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Abstract

Environmental signals, especially daylength, play important roles in determining fertility in photoperiod-sensitive genic
male sterile (PGMS) lines that are critical to sustain production of high-yielding hybrid rice (Oryza sativa) varieties.
However, the mechanisms by which PGMS lines perceive changes in photoperiod and transmit those signals to elicit down-
stream effects are not well understood. In this study, we compared the transcriptomes from the leaves and anthers of car-
bon starved anther (csa), a PGMS line, to wild-type (WT) tissues under different photoperiods. Components of circadian
clock in the leaves, including Circadian Clock-Associated 1 and Pseudo-Response Regulator (PRR95), played vital roles in sens-
ing the photoperiod signals. Photoperiod signals were weakly transduced to anthers, where gene expression was mainly
controlled by the CSA allele. CSA played a critical role in regulating sugar metabolism and cell wall synthesis in anthers un-
der short-day conditions, and transcription of key genes inducing csa-directed sterility was upregulated under long-day
(LD) conditions though not to WT levels, revealing a mechanism to explain the partial restoration of fertility in rice under
LD conditions. Eight direct targets of CSA regulation were identified, all of which were genes involved in sugar metabolism
and transport (cell wall invertases, SWEETs, and monosaccharide transporters) expressed only in reproductive tissues.
Several hub genes coordinating the effects of CSA regulation were identified as critical elements determining WT male fer-
tility and further analysis of these and related genes will reveal insights into how CSA coordinates sugar metabolism, cell
wall biosynthesis, and photoperiod sensing in rice anther development.

Introduction increased substantially since the advent of male-sterile lines,

Hybrid vigor (heterosis), a universal phenomenon in crops,  which facilitate the production of hybrid varieties (Cheng
increases grain yields by crossing two genetically distinct et al, 2007). More recently, the development of lines whose
elite parental lines. Grain yield in rice (Oryza sativa L) has  sterility can be controlled by environmental factors, such as
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daylength or temperature, has further simplified rice breed-
ing (Shi, 1985). Since the 1990s, photoperiod-sensitive genic
male sterile (PGMS) rice lines have emerged as a crucial tool
in rice breeding, as daylength is much more predictable
than temperature or humidity. Numerous loci that control
PGMS traits have been cloned, especially in the most widely
used PGMS line, Nongken58S (Zhang et al, 1994; Mei, 1999;
Ding et al, 2012; Zhou et al, 2012; Fan et al, 2016). While
two genetic loci directing PGMS in this line are known, the
underlying molecular mechanisms in regulating the male fer-
tility in response to photoperiod for the two independent
loci remain unclear.

Plants possess an internal biological clock that responds
to fluctuations in daylength to anticipate seasonal changes;
response to photoperiod is mediated by complex interac-
tions between environmental signals and the endogenous
circadian clock (Hayama and Coupland, 2003). The circadian
clock has an approximately 24 h period, composed of three
main parts: input, the central oscillator, and output
(Dunlap, 1999). Light and temperature signals (the input)
are conveyed to the central oscillator, which is composed of
multiple factors organized in interlocked transcriptional and
posttranslational feedback loops. In Arabidopsis (Arabidopsis
thaliana), genes encoding two MYB transcription factors,
Circadian Clock-Associated 1 (CCAT) and Late Elongated
Hypocotyl (LHY), are expressed in the early morning and re-
press the evening-phased gene Timing of Cab Expression 1
(TOC1, also known as PRR1) (Alabadi et al, 2001). Three
members of pseudo-response regulator (PRR) gene family
(PRRY, PRR7, and PRR5) are expressed sequentially during
the day, and in turn repress CCA1 and LHY transcription
(Nakamichi et al, 2010). At dusk, TOCT is induced as levels
of CCA1 and LHY decrease. In the night, the evening com-
plex (EC), formed from proteins encoded by Lux Arrhythmo
(LUX), Early Flowering 3 (ELF3), and ELF4, promotes expres-
sion of the two morning factors, CCA1 and LHY, which in
turn repress the three components of EC (Nagel and Kay,
2013; Adams et al, 2015). In addition, CCAT and LHY can re-
press their own transcription by binding to their own, and
each other’s, promoters (Adams et al,, 2015).

