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Early seed development events are highly sensitive to increased temperature. This high sensitivity to a short-duration
temperature spike reduces seed viability and seed size at maturity. The molecular basis of heat stress sensitivity during early
seed development is not known. We selected rice (Oryza sativa), a highly heat-sensitive species, to explore this phenomenon.
Here, we elucidate the molecular pathways that contribute to the heat sensitivity of a critical developmental window during
which the endosperm transitions from syncytium to the cellularization stage in young seeds. A transcriptomic comparison of
seeds exposed to moderate (35°C) and severe (39°C) heat stress with control (28°C) seeds identified a set of putative imprinted
genes, which were down-regulated under severe heat stress. Several type I MADS box genes specifically expressed during the
syncytial stage were differentially regulated under moderate and severe heat stress. The suppression and overaccumulation of
these genes are associated with precocious and delayed cellularization under moderate and severe stress, respectively. We
show that modulating the expression of OsMADS87, one of the heat-sensitive, imprinted genes associated with syncytial stage
endosperm, regulates rice seed size. Transgenic seeds deficient in OsMADS87 exhibit accelerated endosperm cellularization.
These seeds also have lower sensitivity to a moderate heat stress in terms of seed size reduction compared with seeds from
wild-type plants and plants overexpressing OsMADS87. Our findings suggest that OsMADS87 and several other genes
identified in this study could be potential targets for improving the thermal resilience of rice during reproductive
development.

Global mean surface temperature is projected to
continue to increase and pose a serious challenge to
crop production (Shah et al., 2011; Teixeira et al., 2013).
Rice (Oryza sativa), which provides more calories per
capita globally than any other crop, is highly sensitive
to heat stress (Peng et al., 2004; Jagadish et al., 2009;
Aghamolki et al., 2014). One estimate suggests that rice
yield will decrease by approximately 10% for every 1°C
increase in minimum temperature (Peng et al., 2004).
The grain yield of almost all crop species is highly
sensitive to temperature fluctuations outside the opti-
mal range during reproductive development (Long
and Ort, 2010). Therefore, higher global temperatures
coupled with increasing population pose a serious

challenge for achieving food security. Importantly, the
increased population pressure is disproportionately
higher in the rice-growing regions of Asia and Africa.

During the rice reproductive stage, several develop-
mental events have an impact on productivity if the
plants experience a temperature spike (Shah et al.,
2011). One such developmental stage is the early seed
development window. The first 2 to 3 d after double
fertilization are highly sensitive to environmental
stresses and significantly decrease the size of the de-
veloping seeds (Folsom et al., 2014). Depending on the
duration and intensity of the stress, both yield and grain
quality are negatively affected (Krishnan et al., 2011;
Lyman et al., 2013). For most higher plants, endosperm
cellularization is the key event during early seed de-
velopment (Brown et al., 1996; Hehenberger et al.,
2012). After fertilization, the primary endosperm nu-
cleus undergoes several rounds of mitotic divisions that
are uncoupled from cell wall synthesis and cytokinesis
to form the syncytium, a cell containing multiple free
nuclei. The syncytium stage is conserved in both
monocots and dicots (Olsen, 2004). In plants, the syn-
cytium transitions from the free nuclear stage by initi-
ating cellularization of the peripheral nucleus, which is
followed by simultaneous cytokinesis and cell wall
formation. After that, cell division continues to proceed
in a centripetal direction until the endosperm cells
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occupy most of the central vacuole (Olsen, 2001).
Typically, in rice, cellularization is initiated 48 h
after fertilization (HAF) and the endosperm is fully
cellularized by 96 HAF (Ishikawa et al., 2011; Folsom
et al., 2014). Either precocious or delayed syncytium/
cellularization transition in endosperm can cause ab-
normal rice seeds and possibly lead to seed abortion
(Ishikawa et al., 2011; Sekine et al., 2013).
Several main regulators involved in early seed de-

velopment have been characterized in Arabidopsis
(Arabidopsis thaliana; Ohad et al., 1996; Grossniklaus
et al., 1998; Kang et al., 2008). An important finding in
this field was the discovery that the POLYCOMB-
REPRESSIVE COMPLEX2 (PRC2), which catalyzes
the trimethylation of histoneH3 at Lys-27, an epigenetic
mark associated with gene silencing, is essential
for the transition from the syncytial stage to endo-
sperm cellularization (Pires, 2014; Mozgova and
Hennig, 2015). FERTILIZATION-INDEPENDENT SEED
(FIS)-PRC2, composed of MEDEA (MEA), FIS2, and
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE),
functions during early seed development. The endo-
sperms of mea, fis2, and fie mutants overproliferate and
fail to cellularize, thus causing seed abortion (Ohad
et al., 1996; Grossniklaus et al., 1998). Interestingly,
MEA and FIS2 are imprinted and expressed preferen-
tially from the maternal genome (Luo et al., 2000; Xiao
et al., 2003). In plants, the imprinted genes have pre-
dominantly endosperm-specific expression (Köhler et al.,
2012; Gehring, 2013). Several other imprinted genes,
such as ARABIDOPSIS FORMIN HOMOLOG5,
MATERNALLY EXPRESSED PAB C-TERMINAL, RAS-
RELATED NUCLEAR PROTEIN1, and ADMETOS, also
affect Arabidopsis seed development and endosperm
cellularization (Tiwari et al., 2008; Fitz Gerald et al., 2009;
Kradolfer et al., 2013b; Liu et al., 2014). In rice, OsFIE1 is
imprinted, and its increased expression after fertilization
is associated with the initiation of endosperm cellulari-
zation (Luo et al., 2009; Folsom et al., 2014). Epigenetic
regulation, both DNAmethylation and histone-level mod-
ifications, is important for modulating imprinting (Zhang
et al., 2012).Themutantsof riceMETHYLTRANSFERASE1-2
(OsMET1-2) and the demethylase gene REPRESSOR OF
SILENCING1a (ROS1a) also show seed developmental
defects (Yamauchi et al., 2008; Ono et al., 2012; Hu
et al., 2014).
In addition to the PRC2 member genes, several type I

MADS box genes, some of which are regulated by
PRC2, also promote endosperm proliferation or repress
endosperm cellularization in Arabidopsis (Walia et al.,
2009; Pires, 2014). For instance, seeds deficient inAGL62
exhibit accelerated endosperm cellularization, sug-
gesting a role for AGL62 in suppressing the initiation of
cellularization (Kang et al., 2008). Possibly, Arabidopsis
type I AGLs act downstream of FIS-PRC2, because the
overproliferation phenotype of themea or fismutant can
be suppressed by reducing AGL37/PHERES1 (PHE1),
AGL62, or AGL90 expression (Köhler et al., 2003;
Makarevich et al., 2008; Walia et al., 2009; Hehenberger
et al., 2012). Notably, several type I MADS box genes,

including paternally expressed PHE1 and AGL92 and
maternally expressed AGL36 and At1g59930, also are
imprinted (Köhler et al., 2005; Hsieh et al., 2011;
Shirzadi et al., 2011). Misregulation of one of the po-
tential rice homologs of PHE1, OsMADS87, correlated
with an altered developmental transition in interspe-
cies rice crosses (Ishikawa et al., 2011). Besides type I
MADS box genes, other subgroup members such as
OsMADS29 also play a critical role in normal rice seed
development (Yang et al., 2012; Yin and Xue, 2012;
Nayar et al., 2013).

