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Drought dramatically affects plant growth and crop yield, but previous studies primarily examined responses to drought during
vegetative development. Here, to study responses to drought during reproductive development, we grew Arabidopsis thaliana plants
with limited water, under conditions that allowed the plants to initiate and complete reproduction. Drought treatment from just after
the onset of flowering to seed maturation caused an early arrest of floral development and sterility. After acclimation, plants showed
reduced fertility that persisted throughout reproductive development. Floral defects included abnormal anther development, lower
pollen viability, reduced filament elongation, ovule abortion, and failure of flowers to open. Drought also caused differential expression
of 4153 genes, including flowering time genes FLOWERING LOCUS T, SUPPRESSOR OF OVEREXPRESSION OF CO1, and LEAFY,
genes regulating anther and pistil development, and stress-related transcription factors. Mutant phenotypes of hypersensitivity to
drought and fewer differentially expressed genes suggest that DEHYDRATION RESPONSE ELEMENT B1A may have an important
function in drought response in flowers. A more severe filament elongation defect under drought in myb21 plants demonstrated that
appropriate stamen development requires MYB DOMAIN PROTEIN 21 under drought conditions. Our study reveals a regulatory
cascade in reproductive responses and acclimation under drought.

INTRODUCTION

Abiotic stresses such as drought, salinity, and high and low tem-
peratures negatively affect plant growth and development, causing
cellular water deficit, cell membrane injury, loss of enzyme activi-
ties, and other defects and resulting in severe reductions of crop
yields (Zhu, 2002; Yamaguchi-Shinozaki and Shinozaki, 2006).
Drought also enhances the damage caused by other stresses
(Farooq et al., 2009). Genes for acclimation to water deficit help to
minimize loss of plant productivity during drought. Such genes
have been identified and analyzed in many studies, especially
during vegetative development (Kawasaki et al., 2001; Zhu, 2001;
Breshears et al., 2005; Schroéter et al., 2005; Chaves et al., 2009).
For example, one of the plant responses to drought is to increase
the expression levels of genes involved in osmolyte synthesis and
metabolism, thereby enhancing drought tolerance (Kreps et al.,
2002; Yancey, 2005).
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Plant hormone pathways and many gene families, including
PYRABACTIN RESISTANCE1 (PYR1), PROTEIN PHOSPHATASE2C
(PP2C), SNF1-RELATED PROTEIN KINASE (SnRK), DEHYDRATION
RESPONSE ELEMENT B (DREB), NO APICAL MERISTEM/ARABI-
DOPSIS TRANSCRIPTION ACTIVATION FACTOR/CUPSHAPED
COTYLEDON (NAC) and HEAT SHOCK TRANSCRIPTION FACTOR
(HSF) families, have important functions in response to different
environmental stresses (Zhu, 2002; Ooka et al., 2003; Busch et al.,
2005; Park et al., 2009; Klingler et al., 2010). The hormone abscisic
acid (ABA) plays key roles in response and acclimation to biotic and
abiotic stresses during vegetative development (Fuijita et al., 2006;
Hirayama and Shinozaki, 2007). ABA is synthesized in response to
drought and acts at least in part by binding to ABA receptors of
the PYR/PYR1-LIKE (PYLYREGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR) family in Arabidopsis thaliana (Fuijii et al., 2009;
Melcher et al., 2009). The ABA-PYR/PYL/RCAR complexes bind
to and negatively regulate PP2Cs. The binding of PYR/PYL/RCAR
to PP2Cs releases and facilitates the phosphorylation of SnRK2s,
which then induce downstream responses, including the expression
of transcription factors (Park et al., 2009; Umezawa et al., 2009;
Cutler et al., 2010).

ABA induces the expression of several genes encoding tran-
scription factors (Shinozaki et al., 2003). Among the encoded
proteins are the ABA-RESPONSIVE ELEMENT-BINDING PROTEIN
(AREB)/ABA-RESPONSIVE ELEMENT BINDING FACTOR (ABF)
proteins, which bind to the ABA-RESPONSIVE ELEMENT (ABRE)
cis-acting element regulating RESPONSIVE TO DESSICATION29B
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(RD29B) expression (Uno et al., 2000). In addition, an ABA-
independent pathway is also important for abiotic stress responses
in plant; this pathway includes members of the DEHYDRATION-
RESPONSIVE ELEMENT BINDING PROTEIN (DREB) family. For
example, DREB2, also known as C-repeat binding factor, can ac-
tivate via the DEHYDRATION-RESPONSIVE ELEMENT (DRE)/
C-REPEAT (CRT) cis-acting element in the RD29A promoter to
induce expression in response to drought, high salinity, or cold (Liu
et al.,, 1998). In addition, DREB1D, DREB1E, and DREB1F can be
induced by osmotic stress such as drought and high salinity (Haake
et al., 2002; Magome et al., 2004). The functions of these genes
during reproductive development are not known.

Flower development requires both early organ identity genes
and later genes for organogenesis and tissue formation (Ma,
2005). In Arabidopsis, APETALA1 (AP1) and APETALAZ2 (AP2) are
required for the A function of the ABC model for organ identity,
APETALAS (AP3) and PISTILLATA are needed for the B function,
and AGAMOUS (AG) is essential for the C function (Ma, 2005).
Other genes important for anther development include SPL/NZZ
(Schiefthaler et al., 1999; Yang et al., 1999; Ito et al., 2004),
EXCESS MICROSPOROCYTES1/EXTRA SPOROGENOUS CELLS
(EMS1/EXS) (Canales et al., 2002; Zhao et al., 2002), TAPETUM
DETERMINANT1 (TPD1) (Yang et al., 2003, 2005), MALE
STERILITY1 (MST) (Wilson et al., 2001), ABORTED MICROSPORES
(AMS) (Sorensen et al., 2003), and DYSFUNCTIONAL TAPETUM1
(DYT1) (Zhang et al., 2006). In addition, SHOOT MERISTEMLESS
(STM) (Long et al., 1996), SHATTERPROOF (SHP) (Liliegren et al.,
2000; Pinyopich et al., 2003), WUSCHEL (WUS) (Mayer et al., 1998;
Lohmann et al., 2001), and SEPALLATA (SEP) (Pelaz et al., 2000;
Honma and Goto, 2001) are necessary for female development.

Plant vegetative growth is greatly affected by environmental
changes, including drought, especially during seed germination
and seedling development (Shinozaki and Yamaguchi-Shinozaki,
2007). In contrast to the many studies on the effect of drought
on vegetative development, there have been few reports about
the effect of drought on reproductive growth. Crops such as
wheat (Triticum aestivum and rice (Oryza sativa) show partial
male sterility under water deficit, leading to significant reduction
of grain production (Sheoran and Saini, 1996; Lalonde et al.,
1997; Saini, 1997). Maize (Zea mays) exhibits embryo abortion
soon after pollination in response to drought stress (Andersen
et al.,, 2002), and a transcriptomic analysis of fertilized maize
ovaries under water deficit revealed that many events, such as
ABA signaling and senescence, were activated by drought
(Kakumanu et al., 2012). Furthermore, Arabidopsis exhibits fe-
male reproductive organ abortion because of salt stress (Park
et al., 2004; Sun et al., 2004). Another study uncovered altered
expression of genes encoding 65 transcription factors in re-
sponse to salt stress, including 6 ETHYLENE RESPONSE
FACTOR (ERF)/AP2-family members and 11 NAC proteins (Sun
et al.,, 2005). However, these studies did not characterize re-
productive development.

To investigate the effect of drought on flower and fruit de-
velopment in Arabidopsis, we devised a scheme of controlled
drought stress that allows the plant to survive and reproduce.
Plants treated with this scheme, with maintenance of 30 to 35%
soil moisture, showed reduced productivity, similar to crops
experiencing water deficits in the field. Morphological analysis

demonstrated that drought affected several aspects of flower
development, producing effects that include fewer flowers
formed, decreased elongation of filaments, and delayed anther
development and dehiscence. We also used microarray (Affy-
metrix ATH1 GeneChip) analysis to examine transcriptomic
changes under drought, identifying thousands of genes that po-
tentially mediate drought responses in the flower, including genes
encoding transcription factors that likely play crucial regulatory
roles. In particular, we found that DREB1A acts as an early
drought response regulator in the Arabidopsis flower, and MYB
DOMAIN PROTEIN21 (MYB21) is important for filament elonga-
tion under drought especially in the drought recovery process.
Our analysis revealed distinct phases of responses at both the
morphological and transcriptomic levels, supporting a regulatory
cascade for reproductive acclimation to drought.

RESULTS

Sustained Water Stress Reveals Severe Effects on Growth
and Water Content

To allow Arabidopsis plants to survive and produce flowers and
siliques under constant water deficit, we tested and optimized
a scheme that both presented severe drought stress to the
plants and permitted their continued growth and reproduction
(see Methods for details). Briefly, wild-type Arabidopsis (Col-0)
seeds were sown one per pot, and allowed to grow under well-
watered (WW) conditions (80 to 90% soil moisture) for approx-
imately 24 d, until they bolted, with approximately eight to nine
true leaves and a main inflorescence stem (referred to as the
main stem hereafter) of 1 cm (Figure 1). At this point (defined
as control day 0, C0), half of the plants continued under WW,
whereas the other half (drought-treated [DT]) was not watered
for approximately 80 h, allowing the soil moisture to decrease to
35% at treatment day 3 (T3). Soil moisture was then maintained
between 30% and 35% by daily addition of the appropriate
amount of water as determined by lysimetry (Figure 1A) until
tissues were harvested or seeds became mature. According to
the definition of principal growth stages of Arabidopsis (Boyes
et al.,, 2001), the drought treatment started from growth stage
5.90 to growth stage 9.70.

