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The pistil is the specialized plant organ that enables appropriate pollination and ovule fertilization, after which it undergoes
growth and differentiation to become a fruit. However, in most species, if ovules are not fertilized around anthesis the pistil
irreversibly loses its growth capacity. We used physiological, molecular, and transcriptomic tools to characterize the post-
anthesis development of the unfertilized Arabidopsis (Arabidopsis thaliana) pistil. Surprisingly, developmental processes that
have been previously described in developing Arabidopsis fruits, such as the collapse of the adaxial epidermis, differentiation
of a sclerenchyma layer in the adaxial subepidermis and the dehiscence zone, and valve dehiscence, were also observed in the
unfertilized pistil. We determined that senescence is first established in the transmitting tract, stigma, and ovules immediately
after anthesis, and that the timing of senescence in the stigma and ovules correlates with the loss of fruit-set responsiveness of
the pistil to pollen and the hormone gibberellin (GA), respectively. Moreover, we showed that mutants with altered ovule
development have impaired fruit-set response to the GA gibberellic acid, which further indicates that the presence of viable
ovules is required for fruit-set responsiveness to GAs in the unfertilized pistil. Our data suggest that a fertilization-
independent developmental program controls many of the processes during post-anthesis development, both in unfertilized
pistils and seeded fruits, and point to a key role of the ovule in the capacity of pistils to undergo fruit set in response to GA.

The pistil is the female reproductive organ of an-
giosperms. After receiving the appropriate stimulus at
maturity, it undergoes growth and differentiation to
form the mature fruit. However, the autonomous or
default developmental program of the pistil is not fruit
set, but rather senescence (Vercher et al., 1984; van
Doorn and Woltering, 2008). In other words, the pistil
requires an external signal, generally fertilization of
the ovules, to develop into a fruit. Despite the fact that
fruit development has been the focus of extensive
research (Ferrandiz et al., 1999; Roeder and Yanofsky,
2006), the post-anthesis development of the unfertil-
ized pistil has received little attention. Senescence of
floral organs, including the pistil, is finely regulated
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(van Doorn and Woltering, 2008) and the life span of
the pistil, as with other floral organs, is species specific
and varies from hours to weeks, usually as an adap-
tation to the ecological requirements (Primack, 1985;
Rogers et al., 2006).

The identification of the physiological and molecu-
lar factors regulating pistil senescence is an important
goal, because once it is initiated, the capacity of the
pistil to develop as a fruit is lost (Garcia-Martinez and
Carbonell, 1980). Indeed, increased pistil longevity is a
desirable agronomic trait, since it can be a limiting
factor for sexual reproduction and fruit production,
particularly in self-incompatible species (Yi et al., 2003,
2006; Huang et al., 2004; Hedhly et al., 2005). This is
particularly topical given the growing concerns about
global warming and changing crop management prac-
tices (Yi et al., 2003; Hedhly et al., 2005), which may
reduce pistil receptivity and decimate pollinator pop-
ulations (Kremen et al., 2002, 2007; Hegland et al.,
2009).

Another unanswered question is the nature of the
mechanisms that terminate the pistil senescence pro-
gram and induce fruit set. It has been hypothesized
that growth regulators produced in fertilized ovules
are key factors that determine pistil fate (Gustafson,
1936, 1950) and in this regard, treatment of unpolli-
nated pistils with auxin or gibberellin (GA) can induce
parthenocarpic fruit set even in the absence of seeds
in many species (Gustafson, 1936; Rappaport, 1956),
including Arabidopsis (Arabidopsis thaliana; Vivian-
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Smith and Koltunow, 1999). More recently, additional
evidence has been reported for a link between fertil-
ization and GA biosynthesis in the ovary, mediated by
auxins produced in fertilized ovules (Serrani et al.,
2008; Dorcey et al., 2009).

Senescence of plant organs is a highly ordered de-
velopmental program that eventually leads to death,
while enabling nutrient recycling (Reape and McCabe,
2008). Senescence in plants has been extensively stud-
ied in vegetative organs, mainly in leaves, and in re-
productive organs, especially in petals (Gan, 2007).
Microarray-based transcript profiling studies have led
to the identification of genes with potential roles in the
regulation and execution of senescence (Guo et al., 2004;
Buchanan-Wollaston et al., 2005; van der Graaff et al.,
2006; Wagstaff et al., 2009), and enhancer trap lines
(He et al.,, 2001) and microarray analyses (Wagstaff
etal., 2009) have identified genes induced during leaf
senescence that are also expressed in senescent flow-
ers, stems, and siliques, showing that most of the
senescence-associated genes (SAGs) are not tissue
specific.