The expression of OsMADS87 is specific to the syn-
cytial stage and is suppressed during endosperm cel-
lularization (Ishikawa et al., 2011; Sekine et al., 2013).
More pertinently, the expression of OsMADS87 shows
temperature sensitivity and is negatively associated
with an increased expression of OsFIE1, the only PRC2
complex member exhibiting thermal sensitivity in de-
veloping rice seeds (Folsom et al., 2014). Although the
expression ofOsMADS87 and its Arabidopsis homolog,
PHE1, is associated with early endosperm develop-
ment, its role in seed development, especially seed size,
is not known. More importantly, we currently lack a
genome-scale understanding of how increased tem-
perature shapes the transcriptome of a rapidly growing
young seed. Given the impact of heat stress on final
seed size and grain quality, a better understanding of
how the critical transition from the syncytial to the
cellularized state of endosperm is affected by heat stress
at the molecular level is essential for identifying target
genes and molecular pathways for developing rice that
is more resilient during this transient but highly sensi-
tive window of reproductive development.

RESULTS

A Transient Heat Stress during Early Seed Development
Impacts Final Seed Size

We applied moderate (day/night temperature of
35°C/30°C) and severe (39°C/34°C) heat stresses to
developing rice seeds at 24 HAF and maintained them
for 24, 48, or 72 h before the stress was relieved and
plants were grown to maturity. A parallel set of plants
was maintained under control conditions (28°C/25°C).
We found that even a transitory heat stress visibly
impacted the size and viability of mature grains. We
observed a range of seed abnormalities (Fig. 1, A and
B). Seeds exposed to severe heat stress were relatively
more shriveled (Fig. 1B). For the rice variety Kitaake
(ssp. japonica) used in this study, the syncytium/
cellularization transition is initiated around 48 HAF
but before 72 HAF under control condition (28°C; Fig.
1, C–E). Histological analysis of developing seeds
showed that the transition event under moderate heat
stress was accelerated, as the endosperm was com-
pletely cellularized at 72HAF (Fig. 1, F andG).However,
severe heat stress arrested the cellularization process,
as the central vacuole persisted at 96 HAF (Fig. 1, H–J).
These results provide developmental insights into the
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impact of a short-duration heat stress on mature seed
size and clearly differentiate the cellular phenotypes
associated with moderate and severe heat stress events.
The molecular mechanisms underlying the differential
developmental sensitivity of the young rice seeds remain
largely unexplored.

Heat Stress Activates Transposable Elements

We next explored the changes in the transcriptional
landscape in response to temperature-driven pertur-
bation of endosperm developmental events. After fer-
tilization, the rice plants were grown at 28°C/25°C
(day/night) for 24 h. Then, the plants were either ex-
posed to a moderate (35°C/30°C) or severe (39°C/34°C)
heat stress or kept at 28°C/25°C (control conditions for

rice). Young seeds (comprising the seed coat, embryo,
and endosperm)were collected from control, moderate,
and severe heat-stressed plants at 48 and 72 HAF for
transcriptome analysis using the RNA sequencing
(RNA-seq) approach (Supplemental Fig. S1). Of the
22,000 expressed genes detected in early developing
seeds, approximately 20,706 were commonly iden-
tified in both control and heat-stressed samples
(Supplemental Table S1). We found 1,265 genes to be
expressed only under heat stress (Supplemental Table
S2). Gene Ontology (GO) analysis of this set of heat
stress-induced genes showed enrichment for secondary
metabolism process, response to stimuli, oxygen bind-
ing, and transcription regulator activity (Supplemental
Table S3), suggesting that these processes may be im-
portant for the heat stress response. A surprisingly
high number (194 out of 1,265) of the heat-induced
genes were annotated as putative transposon or retro-
transposon genes (Fig. 2A; Supplemental Table S2),
suggesting that temperature stress specifically activates
TEs. The transcript abundance of these TEs generally
increased with the severity of the stress, suggesting a
temperature-sensitive quantitative response (Fig. 2B).
We randomly selected two transposon- and two
retrotransposon-encoding genes from the heat-induced
TE set for validation using quantitative real-time
PCR (qPCR) and found the data to be consistent with
transcriptome analysis (Fig. 2C). Among the highly
activated TEs, Pong, Ac/Ds, and Mariner subclasses of
transposons are overrepresented (Fig. 2D), suggesting a
higher temperature sensitivity of these TEs in rice.

TEs are silenced by cytosine methylation in plants.
To determine if the heat-induced activation of TEs is
a seed-specific response resulting due to the DNA
hypomethylation associated with developing rice en-
dosperms (Zemach et al., 2010), we quantified the
transcript abundance of the four previously selected
TEs in heat-treated young leaves and corresponding
control samples. Three of the four genes tested exhibi-
ted strong heat-induced activation in leaves, indicating
that the induction of these TEs is not a seed-specific
feature (Supplemental Fig. S2). To address if heat
stress activation of the TE is due to an alteration in DNA
methylation of the TEs, we selected two heat-induced
TEs and performed targeted bisulfite sequencing of
regions on these genes known to be methylated based
on methylation profiles from a public database. We did
not observe significant changes in cytosine methylation
levels in the CG, CHG, and CHH contexts in response
to heat stress (Fig. 2, E and F). Overall, our results in-
dicate that DNA hypomethylation is unlikely to drive
the temperature sensitivity of the TEs.