We observed that water deficit affected vegetative organ
development (Figure 1; see Supplemental Figure 1 online). The
inflorescences of WW (at C3) and DT (T3) plants had three to
four opened flowers, but the main stem was shorter in DT plants
than WW plants (Figure 1C). One day later (C4 and T4), the WW
and DT plants had similar numbers of open flowers (five to six);
however, the DT plants clearly had shorter main stems and
branches than those of the WW plants (see Supplemental Figure
1G online). At C5, new rosette leaves formed on the WW plants,
but not on the T5 DT plants (Figure 1D). The WW plants con-
tinued to generate new flowers, resulting in a total of seven to
eight open flowers, whereas the DT inflorescences had fewer
open flowers (six to seven; see below for more details). DT
plants had more wilted leaves and reduced height than WW
plants (Figure 1D). Two days later (T7), leaves of DT plants were
obviously wilted, and the main stem was not upright (Figure 1E).
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Figure 1. Soil Water Moisture and Plant Growth during the Treatment Period.

(A) Soil moisture at d 20 to 40 from when the seeds were planted; the arrow points to control day 0 (CO) immediately before drought treatment. The data

points and error bars represent the mean and st (n = 5).

(B) to (F) WW plants (left) and DT plants (right) at CO (B), C3/T3 (C), C5/T5 (D), C7/T7 (E), and C10/T10 (F).

(G) RWC over the course of the treatment. The values for DT plants on days 5 to 20 are significantly different from those of the wild type (P < 0.01 by
a Student’s t test.). The data points and error bars represent the mean and se (n = 9). Bar = 3 cm.

(H) The cumulative numbers of opened flowers on the main stem of WW plants and DT plants during the 20-d drought treatment. The DT plants differ
significantly from the WW plants on days 6 to 20 (P < 0.01 by a Student’s t test.). The data points and error bars represent the mean and st (n = 6).
() The number of floral buds (from stages 8 to 12) on the main inflorescence stem, with significant difference between the DT and WW plants on days 5
to 12 (P < 0.01 by a Student’s t test.). The data points and error bars represent the mean and st (n = 6).

[See online article for color version of this figure.]

Moreover, inflorescence development appeared to be arrested,
with fewer newly opened flowers, in contrast to the WW plants,
which had more newly open flowers (Figure 1E). At T8 to 9, the
DT plants had no newly opened flowers (see Supplemental
Figures 11 and 1J online). At T10, DT plants had only a few sil-
iques and these were reduced in length, whereas the WW plants
formed more branches with healthy siliques containing seeds
(Figure 1F).

Relative water content (RWC) (Smart, 1974) was measured in
the leaf as an indicator of plant water status. The leaf RWC of DT
plants decreased from 76.67 = 3.05% (at T4) to 66.47 = 3.68%
(T5), then 61.67 * 1.65% (T7), and finally 55.47 = 4.25% (T10),
as the water availability decreased, similar to other reports
(Gigon et al., 2004; Nilson and Assmann, 2010). In contrast, the

WW plants had leaf RWC of approximately 80% throughout this
period. We also found that the leaf RWC of DT plants gradually
recovered to approximately 70% from T10 to T20 (Figure 1G).
Therefore, this scheme of 30 to 35% soil moisture caused se-
vere effects on plant growth yet still allowed reproductive de-
velopment, and was used to investigate flower development
under drought stress.

Drought Postponed and Reduced Arabidopsis
Floral Maturation

Because drought appeared to affect flower maturation (pro-
duction of open flowers), we examined the inflorescences over
a period of 20 d (Figure 1; see Supplemental Figures 1K to 1X
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online) and found that the number of mature flowers formed on
the main stem (the main stem was assayed unless otherwise
noted) in the DT plants was significantly reduced (21.8 = 3.3;
n = 6) compared with the WW plants (36.7 = 2.7; n = 6), with
a P value of 6.51x10¢ (Student’s t test). The reduction was
especially severe from T7 to T13, with zero to one newly opened
flower each day (Figure 1H). In contrast, WW plants had steady
production of two to four newly opened flowers every day from
C4 to C13 (Figure 1H). The results suggested that the rapid
expansion/elongation of floral organs during floral stages 8 to
12 (Smyth et al., 1990) might be particularly dependent on ad-
equate water availability. In addition, the number of unopened
floral buds at stages 8 to 12 increased from CO to C3/T3 in both
WW and DT plants, respectively (Figure 11). Although the number
of floral buds remained nearly constant in the WW plants for
approximately10 d, the number dramatically decreased in DT
plants (Figure 1), with only about the half of the normal number
at T10, indicating retardation of new bud formation and growth.
The number of floral buds subsequently recovered in the DT
plants by T15 (Figure 1l).

In short, in WW Arabidopsis plants, the rate of flower matu-
ration increased after flowering and then reached a steady state.
However, in DT plants, the oldest buds were able to mature
(Figure 11; see Supplemental Figures 1T to 1V online), but then
the plants coped by reducing the rate of new bud formation and
growth at stages 8 to 12, nearly stopping flower maturation for
several days, before recovering and resuming flower development
at a reduced steady state rate. These results suggest that Arabi-
dopsis is able to respond to reduced water availability by developing
and reproducing at a decreased rate, consistent with the reduction
and subsequent partial recovery of RWC described in the previous
section.

Flower Development Was First Arrested and Then Showed
Partial Recovery

Next we examined flower development in WW (C10) (Figure 2A)
and DT inflorescences (T10) (Figure 2B) at higher resolution. Open
flowers of WW plants (Figure 2C) had long pistils and stamens of
similar height, presumably allowing facile delivery of pollen, but
open flowers from DT plants (Figure 2D) had underdeveloped fil-
aments too short to reach the top of the pistil, which would impede
pollen delivery. One or more nearly open floral buds with white
petals just emerging from under the sepals were seen in WW
plants (Figure 2A), but not in DT plants (Figure 2B); the unopened
DT buds were much smaller than those in the WW plants, sug-
gesting that they were immature (Figures 2E and 2F). WW plants
had approximately 18 buds at stages 8 to 12, but the DT plants
had only ~11 buds at these stages (Figures 2E and 2F); most of
the WW buds were longer and wider, with longer pedicels, than
those from the DT plants. Dissected oldest buds from WW and DT
plants (Figures 2G to 2J) revealed that in the DT bud, the sizes for
all floral organs were reduced, particularly the filament length.

An examination of anther sections of floral buds of WW (C10)
plants showed that, in a stage 12 bud (just before opening), the
anther lacked the tapetum as a result of degeneration and had
begun to dehisce (Figure 2K, arrow). The fifth oldest bud had
anthers with a degenerating tapetum surrounding mature pollen

(Figure 2L). The eighth bud had smaller anthers with a thick
tapetum and immature vacuolated pollen (Figure 2M). In the
anther of the fourteenth bud, the tapetum surrounds tetrads with
microspores produced from meiosis (Figure 2N). In the DT
plants, the anther showed delayed development (Figures 20 to
2R), still having a thick tapetum surrounding the developing
pollen grains in the oldest bud (Figure 20), resembling an anther
found in a much younger WW bud (Figure 2M). In the third and
fifth DT buds, the pollen grains had large vacuoles, typical of stage
8 anthers (Figures 2P and 2Q). The anther of the eighth bud con-
tained tetrads (Figure 2R), indicating the completion of meiosis at
stage 7. These observations indicate that anther development in
younger floral buds of DT plants was arrested at floral stages 9 to
10, with nearly mature pollen grains, possibly preserving the pollen
for future release.

We then measured floral organ lengths of newly opened flowers
(Figures 2S to 2X). Although the lengths of sepals (Figure 2S),
petals (Figure 2T), and pistils (Figure 2W) were reduced slightly in
the DT flowers, the length of filaments was decreased dramatically
(Figure 2V), whereas the length of the anthers was close to that in
the WW flowers (Figure 2U). The reduction in filament length was
detectable at T5 and most severe at T10. From T10 to T14, the DT
plants usually had no newly opened flowers, thus no data for organ
lengths are available (Figures 2S to 2W). Subsequently, from T15
to T18, the flower organs showed recovery to near normal lengths.
In self-pollinating Arabidopsis, pollination is facilitated because it
has similar pistil and stamen lengths; in addition, the filament
makes up most of the stamen length (Figures 2U and 2V). Because
the length reduction is more severe for the filament than the pistil,
the ratio of stamen to pistil is much less in DT flowers than in WW
flowers, especially from T8 to T10 (Figure 2X). From T15 to T18,
this ratio returned to near 1.0 (Figure 2X), which would allow pol-
lination and subsequent seed production.

As a test for reproductive fithess, we examined pollen viability
using Alexander’s stain (Johnson-Brousseau and McCormick,
2004) and found that the pollen from stage 12 WW floral buds
stained a deep pink color, indicative of viability (see Supplemental
Figure 2 online). Although the pollen from DT plants after =5 d of
treatment displayed a similar color, the pollen from T7 and T9
flower buds had a lighter pink color (see Supplemental Figure 2
online), suggesting that the cytoplasmic activity might be slightly
reduced. We also examined in vitro pollen germination and found
that mature pollen grains (n > 500) from the WW plants had higher
germination rates (67.2 = 12.1%) than those from DT plants
(38.6 = 15.6%) after 7 d of drought treatment (see Supplemental
Figure 2 online). The results suggest that pollen viability was re-
duced under long-term severe drought condition, although the in
vitro assay provided sufficient water for pollen germination.

Productivity Shows a Biphasic Response to
Controlled Drought

The observed negative effect of drought on flower development
suggested that total ultimate yield would be reduced. To ex-
amine this aspect, the plants were allowed continue to develop
until silique growth was complete, at approximately C35/T55.
The WW plants first generated one to two nearly sterile siliques
(as is normal under our conditions) and then produced more
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Figure 2. Drought Affects Development of Reproductive Organs.

(A) An example of WW inflorescences at C10, with one opened flower and many floral buds.

(B) At T10, growth of DT inflorescences was retarded and flower buds were much smaller than those of WW inflorescences.

(C) The newest opened flower (one petal was removed) from the WW inflorescence of (A). The filaments were sufficiently long for pollen grains to be
deposited onto the stigma.

(D) The newest opened flower (one petal was removed) from the DT inflorescence of (B). The filaments were apparently too short to deliver the pollen to
the stigma.