Pistil senescence has only been extensively studied
in pea (Pisum sativum), where senescence of unpol-
linated pistils is initiated 2 to 3 d post anthesis
(DPA), and by 5 to 6 DPA pistils are fully senescent
(Garcia-Martinez and Carbonell, 1980; Vercher and
Carbonell, 1991). The onset of senescence correlates
with the expression of proteolytic activities (Carrasco
and Carbonell, 1988, 1990; Granell et al., 1992) and the
loss of capacity to develop into a fruit in response to
exogenous gibberellic acid (GA;), which constitutes a
good marker for senescence initiation (Carbonell and
Garcia-Martinez, 1985). The unpollinated Arabidopsis
pistil is also able to develop into a parthenocarpic fruit
in response to exogenous application of plant hor-
mones, especially GA, at anthesis but it later loses that
capacity (Vivian-Smith and Koltunow, 1999). How-
ever, no association of this loss with senescence has
been established.

This study is aimed at characterizing the events
occurring in the unfertilized Arabidopsis pistil follow-
ing anthesis, and their relationship with the loss of
fruit-set capacity.

RESULTS AND DISCUSSION

Anatomy of the Unfertilized Pistil during Its
Post-Anthesis Development

To study unfertilized pistil post-anthesis develop-
ment in Arabidopsis we used the eceriferumé6 (cer6-2)
mutant (Preuss et al., 1993; Fiebig et al., 2000), taking
advantage of its male conditional sterility to avoid
fertilization. This mutant has been successfully used to
study fruit set (Vivian-Smith et al., 2001; Dorcey et al.,
2009). Under our experimental conditions, at low
humidity, Landsberg erecta (Ler) pollen germinated
on cer6-2 stigma, while pollen from cer6-2 did not
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(Supplemental Fig. S1; Preuss et al., 1993). cer6-2 plants
did not show any other morphological difference from
the parental Ler (data not shown; Preuss et al., 1993).

Unfertilized pistils grew during the first 4 to 5 DPA
and remained green until 18 DPA (Fig. 1), after which
they yellowed, reflecting advanced senescence. At
around 20 to 22 DPA, we observed dehiscence of the
valves, a process that has previously been considered
a fruit-specific trait for seed dispersal. It has been
reported that unfertilized pistils fail to dehisce (Vivian-
Smith and Koltunow, 1999; Goetz et al., 2006), but we
clearly observed valve dehiscence in unfertilized pis-
tils. We then characterized the morphological changes
during post-anthesis unfertilized pistil development
and compared them with those of the seeded fruit,
focusing on the landmark events of flower/fruit de-
velopment described previously (Smyth et al., 1990;
Ferrandiz et al., 1999). Stages 14 to 20 correspond to
fruit development, from pollination to pod shattering
and seed dispersal. Overall, we observed a delay in
unfertilized pistil development, ranging from several
hours (stage 14, long stamens grow above the stigma)
to 6 d (stage 19, valves dehisce; Table I).

To get a deeper insight into the changes that occur
in the unfertilized pistils, we analyzed pistil structure
at the tissue level. The cer6-2 pistil showed an ovary
anatomy at anthesis identical to that described for
wild type (Ferrandiz et al.,, 1999), with one abaxial
epidermal cell layer (that becomes the exocarp in the
fruit), three layers of chlorenchyma cells (the mesocarp
in the fruit), and adaxial subepidermal and epider-
mal cell layers (the endocarp b and endocarp a in the
fruit, respectively; Fig. 2, A and B). Ovary width
increased until 6 DPA, mainly due to cell expansion
of chlorenchyma cells (Fig. 2C) as previously reported

Figure 1. Valve dehiscence in unfertilized pistils. Images of cer6-2
pistils at 2, 18, and 21 DPA. Dehiscence of valves is observed around
21 DPA.
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Table I. Comparison of the timing of developmental stages of
unfertilized pistils and seeded fruits