Identification of Putative Development-Related Genes
Associated with the Initiation of
Endosperm Cellularization

To identify putative rice genes whose expression is
differentially regulatedduring the transition of endosperm

Figure 1. Morphological and histological analyses of control and heat-
stressed seeds. A and B, Mature seed phenotypes resulting due to a short
period of heat stress. The heat stress was imposed at 24 HAF for 24 to
72 h, and then plants were maintained under normal conditions (28˚C)
until maturity. NS, Nonstressed; MS, moderate stressed; SS, severe
stressed; 24H, 48H, and 72H indicate the hours of stress treatment.
Bars = 1 mm. C to J, Sections of nonstressed (C–E), moderate-stressed (F
and G), and severe-stressed (H–J) young seeds at 48 HAF (C, F, and H),
72 HAF (D, G, and I), and 96 HAF (E and J). Bars = 200 mm.
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from syncytium to cellularization, we compared the 48-
and 72-HAF seeds developing under control conditions.
We identified 1,140 differentially expressed genes,
with 578 down-regulated and 562 up-regulated genes
(Supplemental Table S4). These differentially expressed
genes are considered as putative development-related
genes (PDRGs) for normal seed development and are
more likely to be involved in the transition from the
syncytium to the cellularized state of the endosperm.
MapMan functional category analysis indicated that cell
cycle, DNA synthesis/chromatin structure, and genes
associated with transcriptional regulation were signifi-
cantly enriched (Supplemental Fig. S3). Among the 1,140
PDRGs, 124 genes were annotated as transcription

factors (TFs). Among them, the AP2/EREBP, basic
helix-loop-helix, WRKY domain, Arabidopsis response
regulator, zinc finger homeodomain, and heme activa-
tor protein TF families were enriched (Supplemental
Fig. S3), indicating that the endosperm undergoes ac-
tive transcriptome-level reprogramming during the
initiation of cellularization.

Heat Stress Impaired the Expression of Development-
Related Genes in Young Seeds

As defined above, PDRGs are a set of genes differ-
entially regulated between 48 and 72 HAF under

Figure 2. Transposable elements (TEs)
are activated in heat-stressed young
seeds. A, A significant portion of the
heat stress-induced genes are TEs. B,
Heat map of the expression profiles of
heat-induced TEs at different time
points and growth conditions. Num-
bers indicate hours after fertilization;
CK, MS, and SS indicate nonstressed,
moderate-stressed, and severe-stressed
conditions, respectively. C, Gene ex-
pression validation of the four ran-
domly selected heat-activated TEs
identified from RNA-seq analysis. D,
Classification of the heat-activated TEs.
E and F, DNAmethylation status of two
selected TEs in the nonstressed leaves
and seeds and severe-stressed seeds.
Black bars indicate the regions inves-
tigated for methylation.
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control conditions. We next focused on the subset of
PDRGs that exhibit thermal sensitivity. This gene set is
more likely to provide insights on how heat stress
affects the syncytium/cellularization transition. Ap-
proximately 35% and 42% of PDRGswere differentially
expressed under heat stress at 48 and 72 HAF, respec-
tively, compared with the corresponding control condi-
tions (Supplemental Fig. S4). Under control condition,
578 PDRGs were down-regulated at 72 HAF compared
with 48HAF. Themajority of these geneswere repressed
at 48 HAF under heat stress (Fig. 3A). However, the up-

regulated PDRGs had a more divergent response to
heat stress. The expression of some PDRGs was sup-
pressed at 72 HAF, whereas others were induced by
heat stress (Fig. 3B). Notably, a group of PDRGs were
up-regulated at 35°C but repressed at 39°C (Fig. 3, B
and C; Supplemental Table S5). Considering that
the syncytium/cellularization transition is acceler-
ated during the 35°C treatment and delayed during the
39°C, treatment, we hypothesized that these PDRGs
with contrasting expression responses to moderate and
severe heat stress were associated with the accelerated

Figure 3. Responses of PDRGs to heat stress. A, Relative expression (indicated as log2 fold change [Log2FC]) of down-regulated
PDRGs in moderate- and severe-stressed seeds at 48 HAF in comparison with nonstressed seeds. B, Relative expression of up-
regulated PDRGs in moderate- and severe-stressed seeds at 72 HAF in comparison with nonstressed seeds. Gray and blue areas
indicate genes that were down- and up-regulated under heat stress conditions, respectively. The red area indicates genes that were
up-regulated undermoderate stress but down-regulated under severe stress. C, Normalized count numbers (nCounts) of the genes
specifically activated under moderate heat stress but repressed under the severe stress condition. Numbers indicate hours after
fertilization; CK, MS, and SS indicate nonstressed, moderate-stressed, and severe-stressed conditions, respectively.
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and arrested syncytium/cellularization endosperm tran-
sition, respectively. We examined the expression of
these transition-specific and heat-responsive PDRGs in
a set of publicly available rice atlas expression data.
Most of these genes are preferentially expressed in the
endosperm (Supplemental Fig. S5), further supporting
our hypothesis of a role for these PDRGs during early
endosperm developmental events. Furthermore, this
result also suggests that our analysis is enriching for
endosperm-associated genes even though we sampled
entire seeds for expression analysis. GO analysis in-
dicated that the transcription factors category was
significantly (P = 0.016) enriched in these moderate/
severe heat stress differentially responsive PDRGs.
Seven and four of the 50 PDRGs belong to the defensin
(DEF) family and the ZmEBE (embryo sac/basal en-
dosperm transfer layer/embryo-surrounding region)
homologous genes, respectively (Supplemental Table
S5), indicating that DEFs and ZmEBE homologs, along
with additional TFs, may play critical role during the
initiation of endosperm cellularization in rice.

Phase-Specific Thermal Sensitivity of the Cell Cycle in
the Endosperm

The key feature of the syncytial endosperm is the free
nuclear division without cytokinesis (Olsen, 2001,
2004). Eukaryotic cell cycles are tightly regulated by

several distinct protein family, such as cyclins, cyclin-
dependent kinases (CDKs), cyclin-dependent kinase
inhibitors, the protein kinase Wee, and E2F transcrip-
tion factors (Schaller et al., 2014). Some cell cycle-related
genes, such as OsCYCB1;1, OsKRP;3, and OsKRP1,
mediate early endosperm development through cell
cycle regulation (Barrôco et al., 2006; Guo et al., 2010;
Mizutani et al., 2010). Cell cycle genes were enriched in
the differential expression comparison between control
and moderately heat-stressed seeds based on MapMan
analysis (Supplemental Fig. S3). We categorized these
genes in the context of their thermal sensitivity during
the syncytial/cellularization transition phase by com-
paring their expression profiles at 48 and 72 HAF.
Thirty-five of the 43 cyclins were expressed during
early seed development in rice (Supplemental Table
S6). However, only cyclin A and B group members
exhibited significant transcriptional responses to heat
stress. Most of these genes were down-regulated, es-
pecially under severe heat stress (Fig. 4, A and B;
Supplemental Table S6). Similarly, for the CDK gene
family, CDK-B groupmemberswere specifically repressed
by moderate and severe heat stress (Fig. 4, C and D;
Supplemental Table S6). Cyclins A and B coordinate
with CDK-B to regulate the transition from the G2
phase to the M phase of cell cycle progression (De
Veylder et al., 2007). The thermal sensitivity displayed
by cyclins A and B and CDK-B suggests that the G2/M