(E) Floral buds from the WW inflorescence, shown from the oldest (left, floral stage 12) to the youngest (right, stage 8).

(F) Floral buds from a DT plant at stage 12 to stage 8.
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than 35 siliques (see Supplemental Figure 3A online), each
containing 45 to 50 seeds (Figure 3V). However, the DT plants
exhibited three different silique phenotypes (see Supplemental
Figure 3B online). After the same initial one to two sterile sili-
ques, the next two to three siliques were fertile but contained
fewer seeds; these were from the nearly mature flowers that
were able to open at the beginning of drought treatment when
the soil moisture level decreased from 75% to 40% (Figure 1A).
The next group of four to six siliques was sterile or nearly sterile,
derived from the maturing floral buds when the plants first en-
countered severe drought at 30 to 35% soil moisture; these
floral buds showed the most severe reduction of organ size. The
next set of ~20 siliques was fertile with reduced seed set of ~25
seeds, gradually decreasing toward the top of the inflorescence
(see Supplemental Figure 3B online). Therefore, the biphasic re-
sponse of a short-term arrest (an acute phase) followed by a lon-
ger-term recovery at a reduced level (prolonged phase) observed
for floral organ sizes is also manifest in terms of mature seed
production. It is possible that an acute phase is needed for the DT
plants to reprogram reproductive development to enter the pro-
longed phase; this prolonged response phase then uses the limited
water resource to support both flower and silique development,
albeit with fewer flowers and seeds per silique.

To illustrate the biphasic response, we examined plants that had
been treated for 20 d (T20), when they had produced a number of
siliques and were still producing flowers (Figure 3A). At this time,
the first 10 flowers had passed the time of pollination and exhibited
different degrees of fertility, consistent with what we observed for
older plants as described above. In particular, from the third to the
ninth silique, the siliques were progressively shorter (Figure 3A). In
the fourth silique, there were shrunken seeds and white aborted
ovules (Figures 3B and 3C), suggesting that pollen, ovule, and/or
seed development were affected. In the seventh silique, only a few
seeds formed and most ovules appeared aborted (Figures 3D and
3E), indicating a greater effect of drought. Other siliques (fifth,
sixth, eighth, and ninth) were also sterile or nearly sterile, illus-
trating a component of the acute response.

The eleventh flower bud, the first unopened bud on the stem,
had anthers with normal appearance and elongated filaments
that were bent, suggesting that the sepals had not opened and
so the internal organs could not extend further (Figures 3F and
3G). The sepals of similar buds still adhered to each other 5 d
(T25) later, even though they had separated from the base of the
flower bud (Figures 3H and 3I). Similar sepal phenotypes were

also observed for the twelfth (Figures 3J to 3M) and the thir-
teenth flowers. In the fourteenth flower, the pistil protruded out
of the sepals, but the filaments were short (Figures 3N and 30),
presumably resulting in ineffective pollination (Figures 3P and
3Q). In the fifteenth flower, the pistil was even more obviously
longer than the sepals (Figures 3R and 3S), leading to possible
failure in pollination (Figures 3T and 3U). Strikingly, T20 plants
had recovered and entered the prolonged phase of drought
response, with a burst of blossom, illustrated here by the plant
in Figure 3A, with 10 mature flowers (numbers 16 to 25) that had
just opened within 2 d, consistent with the earlier observation
that floral organ sizes recovered to close to normal sizes by T15
(Figures 2S to 2X). These and later flowers then led to the
subsequent generation of relatively fertile siliques, as shown
in Supplemental Figure 3B online.

To test the effect of drought on female reproductive development,
we performed reciprocal crosses between WW and DT plants, with
additional crosses as controls (Figure 3W; see Supplemental Figures
3B and 3C online), and determined the silique length and seed
number 2 weeks later. The results indicated that drought also re-
duced female fertility in addition to negative effects on pollen de-
velopment, although there was likely also an effect of drought on the
plants (other than the female reproductive organs).

Overview and Analysis of Gene Expression in Flower under
Drought Stress

The dramatic reprogramming of reproductive growth in response
to drought suggested likely changes in gene expression. To
characterize the transcriptomes of unopened floral buds in re-
sponse to drought, we analyzed RNA samples from WW (CO, C3,
C4, C5, and C10) or DT plants (T3, T4, T5, and T10). The ex-
pression data were highly reproducible (Pearson correlation
coefficients >0.985) (Figure 4A; see Supplemental Figure 4 online).
Using g-values of less than 0.01 for significantly different expres-
sion and at least twofold change, we identified a total of 4153
genes that were differentially expressed between the WW and DT
samples on the corresponding days (T3 versus C3, T4 versus C4,
etc) (see Supplemental Data Set 1 online). The number of differ-
entially expressed genes increased moderately from 164 on T3 (19
upregulated and 145 downregulated) to 563 on T4 (462 upregu-
lated and 101 downregulated), then dramatically to 2607 genes on
T5 (1377 upregulated and 1230 downregulated), and finally in-
creased further only slightly to 2962 on T10 (1395 upregulated and

Figure 2. (continued).

(G) A stage 12 floral bud from a WW inflorescence.

(H) A stage 12 floral bud from a DT inflorescence.

(I) Sepals and petals were removed from the floral bud in (G).
(J) Sepals and petals were removed from the floral bud in (H).

(K) to (N) Anther cross-sections of a C10 WW inflorescence from the second floral bud (K), fifth bud (L), eighth bud (M), and fourteenth bud (N).
(O) to (R) Anther sections of a T10 DT inflorescence from the first bud (O), third bud (P), fifth bud (Q), and eighth bud (R).

(S) to (W) Lengths of sepals (S), petals (T), anthers (U), filaments (V), and pistils (W). The data points and error bars represent the mean and st (n = 6).
(X) The ratio lengths of stamens to pistils. *Significantly different (P < 0.05). **Highly significant (P < 0.01) by a Student’s t test. The data points and error

bars represent the mean and se (n = 6).
Bar in (A) to (J) = 1 mm; bar in (K) to (R) = 50 ym.
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Figure 3. Flower Development after 20 d of Drought Treatment.
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(A) The main inflorescence stem of a DT plant photographed at T20. The fruits and flowers are labeled from the oldest to the youngest (B) to (G), (J), (K), (N),
(0), (R), and (S) were from (A). (H), (I), (L), (M), (P), (Q), (T), and (U) were from another inflorescence at the same positions as indicated by the blue lines.
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1567 downregulated) (Figure 4B; see Supplemental Table 1 on-
line). Among the 19 genes upregulated at T3, the majority (13) also
increased on T4, T5, and/or T10. Similarly, the majority (278
among 482) of the upregulated genes on T4 were also higher at T5
and/or T10 (Figure 4C). Therefore, most of the early induced genes
tended to remain induced. By contrast, the majority (116 among
145) of downregulated genes on T3 were not persistently reduced
at T4, T5, or T10 (Figure 4D), suggesting that the decreased ex-
pression of these genes was a transient response. Among the
genes that were upregulated (1395) or downregulated (1567) on
T10, 786 and 759, respectively, were also increased on T5 (Figures
4C and 4D), indicating that many of the transcriptomic changes
had occurred by day 5.

Coexpression Pattern of Drought-Responsive Genes
in Flowers

To further examine the floral transcriptomic response to drought,
we applied hierarchical clustering to all 4153 genes differentially
expressed between WW and DT floral buds, resulting in 10 large
clusters. Using the K-means (K = 10) approach in the hierarchical
clusters, genes were assigned to 1 of 10 clusters, which were then
visualized with heat map and centroid views (Figures 4E and 4F),
revealing general pattens of transcriptomic profiles during the
drought treatment.

The first four clusters (Figures 4Fa to 4Fd) contained genes
with drought-induced significant increase in expression that
peaked on days 3, 4, 5, and 10, respectively, suggesting that
their functions might be particularly important in a transient
fashion. Clusters 5 and 6 (Figures 4Fe and 4Ff) contained genes
with high levels of expression at two time points, suggesting

more sustained functions, with the genes in cluster 5 acting
earlier than those in cluster 6. In contrast, the genes from
clusters 7 to 10 (Figures 4Fg to 4Fj) exhibited various patterns of
drought-induced decrease in expression. The genes in cluster 7
(Figure 4Fg) showed a transient decrease in expression on day 3,
whereas those in cluster 8 (Figure 4Fh) had persistent reduction
from T4 to T10. The expression of genes in clusters 9 (Figure 4Fi)
and 10 (Figure 4Fj) showed reduced expression at T5, with further
reduction on T10 for genes in cluster 10.

Functional Prediction of Different Drought-Responsive
Gene Clusters

To gain further insight into the changing transcriptomic land-
scapes in the DT flowers, we performed gene ontology (GO) an-
notation enrichment analysis using singular enrichment analysis
provided by agriGO (Du et al., 2010). In both clusters 1 and 2,
genes involved in transcriptional regulation were enriched (Figure
4G), suggesting that changes in transcriptional regulation were
one of the early responses to drought stress. On the other hand, in
cluster 4, the genes that function in RNA splicing were enriched,
suggesting a potential increase in the level of protein diversity
attributable to alternative splicing in the response at day 10. In
addition, genes for glucosinolate biosynthesis were enriched in
cluster 1, suggesting a possible function in drought response; this
is consistent with a function of glucosinolates in the regulation by
ABA of stomatal opening (Zhao et al., 2008) and is possibly related
to the role of glucosinolates as regulators of biotic response
(Hopkins et al., 2009).

Among the genes enriched in cluster 5 (e) are genes related to
pollen tube growth, particularly GTP binding signal proteins and

Figure 3. (continued).

(B) The fourth fruit from (A) after dissection.
(C) A portion of the fourth fruit with higher magnification.
(D) The seventh fruit with fresh ovules and seeds shown.

(E) A portion of (D) with higher magnification, showing normal and small ovules.

(F) The eleventh bud.

(G) The eleventh bud after dissection, showing reduced filament length (arrow).
(H) The eleventh bud after maturation, showing the detachment at the base of sepals that were not separated at the top.