The clock-related components have been reported to be
highly conserved in rice (Murakami et al., 2003, 2007). CCA1
is the only ortholog of Arabidopsis LHY/CCAT (Murakami
et al, 2007; Sun et al, 2021a). In addition, five members of
the PRR family (PRR1, PRR37, PRR73, PRR59, and PRR95)
have been identified as rice putative orthologs of
Arabidopsis clock-associated genes PRR1, PRR3, PRR7, PRRS,
and PRR9 (Murakami et al, 2003, 2007). Two rice orthologs
of ELF3 have also been identified: ELF3-1 is required for
heading date control under long-day (LD) conditions by af-
fecting the expression of clock-related genes including PRRT,
PRR95, PRR73, PRR37, and PRR59 (Yang et al, 2013); while
ELF3-2/EF3 regulates heading date by influencing the basic
vegetative growth period stage instead of photoperiodic sen-
sitivity (Fu et al, 2009).
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Circadian clock helps optimize plant growth and develop-
ment such as flowering, bud break, and the onset of senes-
cence and dormancy (Malapeira et al,, 2014; Flis et al, 2016).
In Arabidopsis, flowering time is controlled by the
GIGANTEA (GI)-CONSTANS (CO)-FLOWERING LOCUS T
(FT) pathway, where Gl is involved in phytochrome signaling
to activate CO, a transcription factor that in turn activates
FT, a flowering hormone (florigen) (Putterill et al, 1995). In
rice, Heading date 1 (Hd1), an ortholog of CO (Yano et al,
2000), acts upstream of two florigens, Hd3a and Rice
Flowering Locus 1 (RFT1), which are orthologs of FT (Sun
et al, 2014). Under short-day (SD) conditions, a GI-Hd1-
Hd3a pathway in rice, similar to that in Arabidopsis, induces
flowering rice also has a second transcription factor, Early
Hd1 (Ehd1), with no ortholog in Arabidopsis, that activates
both Hd3a and RFT1 expression (Sun et al, 2014). However,
under LD conditions, Hd1 represses expression of Hd3a (Sun
et al, 2014), so rice flowering is induced via the Ehd1-RFT1
pathway (Doi et al, 2004).

As male fertility is crucial for hybrid rice breeding, under-
standing the molecular mechanisms of rice anther and pol-
len development is a core requirement for developing new
male sterile lines (Zhang and Wilson, 2009). As nonphoto-
synthetic sink tissues, plant anther requires a supply of car-
bohydrates, usually in the form of sucrose transported via
the phloem from source tissues (flag leaves), to support pol-
len development and maturation (Turgeon and Wolf, 2009;
Zhang and Wilson, 2009; Bihmidine et al, 2013). Sucrose is
unloaded from the phloem into the cell wall matrix of sink
tissues by Sugars Will Eventually be Exported Transporter
(SWEET) proteins; loss of SWEET function results in defec-
tive seed filling in maize (Zea mays) and rice (Sosso et al,
2015; Yang et al, 2018) and defective microspore develop-
ment in rice (Chu et al, 2006). Cell wall invertases (CWINs)
are typically expressed in sinks to hydrolyze sucrose into glu-
cose and fructose (Ruan, 2014). In rice, CWIN3 (INV4) is a
cold-induced transporter of sucrose for pollen cell wall de-
velopment (Oliver et al, 2005). Monosaccharides, hydrolyzed
from sucrose by CWINs, are moved throughout the cell via
monosaccharide transporters (MSTs) in angiosperms (Ruan,
2014; Rottmann et al, 2018; Deng et al, 2019). UDP-glucose
pyrophosphorylase (UGPase) is also related to sucrose degra-
dation for the metabolic demand of anther and pollen de-
velopment (Winter and Huber, 2000). Loss of UGPase
function leads to new thermosensitive male sterile lines in
rice (Chen et al, 2007a).

Carbon starved anther (CSA) is an R2R3 MYB transcrip-
tion factor that regulates sugar partitioning from photosyn-
thetic tissues (sources) to anthers (sinks) to promote pollen
maturation in rice (Zhang et al, 2010). In loss-of-function
csa mutants, sugars accumulate in source leaves, impairing
anther development due to lack of sugar, and resulting in
total pollen sterility (Zhang et al, 2010). Further research
reported that the csa mutant was a PGMS line, sterile under
SD conditions but with restored fertility under LD
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conditions (Zhang et al, 2013). However, how CSA senses
and responds to the photoperiod signals is not clear.