Age (DPA)
Stage

Pistil Fruit
13 - Anthesis 0 0
14 - Anthers above stigma 0 0
15 - Stigma above anthers 1 0-1
16 - Length doubles 2 1
17a - Petal dehiscence 2-3 1-2
18 - Valve yellowing 18-20 10-12
19 - Valve dehiscence 20-22 14-16

(Vivian-Smith and Koltunow, 1999). The unfertilized
ovary showed the first symptoms of degeneration at 4
DPA, when the transmitting tract cells collapsed (Fig.
2C). Rapid degeneration of the ovules occurred after 4
DPA, and they had disintegrated by 6 DPA (Fig. 2D),
while degeneration of the septum was complete at 10
DPA (Fig. 2G). During the first 10 d of post-anthesis
development in the unfertilized pistil, the ovary wall
did not show any senescence symptoms, but rather
resembled that of a developing fruit. However, at 10
DPA, the adaxial epidermal cells of the ovary started to

Post-Anthesis Pistil Development in Arabidopsis

collapse (Fig. 2G), concurrent with the differentiation
into sclerenchyma of the adaxial subepidermis, which
involved secondary cell wall thickening and lignifica-
tion. Shortly afterward, all adaxial epidermal cells
collapsed, while lignification in the adaxial subepider-
mal cell layer intensified and extended to cells within
the boundaries between the replum and the ovary wall
(Fig. 2H). These differentiation processes were identi-
cal to those described for the dehiscence zone in the
silique (Ferrandiz, 2002). Indeed, lignification of the
subepidermal cell layer (endocarp b) and the dehis-
cence zone occurred similarly in unfertilized pistils
and in seeded siliques, both in cer6-2 and in Ler
(Supplemental Fig. S2). Next, we compared the timing
of those changes between pistils and fruits. A delay in
the differentiation events was also observed in the
pistils. The endocarp b layer was lignified in fruits by 8
DPA and the endocarp a collapsed between 8 and 9
DPA (Fig. 2, I and J; Supplemental Fig. S2), approxi-
mately 2 d earlier than in unfertilized pistils.
Chlorophyll levels in the unfertilized pistils in-
creased concomitant with pod growth early after an-
thesis, reaching a plateau at 6 to 8 DPA (Fig. 3A), which
is similar to the pattern of chlorophyll accumulation in
siliques (Wagstaff et al., 2009). In addition, the number

Figure 2. Changes in the structure of pistil and fruit during their post-anthesis development. A to H, Transversal sections of cer6-2
pistil; anthesis (A and B) showing all cellular layers; 4 DPA (C) showing increased size and disorganization of the transmitting
tract; 6 DPA (D) with degraded ovules (asterisk); 8 and 9 DPA (E and F); 10 DPA (G) showing septum degradation, sclerenchyma
in the adaxial subepidermal layer (thick arrow), and adaxial epidermis collapse (thin arrow); and 11 DPA (H) showing
lignification in the dehiscence zone (squared areas). | to L, Ovary transversal sections of cer6-2 seeded fruits; 8 DPA (1) with
sclerenchyma in the endocarp a (squared area); 9 DPA (J) with endocarp b fully collapsed (squared area) and dehiscence zone
formed (arrow); and 10 and 11 DPA (K and L). b, Abaxial epidermis; c, chlorenchyma; d, adaxial epidermis; e, seed; o, ovule; r,
replum; s, septum; t, transmitting tract; arrowhead, stomata. Scale bar is 50 wm.
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Figure 3. Protein and chlorophyll content of unfertilized pistils during
post-anthesis development. A, Total, a, and b chlorophyll content in
cer6-2 pistils, expressed as ug mg ™' of fresh weight (FW). B, Protein
content in cer6-2 pistils, expressed as percentage of content at anthesis.
Six biological replicates, each from at least 20 pistils, were used. Data
are mean =+ sp.

of stomata and stomatal apertures in the abaxial epi-
dermis also increased in unfertilized pistils after an-
thesis (Table II; Fig. 2, A and C), a trait that has been
described in developing fruits after exposure to light at
anthesis (Ferrandiz et al., 1999). It is well known that
onset of senescence of photosynthetically active tis-
sues is characterized by a progressive decrease in total
chlorophyll and protein content (Hensel et al., 1993;
Page et al., 2001; Yoshida et al., 2002) and the higher
chlorophyll levels and increased stomata number in
unfertilized pistils, suggest that both pistils and fruits
are photosynthetically active organs at early stages of
their post-anthesis development. However, protein
levels in the unfertilized pistil showed a continuous
decrease, with two major declines, between 0 and 2
DPA and between 8 and 10 DPA (Fig. 3B). In contrast
with data from chlorophyll and stomata analysis, the
strong decrease of protein levels before 2 DPA may
reflect the senescence of nongreen tissues, such as the
transmitting tract or the ovules, which were the first
degraded structures (Fig. 2).