() The dissected bud of (H), showing detached short stamens.
(J) The twelfth bud.

(K) The dissected twelfth bud with short filaments.

(L) The twelfth bud after maturation with sepals detached at the base.
(M) The dissected bud from (L).

(N) The fourteenth bud.

(O) The dissected fourteenth bud.

(P) The fourteenth bud after maturation.

(Q) The dissected bud from (P).

(R) The fifteenth bud.

(S) The dissected fifteenth bud.

(T) The fifteenth bud after maturation.

(U) The bud from (T) with two sepals and a petal removed.

(V) The comparison of seed count per silique on the main stem from WW and DT plants. P < 0.01 by a Student’s t test. The data points and error bars

represent the mean and se (n = 5).

(W) The average seed number and silique length of different crossing plants: WW plants (WPixXWP), WW pistil pollinated with DT pollen (WPixDP), DT
pistil pollinated with WW pollen (DPixXWP), and DT plants (DPixDP). The data points and error bars represent the mean and st (n = 3).

Bar in (A) to (T) = 1 mm.
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Figure 4. Analysis of Transcriptomes from Inflorescences of WW and DT Plants.

(A) Samples were collected at CO, C3, C4, C5, and C10 for WW plants and T3, T4, T5, and T10 for DT plants.

(B) The numbers of the differentially expressed genes for T3/C3, T4/C4, T5/C5, and T10/C10.

(C) Venn diagram analysis of all upregulated genes of each group.

(D) Venn diagram analysis of all downregulated genes of each group.

(E) K-means clustering of differentially expressed genes. Expression distribution of genes activated or repressed 3 d after drought treatment. The
number indicates log2 ratio of the fold change between the DT groups with the control group before start of the drought treatment (CO0). Yellow color
represents genes that have higher expression levels after drought stress and blue indicates reduced expression.

(F) The pink lines represent the mean expression profiles for each cluster. The y-axis is in log2 scale and the x-axis shows log2 (T0/C0), log2 (T3/C0),
log2 (T4/C0), log2 (T5/C0), and log2 (T10/C0) in sequence.

(G) The GO enrichment analysis of genes in each cluster, with P values.
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disaccharide catabolism (Figure 4G). For example, RHO-RELATED
PROTEIN FROM PLANTS 1 (ROP1) and ROP-INTERACTIVE CRIB
MOTIF-CONTAINING PROTEIN 6 (RIC6) function in the polarized
growth of pollen tubes (Wu et al., 2001; Hwang et al., 2005). The
genes encoding disaccharide enzymes such as -galactosidase 7
(BGAL-7), BGAL-11, and BGAL-13, which play a role in pollen de-
velopment and fertilization (Jakobsen et al., 2005; Wang et al.,
2008), also showed elevated expression, suggesting that enhanced
activity of these gene products is needed to promote pollen de-
velopment and function under drought stress. Genes related to di-
saccharide catabolism (7.93e-08) and transport (1.58e-05) are highly
enriched, which suggests the possible regulation of transport of
sugars and other osmolytes in response to drought. At a later time
in cluster 6 (Figure 4Ff), genes responsive to water deprivation and
ABA-mediated signaling pathways were highly enriched. Among
them are regulators of ABA signaling, including ABI1, ABI2, ABI5,
ABF1, ABF3, and ABF4, and genes encoding PP2CA, SNRK2.3,
and SNRK2.6 (OST1) proteins; these genes are known to function in
ABA-mediated responses to abiotic stresses (Luan, 2003; Cutler
et al., 2010; Yoshida et al., 2010). In addition, genes functioning
in the ABA-independent pathway, such as those coding for
DREB1B, DREB2A, DREB2B, RD20, and RD22 (Bernoux et al.,
2008; Matsukura et al., 2010), were enriched (Figure 4G).
Among the downregulated clusters, genes related to pho-
tosynthesis and circadian rhythm were enriched in cluster 7
(9) (Figure 4G), suggesting that these functions were reduced
transiently as an early drought response. In cluster 9 (i), the
genes for cell cycle regulation and DNA replication were en-
riched (Figure 4G), including those coding for cyclins and
cyclin-dependent kinases. In cluster 10 (j), genes for nucle-
osome subunits were highly enriched (Figure 4G), including
those for histone H2A, histone H2B, histone H3, and histone
H4. The reduced expression of the genes in clusters 9 and 10
suggests that cell proliferation was reduced soon after the

drought treatment, consistent with the observed morpho-
logical changes.

Early Induction of ABA and Jasmonic Acid Signaling Genes

In addition to the analysis of GO categories and enrichment, we
also examined the early regulation of drought response. From
the phenotypic analysis, we found that after the onset of re-
productive development, both the WW and DT plants continued
to grow, with increased rate of floral maturation in the WW plants
(Figure 1), suggesting that floral gene expression might change
during this period. Indeed, 517 genes were induced (twofold
change with a g-value less than 0.01) at C3 compared with CO.
To identify genes that specifically responded to drought, we
compared the T3 data with those from either CO or C3 (see
Supplemental Figure 5C online). A total of 98 genes were up-
regulated in T3 compared with both CO and C3, such as
DREB1A, ABF, NAC DOMAIN CONTAINING PROTEIN19, RD20,
and RD29A, which are known as stress-responsive regulators
involved in ABA-independent and ABA-dependent pathways
(Jiang et al., 2009; Lata and Prasad, 2011) and jasmonate re-
sponse (Bu et al., 2008). Furthermore, genes for putative neg-
ative regulators of ABA signaling, PP2CA, HAI1, and HAI2, were
also induced (Table 1), suggesting the importance of a fine
balance of positive and negative regulation in the floral response
to drought. Therefore, the early floral transcriptomic responses
to drought included components that were previously identified
for the vegetative phase (Urano et al., 2010; Bhaskara et al.,
2012). A gene encoding a key enzyme for methyl jasmonate
(MeJA) synthesis, jasmonic acid carboxyl methyltransferase
(UMT) (Seo et al., 2001), was also induced at T3. AT5G63380,
which is involved in jasmonic acid (JA) biosynthesis (Schneider
et al., 2005), was also upregulated. JA signaling is important not
only for biotic stress but also abiotic stress and development; in

Table 1. Drought-Related Genes Showing Early Response in Flowers at T3

AGI Description T3/CO g-Value
ABA-responsive positive regulator
AT1G52890 NAC DOMAIN CONTAINING PROTEIN19 1.26 5.42E-05
AT4G34000 ABA RESPONSIVE ELEMENTS-BINDING FACTOR3 1.67 4.27E-08
AT5G52310 RESPONSIVE TO DESSICATION29A 2.09 1.25E-07
AT2G33380 RESPONSIVE TO DESSICATION20 1.00 1.74E-07
AT5G66400 RESPONSIVE TO ABA18 1.36 2.97E-05
AT1G69260 ABI FIVE BINDING PROTEIN 1.48 1.08E-07
AT5G13630 H SUBUNIT OF MG-CHELATASE 1.20 1.18E-08
ABA-responsive negative regulator
AT3G11410 PROTEIN PHOSPHATASE 2CA 1.09 1.89E-05
AT5G59220 HIGHLY ABA-INDUCED PP2C GENE 1 1.01 2.37E-05
AT1G07430 HIGHLY ABA-INDUCED PP2C GENE 2 1.49 1.83E-07
ABA-independent regulator
AT4G25480 DEHYDRATION RESPONSE ELEMENT B1A 1.45 8.39E-08
MeJA biosynthesis enzyme
AT1G19640 JASMONIC ACID CARBOXYL METHYLTRANSFERASE 1.01 3.97E-05

These genes showed an early response under drought treatment in flowers (98 genes, in the a, b, and e groups of Supplemental Figure 5C, are
significantly induced at T3 compared with CO or C3 with at least twofold difference and g-values < 0.01, but not in the group of genes induced at C3
compared with CO; the latter genes likely reflect changes in inflorescence development independent of drought). The fold changes (T3/CO) are
calculated from the average expression values of DT samples (T3) to those of the WW control (CO0).
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addition, the crosstalk between ABA and JA signaling contrib-
utes to the balance between growth and defense (Lackman
et al., 2011).

The Expression of Floral Genes Was Affected by Drought

To determine whether flowering genes were affected by drought,
we examined the expression of positive regulators such as LFY,
SOC1, and FT and negative regulators FLC, TFL1, TFL2, AGL24,
MAF1, MAF2, and FRI1 (Putterill et al., 2004; Bernier and Périlleux,
2005; Jung and Muller, 2009). We found that LFY, SOC1, and FT
were upregulated by drought after 4 or 5 d of treatment. In con-
trast, the negative regulators were not obviously induced under
drought (Figure 5A; see Supplemental Figure 6A online). From C3
to C10 in the flowers of WW plants, the expression of the ABC
function genes controlling floral organ identity (Ma, 2005) in-
creased slightly or was maintained at similar levels. However, their
expression increased slightly during early drought treatment and
then decreased with further drought (Figure 5B; see Supplemental
Figure 6B online). These results suggest complex drought effects
on floral regulatory genes. Because the ABC genes also function
during floral organ development, their expression at T3 to T5 might
have supported the completion of bud development, whereas their
reduced expression levels at T10 are consistent with the transient
developmental arrest of floral buds. The increase of LFY, SOC1,
FT, and FUL expression at T4 and T5 might be needed for the
recovery of floral development shown in Figures 2 and 3.

Anther development requires a number of genes, including SPL,
AMS, EMS1, DYT1, MYB33, MYB35, MYB65, MYB80, MYB99,
MYB110, BAM1, BAM2, BAM3, and ERECTA (Zhao et al., 2002;
Hord et al., 2006; Zhang et al., 2006; Wijeratne et al., 2007; Hord
et al., 2008). A majority of these genes were repressed by drought
stress (Figure 5C; see Supplemental Figure 6C online), providing an
explanation for the observed retardation of anther development
under drought. However, some genes for pistil development were
induced by drought, such as AGL80, EOSTRE, RHF1a, RHF2a, and
GPTT1 (Niewiadomski et al., 2005; Portereiko et al., 2006; Pagnussat
et al., 2007; Liu et al., 2008). The expression levels of other pistil
genes were maintained at nearly normal levels (Figure 5D; see
Supplemental Figure 6D online). These results are consistent with
the observation that drought stress did not affect the development
of the pistil as severely as it did anther development.