Figure 4. Expression of cyclin (A
and B) and CDK (C and D) genes
under control (CK) and severe stress
(SS) conditions at 48 HAF (A and C)
and 72 HAF (B and D). Cyclin A and
B groupmembers are labeled in blue
and red, respectively, in A and B. B
group members of CDKs are labeled
in yellow in C and D. Dots outside of
the gray areas show 2-fold changes
according to the normalized count
numbers (nCounts).
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cell cycle phase transition is more sensitive to increased
temperature compared with other cell cycle genes. An
activated cyclin/CDK complex can induce the ex-
pression of the three-MYB-repeat (MYB-3R) family
TFs. MYB-3Rs target the M-phase-specific activator
cis-elements to activate M phase-specific genes
(De Veylder et al., 2007). The rice genome has four
putative MYB-3R genes, only two (LOC_Os12g13570
and LOC_Os01g12860) of which were suppressed
by moderate heat stress at either 48 or 72 HAF
(Supplemental Table S6). The suppression of the two
heat-responsive MYB-3R genes was even stronger un-
der severe heat stress. Collectively, our results indicate
that the G2/M phase transition during the cell cycle is
likely to be one of the determinants of the high heat
sensitivity of young rice seeds.

Heat Stress Misregulates Putative Imprinted Genes in Rice

Imprinted genes of plants have been associated with
endosperm development, and specifically with the
cellularization process (Gehring et al., 2004; Gehring,
2013; Pires, 2014). Given the impact of heat stress on
endosperm development in general and specifically on
endosperm cellularization, we explored our data set to
gain insights into the thermal sensitivity of putative
imprinted genes in rice. A previous report had identi-
fied 168 putative imprinted genes in rice (Luo et al.,
2011). Of this list, 159 genes were expressed in our de-
veloping seed samples, and more than 40% were dif-
ferentially expressed (fold change . 2 and P , 0.05)
between 48 and 72 HAF under the control condition.
The majority (59 out of 63) of these differentially

Figure 5. Expression of the putative imprinted genes is interrupted by heat stress. A, Expression-level fold changes (FC) of the
putative imprinted genes between 48 and 72 HAF under normal control (CK), moderate stress (MS), and severe stress (SS) con-
ditions. B, Expression of the putative imprinted geneOsFBL36 is activated in transgenic lines overexpressingOsFIE1, a known rice
imprinted gene. C, Expression-level response of OsFBL36 to 2˚C increments in temperature at 48 HAF. D, Expression profile of
OsFBL36 in different tissues. Error bars indicate SD.
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expressed imprinted geneswere up-regulated at 72HAF
(Fig. 5A), suggesting that the activation of imprinted
genes coincides with the initiation of endosperm cellu-
larization. Under severe heat stress, we observed a col-
lective lack of activation of these genes at 72 HAF.
However, moderate heat stress did not maintain con-
sistent suppression across all the putative imprinted
genes (Fig. 5A). In fact, 25 of the 59 genes identified
previously had higher transcript abundance at 35°C
relative to the seeds developing at 28°C at 72 HAF (Fig.
5A; Supplemental Table S7). Our analysis indicates that
heat stress results inmistimed release of imprinting from
a subset of seed-specific genes in rice.
OsFIE1 is the only functionally characterized imprinted

gene in rice (Zhang et al., 2012). Exogenous expres-
sion of OsFIE1 in transgenic rice lines induces the
precocious syncytium/cellularization transition of en-
dosperm (Folsom et al., 2014).We identified a previously
reported imprinted gene, OsFBL36, to be coexpressed
with OsFIE1 based on rice coexpression database search
and qPCR confirmation (Luo et al., 2011). Moderate heat
stress up-regulated OsFBL36 as well as OsFIE1, while
severe stress down-regulated both genes (Fig. 5, A and
C). To further confirm the coexpression pattern of
OsFIE1 and OsFBL36, we determined the transcript
abundance of OsFBL36 in developing rice seeds from
transgenic plants overexpressing OsFIE1. OsFBL36 was
up-regulated 10-fold in OsFIE1-overexpressing seeds at
72 HAF (Fig. 5B). Previously, OsFIE1 expression was
shown to respond to small increments (2°C) in temper-
ature (Folsom et al., 2014). To further test our hypothesis
of OsFBL36 coexpression with OsFIE1, we assayed
OsFBL36 expression in 48-HAF seeds developing under
a range of temperatures with 2°C increments. We ob-
served that OsFBL36 transcript abundance increased
until 34°C relative to the control condition seeds and
decreased subsequently as the temperature exceeded
34°C (Fig. 5C). This response was similar to the OsFIE1
response, further supporting the coexpression hypothe-
sis of OsFIE1 and OsFBL36. Additionally, similar to the
seed-specific expression ofOsFIE1,OsFBL36 is expressed
predominantly in developing seeds (Fig. 5D).
Erasing methylation marks typically activates the

expression of imprinted genes/alleles (Huh et al.,
2008; Köhler et al., 2012; Gehring, 2013). Concomitant
with the up-regulation of the putative imprinted
genes at 72 HAF under the control condition, the ex-
pression of DNA methylase-encoding genes, includ-
ing CHROMOMETHYLASE1 (OsCMT1) andOsCMT3,
METHYLTRANSFERASE1 (OsMET1a and OsMET1b),
andDOMAINSREARRANGEDMETHYLTRANSFERASE3
(OsDRM3), decreased significantly (Supplemental Table
S8). Transcripts of the putative rice DNA demethylase
genes ROS1a, ROS1c, ROSd, DML3a, and DML3b were
detectable in developing seeds (Supplemental Table S8).
Severe heat stress strongly repressed the expression
of OsCMT1, OsCMT3, OsMET1a, and OsMET1b at 48
HAF. Furthermore, OsCMT3 was also down-regulated
at 72HAF by severe heat stress (Supplemental Table S8).
The suppression of DNA methylase genes suggests the

depletion of methylation levels. However, this result
conflicts with our observation of the silencing of most
imprinted genes under heat stress. This could be partially
due to the fact that severe heat stress also suppressed the
expression ofROS1a, the predominant demethylase gene
in young rice seed (Supplemental Table S8). To determine
the outcome of the temperature-induced differential
regulation of known and putative methylation and de-
methylase genes, we ascertained the methylation status
of OsFBL36 using the methylation-sensitive restriction
endonuclease MspI assay. We used MspI-treated DNA
from 72-HAF seeds as the template to amplify OsFBL36.
BecauseMspI cannot digest methylated recognition sites,
the yield of PCR products is indicative of themethylation
status of the enzyme recognition sequence. We found
that severe heat-stressed seedDNA, but not themoderate
heat-stressed seed DNA, was more resistant to MspI,
which was indicated as a higher yield of PCR products.
This result indicated that OsFBL36 is more methylated
under severe heat stress than under control conditions
(Supplemental Fig. S6).