The morphological changes indicate that fertiliza-
tion induces fruit set in Arabidopsis, initiating seed
development and promoting growth. Strikingly, other
differentiation processes associated with fruit devel-
opment also occur in the unfertilized pistil, concurrent
with ovule senescence, suggesting that they are deter-
mined independent of pistil fate. This may be a char-
acteristic of the Arabidopsis fruit, whose development
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does not include the formation of complex anatomical
structures, other than differentiation of the dehiscence
zone. To summarize, reduced size is the only structural
characteristic that differentiates the unfertilized pistil
from the fruit. Unfertilized pistil growth is sustained by
cell expansion, whereas both cell division and expan-
sion, regulated by auxin and GA, respectively, contrib-
ute to silique growth (Vivian-Smith and Koltunow,
1999). Finally, another quantitative difference is a
general delay in ovary wall differentiation. The ab-
sence of developing seeds could be the cause of the
delay, either due to the lack of hormone(s) supplied by
them, or the alteration of nutritional competition be-
tween ovary and ovules.

Gene Expression Analysis in Unfertilized Pistils

To identify molecular events occurring during post-
anthesis pistil development, transcript expression was
analyzed using long oligonucleotide microarrays
(Supplemental Figs. S3-59; Supplemental Tables S1-5S9;
Supplemental File S1). Principal component analysis
(PCA; Supplemental Fig. S4) and clustering analysis
(Supplemental Figs. S5 and S6) suggested that major
changes occurred surprisingly early after anthesis, be-
tween 0 and 2 DPA (Supplemental Tables S5 and S6),
associated with the apparent up-regulation of genes
involved in senescence and degradation (ageing and
senescence, autophagy, peroxisomal $-oxidation, and
amino acid catabolism), including the senescence-
related nucleases RNS1, RNS3, and BFN1 and several
peptidases. Other Gene Ontology (GO) categories en-
riched at 2 DPA were associated with the pod growth,
including plastid development, photosynthesis estab-
lishment, and increase in stomata activity. The micro-
array data further suggested that senescence of some
tissues within the pistil, probably transmitting tract,
stigma, and ovules, initiated shortly after anthesis
while the pod grew and became photosynthetically
active (Supplemental File S1). This idea is supported
by the increase in chlorophyll levels (Fig. 3) together
with the absence of structural senescence symptoms in
the ovary wall (Fig. 2).

To identify which specific organs in the pistil un-
dergo senescence early after anthesis, a more detailed
analysis of gene expression was carried out using
quantitative reverse transcription (qQRT)-PCR expres-
sion analysis of dissected pistils (stigma-style, ovules,
and valves) for eight differentially regulated genes
during post-anthesis development of the unfertilized
pistil (Supplemental Fig. S9). Five of these genes are

Table Il. Stomata number in unfertilized pistils
Stomata were counted in ovary cross sections.

Pistil Age (DPA) Mean SD
0 5.0 1.0
6 8.3 1.5

10 8.3 0.6

Plant Physiol. Vol. 154, 2010



senescence related and are often used as senescence
markers (SAG12 At5¢45890, SEN1 At4¢35770, RNS1
At2¢02990, ATG7 At5¢45900, and the 1-aminocyclo-
propane-1-carboxylic acid oxidase-like encoding gene
[ACCox] At1g12010) and three are transcription factors
(NAC-domain encoding gene At3¢15500, bHLH fam-
ily gene At4g00870, and MYB73 At4g37260). Expres-
sion of all selected genes at 2 to 3 DPA was restricted to
the ovule or in some cases to the style-stigma, with
little or no expression in the valves (Fig. 4). Expression
at anthesis showed a different distribution: Expression
of RNS1 and bHLH was detected in the ovule, while
SEN1 was expressed mainly in the valve. At 12 DPA,
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when all ovules are totally degraded, expression of all
these genes was high in the valve, with the exception
of ACCox and SEN1, whose expression in the valve
only contributed partially to the expression in the
whole pistil. Therefore, senescence events, including
autophagy and ethylene biosynthesis, may be trig-
gered in ovules and style-stigma early after anthesis.