Cis-Regulatory Element Analysis of the Differentially
Expressed Genes

The changes of gene expression under drought, especially those
encoding transcription factors, suggested that transcriptional reg-
ulation is an important mechanism of floral response to drought. To
obtain further evidence for a drought-responsive transcriptional
network, we analyzed cis-regulatory elements (CREs) for the pu-
tative promoter regions of the differentially expressed genes. First,
we examined the CREs within 500 bp of upstream transcription
start site (TSS), a region that is commonly analyzed as putative
promoter region and has a high frequency of CREs distribution
(Wang et al., 2011). We found that many CREs were over-
represented in the 500 bp upstream of the 2176 upregulated genes
but not in the downregulated genes (Figures 6A and 6B; see
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Supplemental Data Set 2 online), suggesting that these CREs might
mediate drought-responsive transcriptional regulation. Among the
promoter regions of 214 upregulated transcription factors, the G-
box (ABRE or other similar ones) (P = 1.54E-04) and DC3 PRO-
MOTER-BINDING FACTOR (P = 3.16E-03) were overrepresented
(Figure 6C; see Supplemental Data Set 3 online); however, no CREs
were found to show a greater frequency in the promoter regions of
downregulated transcription factors than upregulated transcrip-
tion factors (Figure 6D; see Supplemental Data Set 3 online). For
comparison, we also examined regions 1000 bp and 3000 bp
upstream of the TSS, and found that only the G-box or the related
ABRE and ABRE-like binding sites were overrepresented in the
drought-induced genes compared with promoter regions of all
annotated genes (see Supplemental Figure 7 and Supplemental
Data Set 2 online), suggesting that G-box and ABRE-like sites
might be particularly important in mediating drought-induced
transcriptional regulation in the Arabidopsis flower, similar to the
finding from responses in vegetative tissue (Dolferus et al., 1994;
Freeling et al., 2007).

To obtain evidence for other possible CREs, we predicted pu-
tative CREs in the putative promoters of differentially expressed
transcription factor genes at T3, T4, T5, or T10 using Multiple Em
for Motif Elicitation (MEME) software (Figures 6E to 6G). We found
that the motif RRRRRRRRRR (R = A/G) was at high levels in the
promoters of upregulated genes for transcription factors and was
located close to the TSS, suggesting that this motif might be
a novel transcriptional enhancer. The G-box (CACGTG) and G-box-
like binding sites were also detected at high levels in promoter
regions of drought-induced transcription factor genes, supporting
an important role of these motifs in drought response during flower
development.

A Potential Early Role for DREB1A in Drought Response
in Flower

Among the genes induced by drought, 19 were increased by at
least twofold at T3 compared with C3 (see Supplemental Table 2
online); only one of these genes, DREB1A, encodes a transcription
factor, suggesting a key role in the early response to drought
stress in the flower. DREB1A is one of the 65 Arabidopsis DREB
transcription factors in the ERF superfamily (Lata and Prasad,
2011), and is a known regulator of cold response (Liu et al., 1998;
Shinwari et al., 1998). Other DREB genes that play important roles
in drought and cold responses (Shinozaki and Yamaguchi-
Shinozaki, 2007) were not significantly induced in the flower at T3
(see Supplemental Figure 8 and Supplemental Table 3 online).
The drebla T-DNA mutant (CS872453) (see Supplemental
Figure 8 online) showed an early wilting phenotype and was hy-
persensitive to water deprivation with significantly lower leaf RWC
than the wild type from T4 to T7 of the drought treatment (Figure
7A; see Supplemental Figure 9 online). In the prolonged drought
response, the dreb1a mutant showed a late recovery phenotype
from the extreme environment (Figure 7B). At T3, both wild type
and MT had healthy inflorescences with newly open flowers.
However, at T9, flower opening was already arrested in dreb7a but
not in wild type. At T15, wild-type plants recovered from the
drought response with opening of new flowers, but in dreb1a floral
buds remained closed (Figure 7C; see Supplemental Figure 10
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Figure 5. The Expression of Floral Genes Was Affected by Drought.
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(A) Expression heat maps for relative expression of flowering time related genes.

(B) Expression heat maps for relative expression of ABC model genes.

(C) Expression heat maps for relative expression of anther development related genes.
(D) Expression heat maps for relative expression of pistil development related genes.
The relative expression levels (log2) above 0 represent upregulation, whereas those below 0 represent downregulation.

online). Viability of dreb7a pollen was similar to that from wild-type
plants as determined by in vitro germination assay (see
Supplemental Figure 9 online), suggesting that it might not be
critical for pollen development under drought. In situ hybridization
showed that DREB1A was induced at relatively high level in the
pistil after 3 d of drought treatment (Figure 7D). Therefore, among
DREB genes, DREB1A likely plays an important and specific role in
very early response to drought stress in the Arabidopsis flower.

We also performed microarray experiments with the ATH1
gene chips using mRNAs of the dreb1a flowers at T3, T4, and T5
and found that dramatically fewer genes were differentially ex-
pressed due to drought than those in the wild type (Figure 7E).
At T4, only 51 genes were upregulated compared with T3 in
drebia, in contrast to 760 in wild type. At T5 in dreb1a, there
were only 454 genes upregulated compared with T3, whereas
the wild type had many more (1813) genes significantly induced
by drought. We also found that there were many fewer genes
repressed compared with the wild type, with 39 genes at T4/T3
and 290 genes at T5/T3. Furthermore, genes involved in re-
sponse to ABA signaling, water deprivation, and salt stress were
highly enriched among genes induced by drought at T3 in
the wild type but not induced by drought in dreb1a at T3 (see
Supplemental Figure 8 online). These results suggest that
DREB1A is a key regulator of drought response in Arabi-
dopsis flowers.

To gain a better understanding about the function of DREB1A
in the context of other members of the ERF subfamily of genes
encoding AP2-domain proteins, we analyzed the expression
patterns of all ERF genes and found that the genes in IXa and
IXb subgroups (Nakano et al., 2006) showed drought-affected
expression changes in a different manner in dreb7a from those
observed in wild-type plants under drought (Figure 7F). In the
wild type, this group of genes was transiently and highly induced
by drought at T4, but interestingly, there was no induction found
in the dreb7a mutant. Among these, ERF99 to ERF107, also named
AtERF1, AtERF2, AtERF5, AtERF6, and AtERF13 (Nakano et al.,
2006), are known to have specific binding activity for GCC boxes
and function in the regulation of biotic stress responses by ethylene
and JA (Fujimoto et al., 2000; Ofate-Sanchez and Singh, 2002;
Moffat et al., 2012). Our results suggest that these genes also
potentially function in response to water deprivation during flower
development.

MYB21 Functions in Promoting Fertility under Drought

MYB21 is known to regulate filament elongation and anther de-
hiscence (Mandaokar et al., 2006). The expression of MYB21 in-
creased at T4, suggesting that MYB21 is involved in the drought
response in the flower. Although the knockout mutant myb217-2
(SALK_042711C) under WW conditions exhibited some defects in


http://www.plantcell.org/cgi/content/full/tpc.113.115428/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115428/DC1

Flower Development under Drought 3797

= Control

A — = T3/C3
. — s Taca
—— a5
’e W, = T10/C10

B = Control
. , TN = T3/C3
L
04 S — s Y=
= ~ wTi0/€10

m Up-regulated TFs

-

© - o

'J—TCEE_?"'O.Q iT‘_SEEme

w il =mnpm 5 o wo S 00 35 @ - -

O Wy < S WS E T ow g LOYVL ST SYH ZE I wa

kS & 9T g <qguw 2y e x RgTE<gugiy
Q O s 5 o O = >
o z =

z <
c = Control = Control

m Down-regulated TFs

0.3
0.2
0.1

-
2 x - £ x - ®
E 3 i i g B %5 o u = @ % B 5 »

P = o - W " W S W I w
s"YETE323EF 4 e g 5" E“E32z3858 ey
< e o = = . s <9 e o = =

0] s o =
< <
E, F G
w
=1
fia]
.
0 Al IS LA r LA < AT <f! A A AA <L Xz A :.T
—NMTNONONO —ONMTINONOOD —ANMTINORONO TANMTNONORS NN N0~ —NMYTINORONS

Figure 6. CRE Analysis of Differentially Expressed Genes and Prediction of New CREs.

(A) CRE analysis within the 500 bp promoter region of all upregulated genes.

(B) CRE analysis within the 500 bp promoter region of all downregulated genes.

(C) CRE analysis within the 500 bp promoter region of all upregulated transcription factors.

(D) CRE analysis within the 500 bp promoter region of all downregulated genes encoding transcription factors.
(E) Sequence logo of CRE prediction for the differentially expressed genes at T4.

(F) Sequence logo of CRE prediction for the differentially expressed genes at T5.

(G) Sequence logo of CRE prediction for the differentially expressed genes at T10.

stamen development and reduced fertility of early siliques, the DT
myb21-2 mutant showed an even more severe phenotype than
WW plants (Figure 8A), with nearly twice as many sterile siliques
(Figure 8B) compared with the wild-type plants. These ob-
servations indicate that MYB21 is important for the fertility that
was maintained in the wild type under drought. In addition, we
compared the floral buds from both the wild type and the myb21
mutant under drought and found that when the wild type had
partially recovered, the mutant still showed the defect in filament
elongation, resulting in a more severe pollination defect in the
mutant than in the wild type (Figure 8C). Both microarray
and quantitative RT-PCR showed induction of MYB27 in in-
florescence under our drought assay (Figure 8D); in situ hy-
bridization results showed MYB21 was highly expressed in
ovule and filament in wild type after 5 d of drought treatment
but not in WW plants (Figures 8E and 8F). Therefore, MYB21,
through promotion of filament elongation, is likely an important

component of the partial recovery after the severe drought
response.