In this study, we describe the effects of photoperiod on
gene expression in wild-type (WT) and csa flag leaves and
anthers to identify putative central factors that transduce
photoperiod signals via CSA in both leaves and anthers. By
analyzing the co-expression of candidate genes, we dissect
the potential mechanisms that: cause csa-induced sterility
under SD conditions; partially restore fertility in csa anthers
under LD conditions; and finally, are responsible to restore
full WT fertility under LD and SD conditions. We have also
verified several downstream target genes directly regulated
by CSA that encode important components in sugar metab-
olism during the anther development.

Results

Photoperiod changes have great effects on gene
expression in flag leaves

Leaves are the main plant organs that sense and respond to
environmental cues, such as daylength and temperature
(Corbesier et al, 2007). To investigate how the PGMS line, csa,
responds to changes in photoperiod, we sampled flag leaves
every 4 h during a 24-h period from WT and csa plants grown
under SD (12-h light) and LD (14 h) conditions (Supplemental
Figure S1). Under these conditions, the WT (WT-SD and WT-
LD) plants produce viable pollen, csa-SD plants are completely
sterile, while ¢sa-LD pollen is semi-fertile (Zhang et al, 2013).
We performed transcriptome analysis on the four genotype/
photoperiod flag leaf combinations at the six timepoints
(Supplemental Data set S1). Expression profiles for 6,266 tran-
scripts clustered into 14 groups, all of which were defined by
differences between LD and SD photoperiods (Figure 1A and
Supplemental Data set S1).

The largest cluster, Cluster 2, contained 1,290 genes that
peaked at dawn (ZT23-ZT3) in LD plants, or mid-morning
(ZT3-ZT7) in SD plants (Figure 1A). This cluster contained
CCA1, a core factor of circadian clock rhythm (Murakami
et al, 2007); Rice Dof Daily Fluctuations 1 (RDD1), a reported
circadian clock- and phytochrome-regulated Dof-like gene
(Iwamoto et al.,, 2009); Ehd1, involved in rice flowering con-
trol (Doi et al, 2004); and two florigen genes, Hd3a and
RFT1, that affect flowering time in response to photoperiod
(Doi et al., 2004; Figure 1, B—F). Clusters 3 and 4 contained
759 genes that were highly expressed during the day, but
predominantly in either LD or SD plants (Figure 1A): in
Cluster 3, PRR95, a clock-associated gene (Murakami et al,
2007), was expressed much more highly in SD than in LD
plants (Figure 1G), while in Cluster 4, DNA binding with one
finger 12 (DOF12), which has been reported as a flowering
regulator that controls the expression of Hd3a and MADS14
(Li et al, 2009), was much more highly expressed in LD
plants (Figure 1H). Clusters 5, 6, 7, 9, and 10 contained 2,219
genes whose expression peaked at different times from
noon to midnight, with a noticeable lag of several hours in
SD plants (Figure 1A). Among these, the genes in Cluster 9
exhibited the larger response to photoperiod, being much

PLANT PHYSIOLOGY 2022: 189; 955-971 | 957

more highly expressed in LD plants, and included Hd1, an
important regulator of flowering in rice (Yano et al, 2000;
Figure 11). Clusters 11, 12, 13, and 14 contained 1,633 genes
expressed more highly at nighttime (Figure 1A). In total,
1,067 genes in Clusters 11 and 12 were expressed more
highly in SD plants, including ELF3-2, a component of circa-
dian clock controlling the flowering regulation (Fu et al,
2009; Figure 1)); while 566 genes in Clusters 13 and 14 were
expressed more highly in LD plants.

Clearly, the presence of the csa mutation does not sub-
stantially affect gene expression in flag leaves that develop
under different day lengths, indicating that CSA does not
have a prominent regulatory function in leaf tissues. A clus-
ter tree based on the gene expression confirmed that LD
and SD samples were generally very well separated, with
good pairing between WT and csa samples at the same
timepoint (Figure 1, A and K and Supplemental Figure S2).
An exception was the LD samples at ZT7 and ZT19, which
appeared scattered evenly through the tree. A direct com-
parison of a day and night timepoint (ZT11 and ZT23, re-
spectively) confirmed that few genes were differentially
regulated between WT-SD and csa-SD, or between WT-LD
and csa-LD (Supplemental Table S1 and Supplemental Data
set S2).