Senescence Progression in Unfertilized Pistil Monitored
by the Expression of Pypy,:GUS

To assess the spatial pattern of senescence in more
detail, we used plants expressing the GUS reporter

Figure 4. Real-time gRT-PCR analysis of dis-
sected unfertilized pistils. Relative gene expres-

SAG12 16 4 ACCox

At5g45890 At1g12010

sion is shown for whole pistil, ovule, valve, and
stigma-style at 0 to 1, and 2 to 3 DPA; and in
whole pistil and valve at 12 DPA in cer6-2.
Selected genes were SAG12 At5g45890; ribonu-
clease RNS1 At2g02990; senescence-related
SENT At4g35770; ATG7 At5845900; ACCox
At1g12010; MYB73 Atdg37260; bHLH At4g00870;
and NAC At3g15510. Each experiment was car-
ried out with three technical replicates, and was
repeated twice with similar results. Data (log,
expression normalized to ACT8 [At1g49240] and

RNS1
At2g02990
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relative to the expression of the whole pistil at 0-1
DPA) are mean * sp of a single representative
experiment.

c

L

1))

1))

o

o

>

o 0 4

g2 01

Q

=]

2 4 9

— 1 1 1
«© T T T
& SEN1 2 | bHLH

S 8 Atg3s770 Atd4g00870
S 0-

M

ATG7 NAC
At5g45900

| At3g15510

0-1
Pistil age (DPA)

Plant Physiol. Vol. 154, 2010

=R

12

167



Carbonell-Bejerano et al.

gene under the control of the senescence-activated
promoter of the bifunctional nuclease BFN1 gene
(Perez-Amador et al., 2000; Farage-Barhom et al.,
2009), whose transcript levels increased during unfer-
tilized pistil post-anthesis development (Supplemen-
tal Table S2). GUS expression was first observed in the
septum (transmitting tract) at anthesis (Fig. 5A) and in
the stigma at 1 to 2 DPA (Fig. 5B). At 3 DPA the signal
was detected in the ovules located in the base of the
pistil, extending later toward the apical ovules. The
signal was not detected in senescent valves (data not
shown). The activation of the BEN1 promoter was also
detected in the septum and stigma of seeded fruits
(data not shown). Thus, transmitting tract and stigma
senescence is another developmental feature common
to unfertilized pistils and fruits.

Pistil Loss of Fruit-Set Capacity

The competence to develop a fruit upon receiving an
appropriate stimulus is a distinctive feature of the
pistil and the loss of this ability has been associated
with pistil senescence in pea (Garcia-Martinez and
Carbonell, 1980). Therefore, after defining the struc-
tural and molecular events during unfertilized pistil
development, we assessed how the loss of pistil ca-
pacity to develop a fruit proceeds in Arabidopsis, and
how it correlates with the onset of senescence. Re-

sponse to pollen was found to decrease at 1 DPA, and
was completely lost at 3 DPA (Fig. 6A) and the number
of seeds per fruit correlated with the final fruit length,
as previously described (Cox and Swain, 2006; Dorcey
et al., 2009).

Loss of pistil capacity to develop a parthenocarpic
fruit was also assayed by treating pistils of different
ages with GA,; and measuring their final length (Fig.
6B; Supplemental Fig. 510). While pistils treated with
GA,; at anthesis or 1 DPA displayed a full response (i.e.
maximum fruit size), 2 DPA pistils were slightly less
responsive to the treatment. Thereafter, the respon-
siveness was progressively reduced and completely
absent by 5 DPA. No differences were observed be-
tween cer6-2 and unpollinated wild-type pistils, sug-
gesting that neither cer6-2 mutation nor emasculation
interfered with the response to GA,. In addition, no
differences were observed between Ler and Columbia-0
(Col-0) genetic backgrounds (Fig. 6B; Supplemental
Fig. S10).