Temporal Response of Type I MADS Box Genes during
Heat Stress

Several M-g type I MADS box genes were repressed
at 72 HAF compared with 48 HAF in rice seeds under
control conditions. The repression of these MADS box
genes coincided with the initiation of cellularization. At
48 HAF, these M-g type I MADS box genes had higher
transcript abundance under moderate and severe heat
stress compared with control seeds (Fig. 6A). The
transcript abundance of several MADS box genes was
higher under severe stress compared with moderate
stress at 48HAF. At 72HAF, however, the expression of
M-g typeOsMADS genes was suppressed dramatically
under moderate stress to a level even lower than in
nonstressed seed (Fig. 6A). In contrast, seeds exposed to
severe stress still maintained higher expression levels at
72 HAF (Fig. 6A). We selected three genes (OsMADS82,
OsMADS87, and OsMADS89) for expression confir-
mation using qPCR (Fig. 6, B–D). A time-course ex-
periment showed that OsMADS82, OsMADS87, and
OsMADS89 are not expressed in unfertilized ovules
under normal conditions (Fig. 6E). The expression was
greatly increased from 24 to 48 HAF and peaked at 48
HAF. After that, genes were strongly down-regulated,
with very low read counts at 72 HAF (Fig. 6A). A
similar expression pattern was found for nine of the 10
M-g type I MADS rice members. OsMADS88 was an
exception, as its transcripts persisted at least until 96
HAF under control conditions (Fig. 6, E and F). This
suggested that OsMADS88 may have a distinct role
and/or regulation compared with other M-g type I
MADS genes in rice during early endosperm develop-
ment. It is noteworthy that the expression pattern of
M-g type I OsMADS genes, which are suppressed un-
der moderate stress but still showed relatively high
levels under severe stress, matched very well with our

Plant Physiol. Vol. 171, 2016 613

Rice Heat Stress

http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01992/DC1


histological observations that moderate heat stress ac-
celerated cellularization whereas severe stress delayed
it. Given the role of AGL62 (type I MADS) in regulating
the cellularization timing in Arabidopsis (Kang et al.,
2008), we decided to characterize OsMADS87 from our
gene list for its role in endosperm development.

OsMADS87 Regulates Seed Size in Rice

Imprinted gene OsMADS87 is one of the potential
rice homologs of the Arabidopsis endosperm-specific
gene PHE1 (Ishikawa et al., 2011). OsMADS87 has

higher expression during the syncytial stage of rice
endosperm development (Ishikawa et al., 2011; Folsom
et al., 2014). However, the role of OsMADS87 during
rice seed development is not known. Our in situ hy-
bridization assay showed that the OsMADS87 gene is
highly expressed in endosperm as well as in pericarp at
48 HAF, whereas gene expression is suppressed at 72
HAF (Fig. 6G). To functionally characterizeOsMADS87,
we generated independent rice transgenic lines either
overexpressing OsMADS87 (OE) or with repressed
OsMADS87 expression via RNA interference (RNAi).
We found that altering OsMADS87 expression in trans-
genic rice lines influenced seed size. The vegetative

Figure 6. Expression responses of M-g type I OsMADS genes to heat stress. A, Normalized count numbers of M-g type I OsMADS
genes in the seeds grown under normal control (CK), moderate stress (MS), and severe stress (SS) conditions at 48 and 72HAF. B to
D and F, qPCR confirmation of the expression ofOsMADS82 (B),OsMADS87 (C),OsMADS89 (D), andOsMADS88 (F). Error bars
indicate SD. E, Time-course expression analysis of OsMADS82, OsMADS87, OsMADS88, and OsMADS89 under normal con-
ditions. The relative expression levels of different OsMADS genes at 0, 24, 48, 72, and 96 HAF are presented. G, In situ hy-
bridization of OsMADS87 at 48 HAF (a and c) and 72 HAF (b and d). In a and b, a sense probe was used, and in c and d, an
antisense probe was used. Bars = 0.2 mm.
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growth of OE and RNAi lines was similar to that of the
wild type, other than slightly shorter plant height (Fig.
7, A and B). However, RNAi lines produced smaller
seeds and the OE lines had larger seeds at maturity
compared with wild-type seeds (Fig. 7, C and D).
To specifically test if the alteration in seed size is due

to a shift in the timing of endosperm cellularization, we
examined cross sections of developing seeds from wild-
type and transgenic plants at 48, 72, and 96 HAF. Re-
duced expression ofOsMADS87 accelerated endosperm
cellularization in the RNAi plants. The seeds from
OsMADS87 RNAi plants were completely cellularized
by 72 HAF, whereas the wild-type seeds completed
cellularization at 96 HAF (Fig. 8A). However, over-
expression of OsMADS87 did not exhibit any visual
anomaly in the cellularization process (Fig. 8A).We next
performed quantitative reverse transcription-PCR to
measure the expression level of OsFIE1, a marker gene
for cellularization, in developing seeds collected at 24,
48, and 72 HAF from wild-type, OE, and RNAi plants.
The transcript level ofOsFIE1 begins to accumulate at 48
HAF in wild-type seeds developing under control con-
ditions and precedes the transition to cellularization
(Folsom et al., 2014). The expression ofOsFIE1 at 72HAF
is higher than at 48HAF. The expression ofOsFIE1 in the
OsMADS87 RNAi seeds was significantly higher than in
wild-type seeds at 24 and 48HAF (Fig. 8B). This indicated
that seeds deficient in OsMADS87 cellularize earlier than
wild-type seeds,which typically initiate cellularization by
72 HAF. The expression of OsFIE1 was not strikingly
different in OE seeds at 24, 48, and 72 HAF relative to
wild-type controls (Fig. 8B). The expression patterns of

OsFIE1 in different genotype plants (Fig. 7B) are consis-
tent with the histological observation of cellularization
timing (Fig. 8A). We also measured the expression of
OsMADS87 in the same seed samples. Notably, the tran-
script abundance of OsMADS87 in OE lines is 17-, 90-,
and 7-fold higher at 24, 48, and 72 HAF, respectively,
relative to wild-type 24-HAF seeds. This suggests that
OsMADS87 is repressed strongly at 72 HAF compared
with 48 HAF even in OE lines (Fig. 8C). The expression
ofOsMADS87 in the RNAi lines is consistently lower at
all time points (Fig. 8C).

Next, we asked if altering OsMADS87 expression
could directly impact the phenotypic response of
seeds exposed to a short-duration heat stress. For this,
OsMADS87 RNAi and OE lines and wild-type plants
weremoderately stressed (35°C) as described earlier. The
heat stress was relieved, and the plants were allowed to
reach maturity under normal conditions. We found that
mature seeds from wild-type and OsMADS87 OE plants
exhibited greater sensitivity in the context of reduced
seed dimensions in response to heat stress compared
with OsMADS87 RNAi lines (Fig. 9). Collectively, these
data suggest thatOsMADS87 regulates seed size and that
the heat-induced deficiency of OsMADS87 during the
syncytial stage accelerates endosperm cellularization.