DISCUSSION

Plant responses to different environmental stresses have been
studied extensively, revealing that responses to drought during
vegetative development include changes in cellular metabolism
and in growth and yield (Zhu, 2002; Yamaguchi-Shinozaki and
Shinozaki, 2006). The acclimation to drought includes induction
of plant defensive genes, repression of plant developmental
genes, enhancement of stomata closure, inhibition of cell pro-
liferation and differentiation, and generation of reactive oxygen
species (Xiong et al., 2002; Xu et al., 2010). However, our un-
derstanding of how plant reproductive tissues respond to such
stresses remains very limited. In this study, using a scheme for
soil water deficit (Figure 1) to simulate environmental drought
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Figure 7. Phenotypes and Gene Expression of the dreb7a Mutant.

WT drebia

(A) Leaf RWC of dreb7a compared with the wild type. Asterisks indicate values that are significantly different with P < 0.01 by a Student’s t test. The

data points and error bars represent the mean and st (n = 6). WT, Wild type.

(B) Number of newly opened flowers each day during the DT from CO to T20. The data points and error bars represent the mean and st (n = 8). WT, Wild

type.

(C) Phenotype of the dreb1a inflorescence compared with that of the wild type under drought. WT, Wild type.
(D) DREB1A was not expressed in the wild type under WW condition at day 0 but was expressed at a high level in the wild-type ovule under DT at days 3

and 5 (arrows).

(E) Numbers of differentially expressed genes at T4/T3 and T5/T3 in dreb7a and the wild type. Warm colors indicate upregulated genes and cool colors

indicate downregulated genes. WT, Wild type.
(F) A heat map of IXa and IXb subfamilies of ERF genes. WT, Wild type.
Bar in (C) = 2 mm; bar in (D) = 200 ym.

stress, we investigated how flower development was altered in
response to drought and how the floral transcriptome was re-
programmed during the drought treatment. We found that flower
number and size were both reduced, floral organ lengths, es-
pecially the ratio of stamen to pistil length, were less than nor-
mal, and anther and pollen development were affected, resulting
in a decrease in seed production. In maize, Boyer et al. also
found that flower development was sensitive to water limitation
especially during the early phases; ovaries and pollen were af-
fected due to inhibition of invertase activity and sugar transport
at low water potential (Boyer and Westgate, 2004; McLaughlin

and Boyer, 2004; Makela et al., 2005). At the transcriptome level,
we also found that the number of genes differentially expressed
during early drought treatment was relatively small, increasing
dramatically soon afterward, providing a molecular explanation
for the morphological changes in the flower under drought.

General Properties of Plant Response to Drought in
Reproductive Development

From our observation, 5 d of severe drought treatment resulted
in the reduction of the leaf RWC to below 70% (Figure 1C),
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Figure 8. Molecular and Morphological Analyses of myb21 Mutants in
Response to Severe Drought Stress.

(A) myb21 main stem under the WW condition (left) and under DT (right).
(B) Total fruit number and the sterile silique number on the main stem
under the WW condition and DT. Asterisks indicate values that are sig-
nificantly different with P < 0.01 by a Student’s t test. The data points and
error bars represent the mean and se (n = 6).

(C) Wild type (top left) and myb21 (top right) stage 13 floral buds after
20-d drought treatment and the phenotypes after removing sepals and
petals (bottom panel).

(D) Quantitative RT-PCR and microarray results of MYB21 in the wild
type under drought at days 0, 3, 4, 5, and 10. Mean and sb of two bi-
ological replicates are presented in each case.

(E) In situ hybridization results showed MYB21 expression was at a very
low level in the wild type under WW conditions at day 5.

(F) MYB21 expression was at a high level in wild type ovule and filament
under drought treatment at day 5 (arrows).

Bar in (A) = 1 cm; bar in (C) = 2 mm; bar in (F) = 200 pm.

which has been shown to be a critical point for wilting for many
crop species (Sengupta and Majumder, 2009). Plants respond to
low RWC by reducing their growth, and in this study, the floral
organs in DT plants were smaller than those in WW plants. Si-
multaneously, the number of floral buds (stages 8 to 12) de-
creased under drought (Figure 2), suggesting that initiation of
floral buds was sensitive to water deficit. This supports the idea
that stressful environments could limit cell division in the meri-
stem and the transport of nutrients to different plant tissues
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(Nilcolas et al., 1985). On the other hand, the nearly mature floral
buds (stages 11 and 12) could open during very early drought
treatment, suggesting that the plant devoted limited water re-
sources to completing flower development. At the same time,
younger buds initially failed to mature, with unopened sepals
that inhibited the extension of internal organs (Figure 3). There-
fore, one possible strategy by which plants may cope with recent
drought stress is to sacrifice some young floral buds and to re-
duce new bud formation, thereby allowing the use of the limited
water and nutrients to support the continued development of
older flowers and immature seeds.

After the plants had experienced persistent low water avail-
ability, flower development improved compared with the initial
severe response, with resumption of floral maturation and less
reduction of floral organ lengths. These flowers would later
produce siliques with reduced seed number compared with the
siliques from WW plants. Therefore, the plant had switched to
a prolonged response with less extreme phenotypes and sus-
tained, albeit reduced, seed production. Plants may regulate
seed abortion, thus providing availability of the limited water and
nutrients for the development of fewer seeds, rather than evenly
distributing the nutrients to all young seeds with the potential
consequence of the underdevelopment of all seeds. This sug-
gests that drought can induce, as part of a long-term acclima-
tion, physiological and developmental changes of the source
sink balance such that limited yield is protected under extreme
conditions. This is consistent with a previous report that plants
use a series of mechanisms to regulate vegetative growth and
reproduction to maximize plant fitness (Liu et al., 2003). Plants
can adjust the expenditure of maternal resources at different
stages of plant development, which controls the flower number
and further development of reproductive cells (Lloyd, 1980). In
wheat, anther sink strength is also important for maintenance of
pollen fertility and grain number under water stress, and such
reprogramming also agrees with models for plant acclimation to
stressful conditions that alter plant fertility by adjusting resource
distribution (Sun et al., 2004; Ji et al., 2010).

Preferentially Expressed Genes Reveal Their Roles in
Drought Response

The GO enrichment for the upregulated (2176) and down-
regulated (2199) genes suggests the crucial roles of those
enriched groups involved in response to drought. Among the
upregulated genes, two enriched groups were annotated as
stress responsive and reproductive development related (see
Supplemental Figure 5A). In particular, the highly enriched genes
included those predicted to respond to stimuli, especially the
hormone ABA and water deprivation, suggesting that they are
important for drought response in the developing flower. In
addition, genes annotated for pollen tube growth and post-
embryonic development were also enriched, suggesting an en-
hancement of these functions under drought. The enriched
pollen tube-related genes, such as the symporters SHAKER
POLLEN INWARK K* CHANNEL and PEPTIDE TRANSPORTER
5, are known or predicted to function in transporting ions, pro-
tons, and peptides (Mouline et al., 2002; Hammes et al., 2010),
highlighting the potential importance of osmotic adjustment,
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signaling transduction and starvation response in the flower
under drought.

Furthermore, cell wall-modifying enzyme pectinesterases
(PMEs) and their inhibitors (PMEls), such as VGD1 and PMEI2, are
important for pollen tube growth (Rockel et al., 2008). Pectins are
important structural determinants of the cell wall in dicots and
their esterified forms are associated with active cell expansion or
growth such as pollen tube tip growth. PMEs de-esterify pectins
and mainly exist in the lateral regions of the pollen tube, whereas
PMEIs can promote pollen tube tip growth (Rockel et al., 2008).
The balance of these functions modulates pollen tube cell wall
stability and cell expansion (Bosch et al., 2005; Jiang et al., 2005).
The enrichment of these genes among drought-induced genes
suggests that elevated levels of such activities are needed to
modulate cell wall integrity and cellular growth when there is
greater osmotic stress and there are limited resources for growth.

Among the downregulated genes (see Supplemental Figure
5B), the enriched categories included key regulators of the cell
cycle and DNA replication such as cyclins and cyclin-dependent
kinases and regulators of microtubule-associated motors. These
results are consistent with the finding that drought stress can
inhibit the normal cell cycle process, thereby reducing plant cell
division and differentiation (Setter and Flannigan, 2001). Other
enriched groups include biosynthetic genes for JA and gluco-
sinolate, which promote defense against disease and herbivore
attack (Adie et al., 2007; Clay et al., 2009), suggesting that the
energy costly defense responses were repressed by drought. JA
also enhances filament elongation (Song et al., 2011); the re-
duction of expression of JA biosynthetic genes provides an
explanation for the decreased filament length observed in DT
flowers. The expression of genes encoding lipid transfer proteins
was also reduced under drought stress, consistent with previous
observation that lipid transfer protein genes are differentially
regulated by various abiotic stresses (Wu et al., 2004; Oshino
et al., 2007; Choi et al., 2008).