The fact that fruit-set responsiveness to pollen is lost
before responsiveness to exogenous GA; suggests the
involvement of different mechanisms or tissues. Fruit
set induced after pollination needs the pollen to be
successfully recognized by a functional stigma. There-
fore, stigma senescence may be the primary cause for
the loss of pistil capacity to set fruits after pollination.
In contrast, the specific death of the transmitting tract

Figure 5. BFNT promoter (Pgey;: A
GUS) activity as a senescence —— ' y
marker in unfertilized pistil. A, ' ¢
GUS histochemical assay in unfer- % »
tilized pistils of Pggy;:GUS line. A »
transversal cross section of a pistil
at anthesis is shown. B, Detailed A
images of the distal part of the ’
unfertilized pistil showing the e
stigma-style area. N | %
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Figure 6. Loss of Ler pistil fruit-set responsiveness to pollen and to GA,.
Pistil or fruit length was measured 10 d after pollination or GA,
treatment, and data were plotted against the age of the pistil at the
moment of pollination or treatment. A, Response to pollen. Pistils were
either hand pollinated with parental Ler pollen (A) or not pollinated
(@). Seed number in pollinated pistils is shown (white bars). B,
Response to GA,. Pistils of cer6-2 in Ler (@) or emasculated flowers
of Ler (A) were treated with GA;. Data are mean * sp of at least 25
pistils per age. The experiment was repeated three times.

after pollination does not prevent fertilization in to-
bacco (Nicotiana tabacum), but rather facilitates proper
pollen tube growth and fertilization (Wang et al.,
1996). On the other hand, the capacity of the pistil to
set a parthenocarpic fruit in response to GA, is lost
later and progressively from 2 to 4 DPA. Strikingly, this
closely correlates with the progress of ovule senes-
cence, suggesting that viable ovules may be required
for GA-induced fruit set, although not for the subse-
quent elongation. Therefore, we hypothesize that GA-
induced parthenocarpy requires GA perception and/
or signaling in ovules; hence, when ovules undergo
senescence, GA is not able to induce fruit set. None-
theless, it cannot be ruled out that the loss of fruit-set
response to GA could be due to a loss in the elongation
capacity of cells in the ovary wall, independent of
ovule fate or hormone perception.

Plant Physiol. Vol. 154, 2010
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Ovules Are Required for the Establishment of the
Parthenocarpic Fruit-Set Response to GA,

One of the most striking results was that ovule
senescence closely correlates with loss of fruit-set
responsiveness of the pistil to GA,, suggesting that
perception or response to GA; is localized in the ovule,
or that a viable ovule is required for the fruit-set
response to GA of the unfertilized pistil. To test this
hypothesis, we took advantage of several mutants
with different levels of impaired ovule development
and evaluated the induction of parthenocarpy follow-
ing treatment of the pistils with GA;. Three severe
ovule-deficient mutants, bell-1, sin2-1, and ant-4,
showed limited fruit-set response to GA,;, compared
to cer6-2 (Fig. 7) while, as shown before, sterile cer6-2
fully responded to GA, (Fig. 6B; Supplemental Fig.
510). The ovules from bell-1 mutant only develop a
single integument-like structure that later forms a
collar tissue (Robinson-Beers et al., 1992). Embryo
sac development takes place, but is not completed
and it finally degenerates in bell-1 ovules; however,
pollen tube growth does take place in their transmit-
ting tract (Modrusan et al., 1994; Ray et al.,, 1994).
Although sin2-1 and ant-4 were apparently more se-
verely impaired in ovule development than bel1-1, we
found a similar response to GA,. sin2-1 ovules have
short or absent integuments, while the embryo sac
does not develop (Broadhvest et al., 2000), and ant-4
ovules lack integuments and embryo sac (Elliott et al.,
1996; Klucher et al., 1996). While sin2-1 and ant-4
showed slight differences in petal morphology, the
latter also showed differences in pistil structure that
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Figure 7. Reduced responsiveness to GA; of unfertilized pistils of
ovule-deficient mutants. Pistils of cer6-2 (in Ler) and severe ovule-
defective mutants bell-1, sin2-1, and ant-4 were treated at anthesis
with GA,. Pistil or fruit length was measured 10 d after GA, treatment.
Data represent the percentage of parthenocarpic growth (final size of
GA-treated divided by final size of nontreated pistils), being 100% data
from cer6-2. Data are mean = sp of at least 25 pistils per age. The
experiment was repeated three times.
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may account for the GA-response phenotype. As a
result of ovule-defective development, these three
mutants are completely sterile (Skinner et al., 2004),
while cer6-2 has normal ovules and is fertile under
nonrestrictive conditions. Furthermore, these three
mutants are affected in genes that are predicted to
encode functionally diverse proteins (a homeodomain
transcription factor, a mitochondrial ribosome assem-
bly factor, and an AP2-family transcription factor).
Therefore, lack of response is not correlated with
sterility or predicted gene function, but rather to
defects in ovule development.