DISCUSSION

Environmental stress-triggered activation of TEs has
been reported in various organisms (Grandbastien, 1998;
Hashida et al., 2006; Pecinka et al., 2010; Tittel-Elmer

Figure 7. Phenotypic and expres-
sion analyses of OsMADS87 trans-
genic plants. A and B, Phenotypes of
OsMADS87 OE plants (A) and RNAi
plants (B) at the tillering stage. C,
Seed phenotypes of wild-type (WT),
OE, and RNAi plants. D, Length and
width of wild-type, OE, and RNAi
seeds. Asterisks indicate P , 0.01.
Error bars indicate SD.
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et al., 2010; Cavrak et al., 2014). Putative TEs accounted
for 16% of the heat-induced genes identified in young
rice seeds in our study (Fig. 2A). Changes in epigenetic
modifications, such as DNA methylation and histone
modifications, are considered to be the primary reason
for the activation of TEs. For example, the activation of
some TEs is due to reduced methylation of the Arabi-
dopsis met1 null mutant (Mirouze et al., 2009). The
suppression of TEs is temporally released in the central
cell and during early stages of seed development under
normal conditions (Huh et al., 2008). This process is
usually accompanied by the repression ofMET1 and the
up-regulation of the demethylase gene, DME, in Arabi-
dopsis (Huh et al., 2008). Rice endosperm also undergoes
hypomethylation, which releases epigenetic repression
from the TEs (Zemach et al., 2010). We found that TE
activation was responsive to the severity of the heat

stress, with higher temperature resulting in higher levels
of activation (Fig. 2, B and C). The severe heat stress also
strongly repressed the expression of OsCMT1, OsCMT3,
OsMET1a, and OsMET1b in developing rice seeds
(Supplemental Table S8). We examined the DNA
methylation status of two TEs but did not find any sig-
nificant changes in the DNA methylation levels of these
TEs (Fig. 2, E and F). This suggested that heat stress
might not be activating these TEs via DNA demethyla-
tion. Prolonged heat stress activated several repetitive
elements in Arabidopsis without the loss of DNA
methylation and with only minor changes of histone
modification (Pecinka et al., 2010). Instead, activation of
these TEs was associated with the loss of nucleosomes
and heterochromatin decondensation (Pecinka et al.,
2010). Whether the rice genome undergoes similar
changes remains to be determined. Because we only

Figure 8. Histological and expres-
sion analyses of wild-type (WT), OE,
and RNAi (RI) transgenic seeds. A,
Sections of wild-type (top), OE
(middle), and RNAi (bottom) seeds at
48 HAF (left), 72 HAF (middle), and
96HAF (right). Bars = 200mm. B and
C, Relative expression of OsFIE1 (B)
and OsMADS87 (C) in developing
transgenic andwild-type seeds. Error
bars indicate SD.
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examined the methylation status in a single region
within the coding sequence of each TE, we cannot ex-
clude the possibility of heat-induced cytosine demeth-
ylation in a region outside those assayed in our study.
DNA methylation and/or histone modifications

have been associatedwith a parent-of-origin expression
pattern of imprinted genes in Arabidopsis (Huh et al.,
2008; Köhler et al., 2012; Gehring, 2013). The DNA-
demethylating glycosylase DEMETER, the DNA
methytransferase MET1, and, for some cases, the core
polycomb protein FIE are required to maintain the
normal imprinting patterns (Huh et al., 2008). We ex-
amined the methylation status changes of a putative
rice imprinted gene, OsFBL36, in response to heat
stress. The result indicated that OsFBL36 had a higher
methylation level under severe heat stress relative to
control seeds (Supplemental Fig. S6). A large number
of putative rice imprinted genes were also down-
regulated in response to heat stress (Fig. 5). The down-
regulation of putative imprinted genes in rice was
inconsistent with our observed repression of genes en-
coding methylases by high temperature (Supplemental
Table S8). Under control conditions, several imprinted
genes were up-regulated when the endosperm tran-
sitioned from the syncytial to the cellularized stage,
suggesting a transition to biparental expression (Fig.
5). Considering that severe heat stress arrests the
transition from syncytium to cellularization of

endosperm in rice (Fig. 1, C–J), we hypothesize that a
failure to release the epigenetic repression of the si-
lenced parental allele reduces the gene dosage under
severe heat stress, thus contributing to the lack of
cellularization in severe heat-stressed endosperms
(Fig. 10). This potential failure to recover the expres-
sion of the imprinted alleles during cellularization
could be associated with the stress-induced suppres-
sion of ROS1a, the main demethylase gene in rice
(Supplemental Table S8). A similar scenario involving
imprinting and genome dosage imbalance has been
proposed for incompatible F1 interspecies hybrid
seeds, where endosperm fails to cellularize and over-
proliferates, resulting in seed death (Dilkes and
Comai, 2004).

Our transcriptome data indicate that the regulation
of imprinted genes is a contributing factor in heat stress-
induced aberrations in endosperm development. Sev-
eral of the genes identified from this analysis, such as
OsFIE1, affect rice seed development (Folsom et al.,
2014). Imprinted gene ROS1b encodes for a putative
DNA demethylase. Its close homolog ROS1a also affects
endosperm development via a nonequivalent maternal
and paternal contribution pattern (Ono et al., 2012).
Another imprinted target, CHALK5, underlies a quanti-
tative trait locus controlling endosperm chalkiness in
rice (Li et al., 2014). These findings support our hy-
pothesis that the misregulation of imprinted genes

Figure 9. Mature seed length (top) and seedwidth
(bottom) of wild-type, OE, and RNAi rice seeds
under normal (nonstressed) and 72-h moderate
stress (stressed) conditions at 24 HAF. After a short
period of heat stress, the plants were moved to the
normal growth condition until maturity. Error bars
indicate SD; *, P , 0.05; **, P , 0.01; and ns, not
significant.
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may cause endosperm developmental abnormalities
under heat stress.