The Strategy of Reproductive Development under Drought

Our morphological study showed that stamen growth and de-
velopment was highly sensitive to drought (Figure 2). From the
transcriptomics results, we also found that many genes impor-
tant for anther development showed reduced expression under
drought, providing a link between gene expression and pheno-
type (Figure 5). The pistil and the subsequent fruit support ovule
development and seed formation, respectively. In addition, the
numbers of ovules and seeds are small, whereas pollen grains
are numerous and in excess; therefore, partially sacrificing pol-
len development could reduce the need for resources while not
greatly decreasing fertility. We found that pistils had higher
drought tolerance than stamens, providing a means for the
species to survive extreme environments, consistent with the
induction of many pistil-related genes under drought and their
possible role in the formation of a healthy pistil under stress.
These results suggest a possible strategy by which plants pro-
tect yield against extreme environments by providing better
protection of female development than male development.
During the later stages of normal flower development, the
filament elongates dramatically for efficient delivery of the pollen

to the pistil, ensuring subsequent fertilization. We found that
after 8 d of drought treatment, filament length of DT plants was
obviously shortened compared with WW plants, whereas pistil
length was altered to a lesser extent (Figure 2). In addition, an-
ther dehiscence was slightly delayed in the DT plants compared
with WW plants. These findings are consistent with observations
in rice (Liu et al., 2006). The shortened filament and delayed
anther dehiscence greatly reduced pollen delivery and pollen
availability to the pistil, thereby decreasing pollination. Sub-
sequently, DT flowers exhibited recovery, with resumption of
organ elongation, although to a lesser extent than in WW
plants. Arabidopsis MYB family members MYB21, MYB24, and
MYB108 are positive regulators of filament elongation and anther
dehiscence via the JA and gibberellic acid (GA) signaling path-
ways (Mandaokar et al., 2006; Cheng et al., 2009; Mandaokar
and Browse, 2009). We found that MYB21 was induced in the
flower by drought, suggesting that MYB27 contributes to the
recovery in the DT flower. Indeed, the myb21-2 mutant flowers
showed a delay in recovery of filament elongation under drought
treatment compared with wild-type plants. Although MYB21 is
an important regulator in JA and GA signaling pathways (Cheng
et al., 2009), its role in drought response is novel. Because ABA
is a key hormone in drought responses, it will be important to
investigate whether MYB21 serves to integrate different hor-
monal pathways, particularly the possible crosstalk between
JA/GA and ABA in drought response, as hormone crosstalk
has been shown to be important for biotic stresses (Bari and
Jones, 2009). The induction of the expression of COI1, TIR1,
and GID1A/B/C, genes encoding the JA/IAA/GA receptors,
under drought suggests their crosstalk and cofunction in response
to drought (Griffiths et al., 2006; Katsir et al., 2008; Calder6n
Villalobos et al., 2012); however, genes for brassinosteroid sig-
naling receptors, BRI1 and BAK1 (Russinova et al., 2004), were
not induced in our study (see Supplemental Figure 11 online). More
experimental work is needed to further elucidate their relationship
and crosstalk in response to drought.

Transcriptome Analysis Suggests the Mechanism of Plant
Response to Drought Stress

We investigated floral transcriptomic changes under drought
stress to probe gene activities during flower development af-
fected by drought treatment, to obtain clues regarding gene
regulation in response to drought in the Arabidopsis flower.
Among upregulated genes, those encoding transcription factors
were highly enriched, indicating that they play important roles in
regulating downstream genes in response to drought. Surpris-
ingly, only one transcription factor, DREB1A, was found from the
T3/C3 comparison, which revealed 19 genes upregulated by at
least twofold (see Supplemental Table 2 online). This suggests
that DREB1A might be a key regulator of drought early response
in Arabidopsis flowers. Previous studies showed that DREB1A is
mainly involved in cold response (Maruyama et al., 2004; lto
et al., 2006); however, our results showed that DREB1A prob-
ably also plays an important role in drought response in flowers.
Many drought-responsive genes detected here are key regu-
lators in ABA signaling, including DREB1A, ABFs, NAC DOMAIN
CONTAINING PROTEIN19, RD20, RD29A, and 3 PP2Cs (Table
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1) (Kasuga et al., 2004; Bu et al., 2008; Xue et al., 2008; Yoshida
et al., 2010).

Flowering time is influenced by environmental factors, including
photoperiod and temperature, and requires the functions of many
genes (Bernier and Périlleux, 2005). Although a recent study re-
ported that FT is induced by drought and accelerates the floral
transition (Riboni et al., 2013), how drought and osmotic stresses
affect flowering was still largely unknown. Our results also indicated
that FT could be induced after 4 to 5 d of drought treatment. In
addition, other positive regulators of flowering, such as LFY, SOC1,
were induced (Figure 5). At this point, plants have already sensed
the stress signal and begun regulating reproductive growth, such
as acceleration of flower differentiation and seed maturation. The
induction also could be an indication that these genes have im-
portant functions under drought conditions to shorten the life cycle
and promote survival under extreme environments, and is consis-
tent with the findings that plants often flower earlier when grown
under unfavorable conditions (Verslues and Juenger, 2011). The
promotion of reproductive growth at the early phase of drought
would not persist at the late phase because of the continuing
limitation of water. Accordingly, the transcript levels of FT and
SOCT were reduced at day 10 compared with day 5, suggesting
that a prolonged response might decrease the level of positive
flowering regulators, thereby reducing the number of flowers under
long-term severe drought.

Gene Regulatory Network for Plant Development under
Drought Stress

Previous studies have demonstrated that phytohormones
coordinate plant growth and development under different
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environments (Wolters and Jirgens, 2009). ABA functions in
many plant developmental processes and stress responses,
including seed dormancy and osmotic stress. JA has multiple
functions, including in plant defense and reproduction (Avanci
et al., 2010; Robert-Seilaniantz et al., 2011). Our transcriptomic
data also support a model that includes important roles of ABA
and JA (Figure 9). For stress response (red boxes in Figure 9),
the PP2C and NAC families have essential functions in the ABA-
dependent pathways, and the DREB family is involved in an
ABA-independent pathway for response to abiotic stresses
(Ooka et al., 2003; Xue et al., 2008; Matsukura et al., 2010). From
our transcriptome analysis, those gene family members showed
significant induction in expression by drought in flowers, sug-
gesting the possibility of similar roles in both reproductive and
vegetative tissues.

Another group of genes regulating pollen maturation and tube
growth in Arabidopsis are the M& subgroup of the MADS box
family (Parenicova et al., 2003; Adamczyk and Fernandez, 2009)
(Figure 9). The induction of those genes suggests that pollen
maturation and tube growth could be accelerated by drought
stress as a strategy for plants to survive drought stress and
minimize loss of reproductive yield. During fertilization, pollen
tube elongation and maturation require the polar accumulation
of PMEs and PMEls, which are key modifiers of pectin, a major
cell wall component at the growing pollen tube tip (Bosch et al.,
2005; Rockel et al., 2008) (Figure 9). The enrichment of genes for
PMEs and PMEIs among upregulated genes under drought
suggests that pollen tube growth is very sensitive to water
deficit and is subject to enhanced control by a group of cell wall-
related genes. As discussed above, several MYB genes are
important for filament elongation and dehiscence, both affecting
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Figure 9. A Proposed Regulatory Network of Drought Response in Arabidopsis Flowers.

Ovals represent genes with known functions in either stress response or developmental process; boxes show different proposed functions. Interactions
are represented by dashed lines with arrows representing positive regulatory relationships based on past studies. Interactions with hammer-ended
dashed lines represent inhibition. Red symbols indicate stress related, whereas cyan symbols indicate developmental regulation.
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pollen delivery (Figure 9), as supported by both transcriptomic
data and mutant phenotypes.

The proposed regulatory network (Figure 9) provides only
a brief outline for the regulation of the two aspects of response
to drought stress in the Arabidopsis flower: physiological re-
sponse and developmental acclimation. Much further work is
needed to identify additional components and to demonstrate
the interactions among the components. Insights gained from
such studies will likely be helpful in efforts to improve crop yield
under drought and other environmental stresses.

METHODS

Plant Material and Drought Treatments

Morphological characterization and expression profiling under different
water conditions were performed with the Arabidopsis thaliana ecotype
Col-0. Seeds were directly sown into pots with no drainage holes con-
taining 100 g soil mixture of dry Metro-Mix 360 soil (Sun Gro Horticulture
Canada) and dry Turface profile greens grade (Profile Products) in a 3:2
ratio by volume, with a water-holding capacity of 90 g (defined as 90% soil
moisture, also indicated as 90% field capacity). Seeds were stratified in
a cold room for 2 d at 4°C in the dark. After stratification, the pots with
seeds were transferred into a Conviron growth chamber (Conviron), which
was set at our standard conditions (22°C, 16/8 h day/night photoperiod,
~300 pmol m~2 s~ photon flux, 60% humidity) until just after flowering
(bolting) when half of the plants were subjected to drought stress. A few
seeds were planted in each pot and then extra seedlings in the pot were
removed, leaving only one plant per pot with similar growth status prior to
drought treatment.

For the drought experiment, two treatments (WW, 90% soil moisture or
field capacity; DT, 35% soil moisture or field capacity) were performed.
Pots were arranged according to a randomized design and their positions
were changed daily. Plants were WW until after just after bolting (the main
stem was ~1 cm high) when drought treatment was started by with-
holding water (defined as day 0 for drought treatment, CO, principal
growth stage 5.80-5.90) (Boyes et al., 2001) and the humidity of the
growth chamber was changed from 60% to 30% to accelerate the soil
water evaporation. For the DT plants, the relative soil moisture content
decreased sharply (Figure 1A); after ~80 h, the relative soil moisture
content was near 35% of the soil water-holding capacity (defined as day 3
for drought treatment). At this point, the chamber humidity was changed
back to 60%. The soil water condition was then maintained (Figure 1A) by
daily watering (pots were weighed and watered twice per day) until almost
all of the fruits were mature and ready to harvest (~50 d from CO0). For WW
plants (control), 90% of the soil moisture was maintained until tissue
harvest or after seed maturation (principal growth stage 9.70) (Boyes et al.,
2001).

For the tissue sampling, only unopened flower samples were collected
at days 0, 3, 4, 5, and 10 of water stress treatment from both WW and DT
plants (indicated as CO, C3, C4, C5, and C10 and T3, T4, T5, and T10),
totaling nine samples. Two biological replicates were collected for each
sample, and each replicate consisted of 18 inflorescences from 18 plants.
Flower samples were frozen in liquid nitrogen right after sampling and
stored at —80°C.

RWC of Leaf

RWC is the percentage of the water content in a given tissue at sampling
as related to the water content at full turgor (Yamasaki and Dillenburg,
1999). To estimate RWC, leaves were collected, wrapped immediately in
foodservice foil, and stored in the dark. The leaf pieces were weighed to

determine fresh weight (FW). The leaves were then immersed in distilled
water overnight, before weighing to obtain the turgid weight (TW). Then
the leaves were dried in an oven for 24 h before weighing for the dry weight
(DW), with RWC = [[FW — DW)/(TW — DW)] (Sharp et al., 1990).