These data support the hypothesis that fully func-
tional ovules are required for parthenocarpic fruit
growth in response to GA and that GA perception
and/or signaling is localized in the ovule. GA re-
sponse seems to occur during fruit set in both the
ovules and the ovary wall (Dorcey et al., 2009), and it
has been reported that GA regulates processes associ-
ated with the ovary wall during fruit development
(Vivian-Smith and Koltunow, 1999; Dorcey et al.,
2009). However, the defective fruit set after GA treat-
ment in ovule development-impaired mutants sug-
gests that GA perception and/or response is first
required in the ovules. Further research is necessary
to discover the molecular mechanism(s) responsible
for the establishment of the GA response from the
ovules, and therefore for fruit set.

The results reported here show that the post-anthesis
development of the unfertilized pistil in Arabidopsis
relies on different developmental pathways that take
place simultaneously in different pistil elements. Se-
nescence is established early in the transmitting tract,
the stigma, and the ovules, correlating with the loss of
the capacity to develop a seeded fruit in response to
pollination, or a parthenocarpic fruit in response to
GA. Concurrently, the ovary wall, other than showing
reduced growth, develops similarly to the silique.
Therefore, fertilization in Arabidopsis basically acti-
vates seed development and promotes pod growth,
since other developmental processes seem to be an
inherent part of pistil development. Finally, our data
indicate a key role for the ovule in the establishment
of the GA response during fruit set, since this is pre-
vented after ovule senescence in the unfertilized pistil.

MATERIALS AND METHODS
Plant Material

Arabidopsis (Arabidopsis thaliana) Ler, the cer6-2 mutant in Ler background,
and the ovule-deficient mutants bel1-1, sin2-1, and ant-4 were obtained from the
Arabidopsis Biological Resource Center (www.biosci.ohio-state.edu). cer6-2
in Col-0 was supplied by Dr. Vera (Universidad Miguel Hernandez, Spain).
Pppni:GUS line was a gift from Dr. Lers (The Volcani Center, Israel). Plants
were grown at 22°C under 16-h light/8-h dark regime and 50% relative
humidity. To determine the age of each pistil in the primary inflorescence,
number and position of flowers at anthesis were recorded every day (Sup-
plemental Fig. S3A). When necessary, emasculation was carried out 1 d before
anthesis.

Fruit set was induced by the application of either GA; or pollen to pistils.
GA,; was applied by spraying the bolts with 330 um GA; (Duchefa) and 0.01%
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(v/v) Tween 80, pH 7. Pollen from wild-type Ler flowers was used for
pollination. To measure final size, fruit and pistils were harvested 10 d
after treatment and scanned, and length was measured using the Image]
software (Abramoff et al., 2004). For microarray analysis, samples of the
different time points on each biological replica were harvested simulta-
neously. The different biological replicas were harvested at the same time of
the day. Each experimental time point consisted of more than 100 pistils,
collected from around 40 plants.

Gene Expression Analysis by Microarray and qRT-PCR

Long-oligonucleotide DNA microarrays, from the Operon Arabidopsis
genome oligo set version 1.0, provided by Dr. Galbraith (University of
Arizona, http:/ /www.ag.arizona.edu/microarray/), were used. Microarray
construction, hybridization, and analysis were as described in Bueso et al.
(2007) and in Supplemental File S1. Microarray dataset (accession no.
GSE13113) is available on the Gene Expression Omnibus.

For qRT-PCR analysis, ovules, valves, and stigma + style of 0 and 2 to 3
DPA, and valves of 12 DPA pistils were harvested. For this, pistils were hand
dissected using an acupuncture needle under the stereomicroscope. In addi-
tion, whole unfertilized pistils of 0, 2 to 3, and 12 DPA were also harvested.
Total RNA was extracted using the RNeasy plant mini kit (Qiagen). Genomic
DNA was eliminated with 50 units of DNasel (Qiagen) for 15 min at room
temperature. cDNA was synthesized using the SuperScript first-strand syn-
thesis system for RT-PCR (Invitrogen). qRT-PCR was carried out using the
SYBR GREEN PCR master mix (Applied Biosystems) in an ABI PRISM 7000
sequence detection system (Applied Biosystems), essentially as described in
Dorcey et al. (2009). Primer sequences are indicated in Supplemental Table
S10. In a single experiment, each sample was assayed in triplicate and the
experiment was repeated twice, with similar results. ACT8 (At1g49240) was
selected as the reference gene (Czechowski et al., 2005).