AGL62, a type I MADS box gene, promotes nuclear
proliferation and represses cellularization in Arabi-
dopsis (Kang et al., 2008). Overactivation of this group
of MADS box genes is associated with endosperm
failure in Arabidopsis (Kang et al., 2008; Walia et al.,
2009; Kradolfer et al., 2013a). However, to date, none of
the rice type I MADS box genes have been functionally
characterized. Rice type IMADS box genes are expressed
postfertilization and largely repressed before endo-
sperm cellularization (Fig. 6E). However, severe heat
stress prevented the timely down-regulation of these
genes (Fig. 6, A–D). At moderate heat stress, the ex-
pression of a subset of MADS box genes (OsMADS82,
OsMADS87, andOsMADS88) was higher at 48HAF and
lower at 72 HAF relative to control seeds (Fig. 6, A–D).
This suggested that suppression of the type I OsMADS
genes occurs earlier than in control seeds, consistentwith
their syncytium-specific expression (Fig. 10). Our phe-
notypic characterization of OsMADS87, the rice homo-
log of PHE1, further substantiated the role of type I
MADS box genes in regulating the developmental
transition of early endosperm in rice. OsMADS87 is an
imprinted gene with maternal expression (Ishikawa
et al., 2011). Although the disruption of PHE1 does not
have a seed size or developmental phenotype (Köhler
et al., 2005), we foundOsMADS87 to affect the initiation
of endosperm cellularization and seed size (Fig. 7, C
and D). Based on the transcript abundance of OsFIE1,
which accumulates as the endosperm transitions to-
ward cellularization (Fig. 8B), our data suggest that
seeds deficient in OsMADS87 are smaller and exhibit
accelerated cellularization compared with wild-type
seeds. We did not observe an expected correspond-
ing delay in the induction of OsFIE1 (Fig. 8B), indica-
tive of cellularization initiation in OsMADS87 OE
seeds, which were significantly larger at maturity. Fi-
nal seed size is also determined by other factors, such

as the rate of mitotic divisions after cellularization and
grain-filling rate, which could possibly be disturbed
due to the accumulation of OsMADS87 in cellularized
endosperm. Another notable observation from our
study was the relative seed size insensitivity of the
OsMADS87 RNAi seeds when exposed to a short-
duration moderate heat stress relative to seeds from
OsMADS87 OE and wild-type plants. This suggests
that, even though OsMADS87-deficient seeds are
smaller thanwild-type seeds under control conditions,
a moderate heat stress does not further reduce the
seed size to the degree observed in wild-type and
OsMADS87 OE plants.

In this study, we identified a set of PDRGs differen-
tially responding to moderate and severe heat stress.
We assume that these genes are at least partially
responsible for the opposite effects of moderate and
severe heat stress on endosperm cellularization.
Among the PDRGs, OsNF-YB1, an endosperm-specific
gene, was recently reported to play a role in maintain-
ing endosperm cell proliferation at the early endosperm
developmental stage (Sun et al., 2014). Figueiredo et al.
(2015) found that auxin is necessary for proper endo-
spermdevelopment, a process dependent on theMADS
box transcription factor AGL62 (Figueiredo et al., 2015).
On our PDRG list,OsIAA29 is an endosperm-specifically
expressed AUXIN/INDOLE-3-ACETIC ACID family
gene, which is possibly important to auxin-mediated
endosperm development in rice, similar to that in
Arabidopsis. In addition, a flavin monooxygenase
gene involving auxin biosynthesis,OsYUCCA12, also is
included in our PDRGs. Moreover, the endosperm-
preferential expression pattern of the thermo differen-
tially responsive PDRGs strongly implies that these
PDRGs are very important to rice endosperm devel-
opment, although we lack genetic evidence so far.

Core cell cycle-related genes, CYCLIN A and B and
CDK-B group members, were largely repressed by heat
stress in developing rice seeds. These genes are

Figure 10. Proposed model incorporating the
main genes and pathways that are impacted
when young rice seeds are exposed to heat
stress. Arrows and T bars indicate signaling
promotion and inhibition, respectively. CK,
MS, and SS indicate nonstressed, moderate-
stressed, and severe-stressed conditions,
respectively.
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important for the cell cycle G2/M phase transition
(Schaller et al., 2014). We hypothesize that heat stress
may predominantly affect M phase of the cell cycle to
alter endosperm development in young seeds (Figs. 4
and 10). This hypothesis is further supported by our
observation that several activators of M phase-specific
genes, the MYB-3R transcription factors, were sup-
pressed by heat stress (Supplemental Table S6). The cell
cycle genes generally showed consistent changes in
response to moderate and severe stress, although the
differential fold change in expression was higher dur-
ing severe heat stress (Supplemental Table S6). The
differential suppression of cell cycle-related genes un-
der moderate and severe heat may have contrasting
phenotypic consequences. Severe heat stress arrested
seed development, as indicated by our histological
observations and transcriptome analysis (Fig. 1, H–J).
This could possibly be due to a repression of the cell
cycle genes. However, moderate heat stress accelerated
the transition toward cellularization (Fig. 1, F and G).
The transition to cellularization results in the formation
of cell wall around the nucleus from the syncytial stage.
Concomitant with the transition to the cellularization
stage, the rate of cell division decelerates, as suggested
by a decrease in the expression of cell cycle genes at
72 HAF relative to 48 HAF under control conditions.
Therefore, we propose that the decreased expression of
cell cycle genes under moderate heat stress could be a
result of precocious cellularization and the consequent
decrease in the cell cycle, which typically is observed at
72 HAF under control conditions.
Our work provides novel insights into the molecular

components of early rice seed development that con-
tribute toward the thermal sensitivity of rice seeds. We
highlight specific genes and gene families that are sig-
nificantly affected by heat stress. Some of these genes
and, perhaps, entire pathways could be potential tar-
gets for improving the climate resilience of rice in the
future. As an effort in this direction, we present data for
OsMADS87, which exhibited high heat sensitivity and
had role in endosperm cellularization initiation and the
regulation of final seed size (Fig. 7).
Given that temperature is one of the most dominant

factors driving the geographical distribution of plant
species, it is important to understand the molecular
processes that impact the fitness and productivity of
species in ecological and agricultural settings. During
development, young seeds (specially the endosperm)
exhibit high sensitivity to environmental and genomic
perturbations, as indicated by high-temperature sensi-
tivity and postzygotic lethality in incompatible inter-
species and interploidy hybrids. Therefore, early
endosperm development could possibly be conceived
as a developmental bottleneck, a limitation for agri-
cultural productivity as average temperatures continue
to rise. Findings from others and the genomic overview
provided by this study improve our understanding of
this highly heat-sensitive developmental phase. The
potential targets characterized in this study can be
useful for developing more stress-resilient future crops.