Pollen Viability and Germination Assay

To determine pollen viability, Alexander’s stain was used. The stain contains
acid fuchsin, which stains cytoplasm and mitochondria (Alexander, 1969).
Pollen grains with high viability and cell activity are purple or red with a green
outline, grains with low viability or cell activity are pink or light red, and
aborted pollen grains are green inside and outside. First, the inflorescences
with unopened flower buds were fixed with Carnoy’s fixative (absolute
alcohol:chloroform:glacial acetic acid = 6:3:1, vol) for 2 h at room tem-
perature. The fixative was later discarded and staining solution was added
to stain the plant tissues at 50°C for 12 h. Before observation, the samples
were washed with 25% glycerol for 8 h at room temperature. Tissues were
observed using a Nikon Eclipse E400 microscope, and all images were
prepared using Adobe Systems Photoshop 9.0 software.

Pollination

For pollination experiments, stamens were removed under a dissecting
microscope from stage 12 flowers and the dissected plants were returned
to the growth chamber and allowed to recover for ~8 h. Pollen grains from
anthers of mature flowers were immediately applied to fully cover the
stigma of the emasculated flowers.

Size Measurements of Reproductive Organs

To measure the lengths of reproductive organs, we dissected the flower
buds into the separate parts sepals, petals, stamens, and pistils under
a dissecting scope (SMZ-U; Nikon). Parts were photographed at a fixed
magnification using a camera system (Optronics Digital Microscope
Cameras). Thereafter, the images were measured using ImageJ software
(http://rsbweb.nih.gov/ij/). The Student’s t test was used for comparison
of means. P-values < 0.05 and 0.01 were considered statistically sig-
nificant and highly statistically significant, respectively.

RNA Isolation and Microarray Analysis

Total RNA was isolated from unopened flower buds using RNeasy col-
umns according to the manufacturer’s instructions (Qiagen). Arabidopsis
whole-genome ATH1 arrays (Affymetrix) were used for this project, with
more than 22,500 probe sets representing ~24,000 genes. Labeling and
hybridization of RNA and data collection were performed at the Genomics
Core Facility at Pennsylvania State University. Two biological replicates
were performed using independent tissue samples for each control at CO,
C3, C4, C5, and C10 and drought treatment at T3, T4, T5, and T10.
Microarray datasets (*.cel files) were analyzed using R software (http://
www.r-project.org). First, the bioconductor packages affy, AnnotationDbi,
limma, and qvalue were applied to compare signals between WW plants and
DT plants. The robust multiarray average method was used for normalization.
We compared DT and WW samples at each time point and also compared all
DT samples with the control CO. Pearson correlation coefficients were
determined between replicates. The genes with a g-value (false discovery
rate) greater than 0.01 were screened out, and the differentially expressed
genes were then further selected and analyzed. Genome-wide Arabidopsis
gene annotation was performed based on the The Arabidopsis Information
Resource 10 (TAIR10) GO data (GOSIlim_Plants) and the bulk download tool
at the TAIR website was also used for downloading small reference sets. The
file (affy_ATH1_array_elements-2010-12-20) was used to identify unique
probes and filter out crosshybridization probes (ftp:/ftp.Arabidopsis.org/
home/tair/Microarrays/Affymetrix/). GO enrichment analysis was performed
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using agriGO, a publicly accessible analysis tool and database (http://bioinfo.
cau.edu.cn/agriGO). The Z-score value was used and further converted to
a P value to infer statistical significance (Du et al., 2010). Cluster analysis for
gene categorization was performed with the TIGR Multi-Experiment Viewer
(http://www.tm4.org/mev/). Microarray data were validated by quantitative
RT-PCR of 26 genes. Detailed primer information is listed in Supplemental
Table 6 online.

Promoter Motif Analysis

Three types of putative promoter sequence (500 bp, 1 kb, and 3 kb
sequences upstream of the start codon) of the genes on the ATH1
microarray were downloaded from TAIR. We obtained 101 cis binding
sites from AGRIS (Palaniswamy et al., 2006) that were then analyzed by
perl. The number of each binding site was counted. We then compared
the mean in DT samples against the means of each cis-element site in the
whole genome. The P value was calculated using the Student’s t test and
obtained according to occurrences of these CREs in DT gene groups and
in all genes. The motifs in drought upregulated genes are more significant
than the motifs in downregulated genes, so we set 1.0E-10 and 1.0E-05 as
the significance thresholds for the motifs, respectively (Wang et al., 2011).
Identification of new conserved motifs was accomplished with MEME
software (version 4.9.0; http://meme.nbcr.net/meme/cgi-bin/meme.cgi),
a program designed to identify frequent motifs in biopolymers (Bailey and
Elkan, 1994).

RNA in Situ Hybridization

Nonradioactive RNA in situ hybridization was performed as previously
described (Hord et al., 2006). Arabidopsis wild-type inflorescences were
collected at days 0, 3, 4, and 5 of drought treatment and fixed in FAA
(3.5% formaldehyde, 5% acetic acid, and 50% ethanol alcohol) fixative.
The inflorescence samples were vacuumed twice in the fixative each for
10 min, with fixation for at least 2 h at room temperature. Samples were
then dehydrated and embedded in paraffin, and 8 um-thick sections were
prepared and mounted onto slides. After dewaxing of all slides with Histo-
Clear, the slides were dehydrated and baked. The antisense and sense
RNAs of DREB1A and MYB21 were labeled with digoxigenin by in vitro
transcription of linearized pGEM-T-DREB1A and pGEM-T-MYB21, which
carry fragments of the DREB71A cDNA amplified with gene-specific primers
oMC7398 (5'-CTCAGATTATTATTTCCATTTTTAGTA) and oMC7399 (5'-
GAAACTGAATCAATTTAATTTACACT), and MYB21 cDNA amplified with
gene-specific primers oMC7323 (5'-CTCGTTGTAGAGGTTTGGGG) and
oMC7324 (5'-TATGACCCCTTCAACAATTTTAT). Antidigoxigenin antibodies
coupled with alkaline phosphatase and nitro blue tetrazolium were used to
detect the hybridization signal.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under accession numbers DREB1A
(AT4G25480), MYB21 (AT3G27810), ROP1 (AT3G51300), RICE (AT2G20430),
ABI1 (AT4G26080), ABI2 (AT5G57050), ABI3 (AT3G24650), ABI4
(AT2G40220), ABI5 (AT2G36270), ABF1 (AT1G49720), ABF3 (AT4G34000),
ABF4 (AT3G19290), PP2CA (AT3G11410), SNRK2.3 (AT5G66880), SNRK2.6
(AT4G33950), DREB1B (AT4G25490), DREB2A (AT5G05410), DREB2B
(AT3G11020), RD20 (AT2G33380), RD22 (AT5G25610), RD29A (AT5G52310),
CO (AT5G15840), TFL1 (AT5G03840), TFL2 (AT5G17690), MAF2 (AT5G65050),
FUL (AT5G60910), ERECTA (AT2G26330), MYB24 (AT5G40350), and MYB108
(AT3G06490). Other accession numbers can be found in Supplemental
Table 4 online. The wild-type drought project microarray data are available
from Gene Expression Omnibus (GEO) at National Center for Biotechnology
Information (NCBI) with the series entry GSE40998. Access to these data is
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provided at http://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?token=
hoxdowwwocaobmandacc=GSE40998. The drebla (CS872453) mi-
croarray data are available from GEO at NCBI with the series entry
GSE43724. Access to these data is provided at http://www.ncbi.nim.nih.
gov/geo/query/acc.cgi?token=fdazviywgskayzuandacc=GSE43724.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Phenotypic Comparison of WW Plants and
DT Plants.

Supplemental Figure 2. Alexander Staining of the Anthers and in Vitro
Germination of Pollen from WW Plants and DT Plants.

Supplemental Figure 3. Silique Growth Was Affected by Drought
Stress.

Supplemental Figure 4. Correlation between Two Biological Repli-
cates at Each Time Point.

Supplemental Figure 5. Venn Diagram and Enrichment Analysis of
Differentially Expressed Genes.

Supplemental Figure 6. Quantitative PCR Verification of Microarray
Data.

Supplemental Figure 7. cis-Regulatory Element Analysis of 1 kb and
3 kb Promoters of Differentially Expressed Genes.

Supplemental Figure 8. The dreb7a T-DNA Mutant Information and
DREB Genes Expression Pattern under Drought Stress in Flower.

Supplemental Figure 9. Phenotypes of dreb7a Compared with Wild
Type under Early Drought Stress.

Supplemental Figure 10. Phenotypes of dreb7a Compared with Wild
Type under Prolonged Stress.

Supplemental Figure 11. Changes in Expression Patterns of Genes
for IAA, GA, JA, and brassinosteroid Pathways under Drought Stress.

Supplemental Table 1. The Number of Genes with Expression Levels
above the 50 Threshold (log2 value > 5.64) in Each Dataset and the
Number of Genes Differentially Expressed in Each Dataset Compared
with Multiple Controls.

Supplemental Table 2. GO Annotation of Genes Differentially Ex-
pressed at T3 versus C3.

Supplemental Table 3. The Expression of DREB Genes in Arabidopsis
Flower under Drought Stress.

Supplemental Table 4. Primers for Quantitative PCR.

Supplemental Data Set 1. The List of 4153 Genes that Were
Differentially Expressed in Any of the Four Datasets.

Supplemental Data Set 2. Statistical Analysis of the cis-Regulatory
Element within 500 bp, 1 kb, and 3kb Promoter Regions of Differen-
tially Expressed Genes.

Supplemental Data Set 3. Statistical Analysis of the cis-Regulatory
Element within 500 bp, 1 kb, and 3kb Promoters Region of Differen-
tially Expressed Transcription Factors.
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