Total Protein and Chlorophyll Content Quantification

Six biological replicates (25-75 mg each) were harvested. Chlorophyll and
protein were extracted using the method described in Mae et al. (1993). For
total protein quantification, the method RC DC protein assay (Bio-Rad) was
used. Chlorophyll content was calculated as described by Wintermans and De
Mots (1965).

Histological Procedures

Pistils and fruits were fixed overnight at 4°C in 4% (w/v) paraformalde-
hyde (Sigma) in 0.1 M sodium phosphate pH 7.2 with 0.05% (v /v) of Tween 20
(Sigma), dehydrated in ethanol, and embedded in Technovit 7100 resin.
Samples were then placed in gelatin capsules for polymerization. Sections (2
pm thickness in a MicromHM330 microtome) were stained with 0.02% (w/v)
toluidine blue and images were captured using a microscope Eclipse E600
(Nikon). Staining of callose and lignin are described in Supplemental File S2.

GUS Histochemical Assay

Pistils were fixed 30 min in 90% acetone, washed in staining buffer (50 mm
sodium phosphate pH 7.0, 0.1 mm potassium ferricyanide, 0.1 mm potassium
hexacyanoferrate, and 0.2% Triton X-100), and incubated overnight at 37°C
in staining buffer supplemented with 0.1 mm X-GlcA (5-bromo-4-chloro-3-
indolyl-b-p-glucuronide cyclohexylammonium; Duchefa). Samples were de-
hydrated in ethanol, post fixed 30 min in 50% (v/v) ethanol, 5% (v/v)
formaldehyde, 10% (v/v) acetic acid, and further dehydrated in 70% (v/v)
ethanol. Finally, samples were cleared for 7 d in chloral hydrate (chloral
hydrate:glycerol:water, 8 g:1 mL:2 mL) and observed in an Eclipse 600
microscope.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Germination of pollen in cer6-2.

Supplemental Figure S2. Lignin deposition in unfertilized pistils and
fruits.
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Supplemental Figure S3. Diagram of experimental design for the micro-
array analysis.

Supplemental Figure S4. Two component PCA of gene expression during
post-anthesis pistil development.

Supplemental Figure S5. Clustering in a 4 X 2 self-organizing map (SOM)
analysis of significant genes.

Supplemental Figure S6. Clustering in a 5 X 2 SOM analysis of significant
genes identified in the complete dataset.

Supplemental Figure S7. Distribution of genes contributing to the second
component in the PCA.

Supplemental Figure S8. Distribution of genes specifically contributing to
the second component and not to the first component of the PCA.

Supplemental Figure S9. Microarray expression of genes selected for qRT-
PCR analysis.

Supplemental Figure S10. Loss of Col-0 pistil responsiveness to GA;.

Supplemental Table S1. Expression data from microarray analysis in the
complete dataset.

Supplemental Table S2. Expression profile of significant differentially
expressed genes in the complete dataset.

Supplemental Table S3. Expression profile of significant differentially
expressed genes in the dataset reduced to 0 to 1, 2 to 3, and 10 to 14 DPA.

Supplemental Table S4. Genes significantly up-regulated from 0 to 1, to 2
to 3 DPA.

Supplemental Table S5. Significant enriched GO terms within the differ-
ent SOM clusters.

Supplemental Table Sé6. Significant enriched GO terms within the genes
up-regulated from 0 to 1, to 2 to 3 DPA.

Supplemental Table S7. Genes contributing to the second component but
not to the first component in the PCA.

Supplemental Table S8. Significant enriched GO terms for the genes
positively contributing to the second component but not to the first
component in the PCA using the differentially expressed genes from the
complete dataset.

Supplemental Table S9. Genes expressed in seeds that were removed from
the lists of significantly regulated genes.

Supplemental Table S10. Primers used for qRT-PCR and genes analyzed.

Supplemental File S1. Microarray analysis (“Materials and Methods”,
“Results”, and “Discussion”).

Supplemental File S2. Materials and methods for callose and lignin
staining.
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