MATERIALS AND METHODS

Growth Conditions and Heat Treatment

After transplantation, rice (Oryza sativa) plants were grown in a greenhouse
with 14-h-light/10-h-dark diurnal conditions. The temperaturewasmaintained
between 27°C and 30°C. To apply the heat stress treatments, plants were
transferred to growth chambers (14-h-day and 10-h-night settings, 28°C/25°C
day/night temperature, and 50% humidity) several days before flowering. A
parallel set of control plants were also grown in a growth chamber. On the day
of flowering, fertilized seeds were labeled and maintained at 28°C/25°C day/
night temperature for 24 h after fertilization. At 24 HAF, two different heat
stress conditions were imposed on the plants. For moderate stress, the growth
chamber day/night temperature conditions were set at 35°C/30°C. For the
severe stress, the plants were exposed to 39°C/35°C diurnal temperatures
(Supplemental Fig. S1). Corresponding control plants were maintained under a
28°C/25°C diurnal temperature regime. We selected 35°C and 39°C as the two
heat stress treatments because temperatures in this range are commonly ob-
served in tropical and subtropical rice-growing regions. Young developing
seeds were collected from control, moderately stressed, and severely stressed
plants at 48 and 72 HAF for RNA isolation. For morphological analysis of
mature seeds, plants were moved back to the greenhouse conditions described
above after 24, 48, or 72 h of stress or control treatments. Seeds were collected
and analyzed at maturity after drying them for 7 d at 37°C.

DNA and RNA Extraction, Reverse Transcription-PCR,
and Real-Time PCR Assay

Genomic DNA and total RNA were isolated from developing seeds at the
three temperature treatments using the Qiagen DNeasy Plant Mini Kit and
RNeasyPlantMiniKit following themanual instructions.TotalRNAwas treated
with DNaseI to remove DNA contamination. Complementary DNA was syn-
thesized using the SuperScript VILO Kit (Invitrogen). A 53 dilution of syn-
thesized complementary DNA was used for qPCR. IQ SYBR Green Supermix
(Bio-Rad) was used for the reactions. For qPCR, we performed at least three
independent biological replicates. Relative expression level was calculated by
the Delta-Delta-Ct method (Livak and Schmittgen, 2001). Primers used in this
study are listed in Supplemental Table S9.

RNA-seq and Differential Expression Analysis

Using Trimmomatic (Bolger et al., 2014), each 101-bp single-end RNA-seq
read was trimmed to make sure the average quality score was greater than 30
and there was a minimum length of 70 bp. All trimmed short reads were
mapped to the rice ssp. japonica genome (version 7.0) using TopHat (Trapnell
et al., 2009), allowing up to two base mismatches per read. Reads mapped to
multiple locations were discarded. Numbers of reads in genes were counted by
the HTSeq-count tool using corresponding rice gene annotations, and the union
resolution mode was used (Anders et al., 2015). For pairwise comparisons,
differentially expressed genes were identified using DEseq (Anders and Huber,
2010) to analyze the numbers of reads aligned to genes. The thresholds for
differential expression were set at fold change greater than 1.62 and adjusted
P , 0.001 for the null hypothesis. The online tool agriGO (Du et al., 2010) was
used for GO analysis. Functional category analysis was conducted byMapMan
software (Usadel et al., 2009). The heatmap of expression profiles of the genes of
interest was generated by the RiceXPro database (Sato et al., 2013) according to
the microarray data deposited in the database.

Seed Sectioning

Rice plants were cultured as described earlier, and plants were transferred to
growth chambers forheat stress or control treatment.Developing rice seedswere
harvested at different times points (48, 72, and 96 HAF) and fixed in 3.7% (w/v)
formaldehyde, 5% (v/v) acetic acid, and 50% (v/v) ethanol, vacuum infiltrated,
and stored at 4°C overnight. Samples were dehydrated through a graded eth-
anol series and infiltratedwith xylene. Seed sampleswere embedded in paraffin
(Fisher Scientific), sectioned at 10 mm, and stained with 0.1% Toluidine Blue.
Sections were observed and photographed using a bright-field microscope
(Leica DM-2500). Three independent experiments were performed to collect
seeds for sectioning. The images of seed sections are representative of our ob-
servations across the replicates.
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In Situ Hybridization

RNA in situ hybridization was performed according to the manual (Zachgo,
2002). Briefly, a 139-bp gene-specific fragment was amplified using primers
(forward, 59-TGAGCAACTTACCAGCCTT-39, and reverse, 59-CCGTGGTGT-
AAGGCAGTA-39) and cloned into pGEM-T Easy vector (Promega). The se-
quence was confirmed and then used to generate RNA probes by in vitro
transcription using the DIG RNA Labeling Kit as described in the manufac-
turer’s instructions (Roche). RNA transcript by T7 and SP6 polymerase was
applied to slides as sense and antisense probes, respectively. Images were
captured with a microscope (Leica).

Bisulfite Sequencing and MspI-PCR Assay

The same amount of genomic DNA (1 mg) was isolated from control and
heat-stressed seeds and treated with sodium bisulfite using the EZ DNA
Methylation Kit (Zymo Research) according to the manufacturer’s instructions.
Three microliters of the treated DNA was used as the template for PCR. The
PCR products were cloned into pGEM-T Easy vector (Promega). At least 12
colonies were selected for sequencing. For the MspI assay, the same amount of
DNA was treated with MspI or water (mock) for 3 h and purified using the
GeneJET gel extraction kit (Thermo Scientific). Equal amounts of digested and
mock DNA were used as templates for PCR.

OsMADS87 Cloning and Transformation

The OsMADS87 (LOC_Os03g38610) full-length coding sequence was PCR
amplified using specific primers. TheOsMADS87 PCR product was cloned into
pENTR/D-TOPO entry vector (Invitrogen) and then transferred to a final Ubi-
MADS87 destination vector using LR Clonase recombination (Invitrogen). For
knockdown lines, a 210-bp specific region of OsMADS87 was amplified by the
use of specific primer sets and cloned into the pANDA RNAi expression vector
with a Gateway cloning kit (Invitrogen). The final constructs were transformed
to Agrobacterium tumefaciens strain EHA105. Rice transformation was per-
formed as described by Cheng et al. (1997). Hygromycin was used to screen
transformed resistant calli. Transgenic plants were regenerated from resistant
callus. OE and RNAi T3 generation homozygous lines were used for this study.

Morphometric Measurements

Mature seeds from OsMADS87 OE and RNAi plants were used to measure
seedwidth and length. For all measurements, seedswere obtained from 10 to 15
plants per replicate, and three replicates from three independent experiments
were used for these measurements. At least 100 seeds were used for these
measurements. Student’s t test was used to determine the statistical significance
for seed size variation.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Scheme of the heat stress treatment for young
seeds after fertilization.

Supplemental Figure S2. Relative expression of four randomly selected
TEs in heat-stressed young leaves.

Supplemental Figure S3. MapMan functional category analysis of the
PRDGs identified from early developed rice seeds.

Supplemental Figure S4. Venn diagrams of PDRGs and heat-responsive
genes at 48 and 72 HAF.

Supplemental Figure S5. Expression profiles of the severe-stress-repressed
but moderate-stress-activated PDRGs in various tissues.

Supplemental Figure S6. Methylation status of OsFBL36 detected by the
methylation-sensitive restriction endonuclease MspI assay.

Supplemental Table S1. Summary of short-read quality, alignment, and
number of expressed genes.
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