the down-regulation of B class gene activity (Baum et al.
2001). Our findings show that the nectary glands in
Arabidopsis start to produce free auxin just before pollen
release. However, even after fertilization, the nectaries
continue to produce free and conjugated auxin for a
relatively long period, up to seed maturation (Figs. 2c,
4f), probably because the hormonal repression by the
stamens has ceased.

Further evidence for the retarding role of free auxin
in flower development is the two naturally occurring
post-pollination phenomena detected in the reproduc-
tive organs. In both cases, when the distal cells (in an
anther or a stigma) stop producing free auxin, the
parenchyma cells immediately below them take over
and start to produce IAA. Evidently, the anthers retard
the production of free IAA in the stamen filament until
pollen dispersal. Only then distinct IAA-dependent
GUS activity begins in the upper cells of the filament
(Figs. 1j, 3g). A corresponding process occurs in the
gynoecium: when the stigmatic papillae on which pollen
grains have germinated stop free-IAA production, the
parenchyma cells located immediately beneath the
stigma start to produce free auxin (Fig. 3b). Moreover,
after experimental removal of the upper portion of the
gynoecium, the distal parenchyma cells of the remaining
lower part of the gynoecium begin to produce free
auxin (Fig. 3c).

In addition to such IAA retardation phenomena, a
naturally occurring inhibition was detected in the
gynoecium, more specifically in the funiculus, where the
xylem of the short vascular bundle induced by the ovule
does not continue into the longitudinal bundle descend-
ing from the stigma (Figs. 2g, 3c). This finding suggests
that the continuous concentrated polar IAA flow origi-
nating in the stigma inhibits the low-level IAA fluxes from
the ovules and thereby prevents a vascular connection of
the ovules to the longitudinal bundles of the gynoecium.
Similarly, Sachs (1969) demonstrated experimentally that
a bundle, which is well supplied with auxin, inhibits the
differentiation of nearby additional vascular elements.

Role of free IAA in gametophyte development
and embryogenesis

The present study shows that maturing pollen grains
apparently accumulate extremely high concentrations
of free auxin. During early stages of anther develop-
ment, the tapetum cells produce high free-IAA con-
centrations, and they probably supply the hormone to
the developing pollen grains. Generally, most of the
auxin in plant cells, up to 99%, is stored as auxin
conjugates (Ljung et al. 2002; Taiz and Zeiger 2002).
Accordingly, also mature pollen grains are loaded with
auxin conjugates, thus, forming a pool of bound auxin
from which free IAA can be released by hydrolysis
(Ljung et al. 2002) during pollen hydration and pollen-
tube growth. GUS expression of pollen grains in the
anthers and during germination on the stigma indicates
that during hydration free-IAA concentration sharply
increases in the grains (Fig. 2g–i). IAA homeostasis is
dependent on the combined effects of auxin biosyn-
thesis, conjugation, degradation and transport (Ljung
et al. 2002). The changes in the intensity of GUS
expression during pollen development in the anther and
later during germination on the stigma indicate a shift
from an early stage of an IAA-pool build-up to the
germinating stage wherein free-IAA is released by
hydrolysis.

In plant embryogenesis the establishment of the
apical-basal axis is a critical event. Polarity is evident in
the embryo sac, the zygote and the developing embryo
(Souter and Lindsey 2000; Jürgens 2001; Berleth and
Chatfield 2002; Friml et al. 2003). The present study
shows clear polar distribution of free IAA in the
developing embryo (shortly after fertilization, Fig. 3d).
The embryo root is induced at the basal side where
free-auxin is accumulated, whereas the shoot develops
from the apical end at a low free-IAA concentration.
This primary axial polarity determines the polarity of
the vascular tissues, which are induced by free-auxin
release in the tip of developing cotyledons and leaf
primordia (Aloni 2001; Aloni et al. 2003; Mattsson
et al. 2003).

In conclusion, auxin is a major controlling signal that
synchronizes flower development in Arabidopsis. A floral
organ that produces high concentrations of free auxin
inhibits or retards the development of neighboring
organs. The best example for such organ regulation is
the release of high concentrations of free IAA from
young anthers, which retard petal growth and nectary
gland activity, almost up to flower maturation.

The main function of flowers is sexual reproduction.
IAA is likely involved in the mechanism which controls
the growth of the male gametophyte to the egg cell in
the ovule. Our findings suggest that free auxin is in-
volved, because developing pollen grains accumulate
high concentrations of IAA, which probably promote
pollen germination on the stigma and trigger the rapid
intrusive growth of pollen tubes to the embryo sac.
Immediately after fertilization, elevated concentrations
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of free auxin are produced in developing embryos and
seeds, thereby determining their axial polarity and their
polar development.
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