Photoperiod has a weaker effect on endogenous
clock genes in anthers than in leaves

A similar comparison between WT anther transcriptomes at
two timepoints (day ZT11 and night ZT23) was also per-
formed. An initial comparison between WT-LD and WT-SD
anthers revealed that across both timepoints, 182 genes
were upregulated and 241 genes were downregulated in the
SD anthers (Supplemental Table S2 and Supplemental Data
set S3). Closer analysis of eight circadian- or daylength-
regulated genes that were differentially expressed in leaves
revealed that six of these genes were also differentially
expressed in anthers (Supplemental Figure S3). Expression of
CCAT and PRR95 in WT anthers differed across SD and LD
conditions during both day and night; RDD1 and DOF12
exhibited higher expression only at night in LD plants; and
Hd3a and HD1 showed differences during the day
(Supplemental Figure S3). Clock genes controlled by photo-
periodicity in anthers were thus similar to those in leaves, al-
though some of the expression patterns were altered
between the two tissues.

Small groups of DEGs may be responsible for male
sterility and fertility in csa anthers under SD and

LD conditions

In c¢sa plants, anthers exhibit large developmental defects
under SD conditions that lead to male sterility (Zhang et al,
2010); however, under LD conditions, MYB family homologs
may function as CSA substitutes, partially restoring fertility
(Zhang et al, 2013). We examined gene expression in WT
and csa anthers in both photoperiods at both timepoints
and found 8211 differentially expressed genes (DEGs) in
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total (Supplemental Data set S3). Because expression of CSA
was high in daytime and nighttime anthers and corre-
sponded with a large number of common DEGs at both
timepoints (Supplemental Data set S1 and Supplemental
Table S2), for subsequent analyses we only looked at genes
that were differentially expressed in the same way (up or
down) at both timepoints for each condition.

By comparing gene expression between csa and WT
anthers under the SD condition, we found 1,196 genes with
decreased, and 151 genes with increased, expression in csa
anthers that may be the cause of sterility (Figure 2A;
Supplemental Table S2 and Supplemental Data set S3).
Another comparison between csa-LD with csa-SD anthers
revealed 226 upregulated, and 1 downregulated, genes in
the LD anthers, that may be responsible for partial restora-
tion of fertility (Figure 2A; Supplemental Table S2 and
Supplemental Data set S3). These 226 genes are the pre-
sumptive downstream targets of the CSA homologs
substituting for CSA function under LD conditions.

Of these 226 genes upregulated in csa-LD anthers, 218
were also among the 1,196 downregulated genes in csa-SD
compared with WT-SD anthers (Figure 2B), strongly suggest-
ing that these genes may be responsible for the total sterility
of csa-SD pollen. These 218 genes had a decreasing level of
expression, from WT-SD, to csa-LD, to csa-SD anthers
(Figure 2C), suggesting a mechanism that might explain a
partial restoration of fertility, but not sufficient to entirely
restore WT fertility (Zhang et al, 2013). To better under-
stand this discrepancy in fertility, we examined changes in
gene expression between csa-LD and WT-LD anthers. A total
of 297 genes were downregulated and 495 genes were upre-
gulated, in the transition to full WT fertility (Figure 2A;
Supplemental Table S2 and Supplemental Data set S3); of
these 495 genes, 299 were also in the 1,196 genes downregu-
lated in csa-SD compared with WT-SD anthers. This set of
299 genes likely contains genes responsible for full fertility
restoration. A final comparison between WT-SD and WT-LD
anthers showed that 241 genes were downregulated and
182 genes upregulated in the SD anthers (Supplemental
Table S2 and Supplemental Data set S3); this set of genes is
likely responsible for effecting photoperiod response in re-
productive development, that is flowering time.

Correlation analysis reveals groups of genes
correlated with fertility traits

To understand how these DEGs work together to regulate
the male fertility under different photoperiods, weighted
gene correlation network analysis (WGCNA) was applied to
all 8,211 anther DEGs mentioned above. The DEGs assem-
bled to 11 distinct co-expression modules, each containing
56-1,627 genes, and a gray module containing 10 uncorre-
lated genes (Supplemental Table S3 and Supplemental Data
set S4). An eigengene dendrogram and heatmap was used
to identify groups of correlated eigengenes (Supplemental
Figure S4, C and D). To understand the biological impor-
tance of the modules, we correlated the module eigengenes
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(MEs; i.e. the first principal component of a module) of the
11 modules with selected external traits—including sterility,
semi-fertility, WT, fertility, csa, LD, SD, daytime, and night-
time expression (Figure 3). None of modules showed high
correlation with these photoperiod traits (SD or LD expres-
sion; Figure 3), confirming our previous findings that tran-
scriptome profiles in the anthers were not strongly affected
by daylength variations.

However, several of the modules had strong correlations
with fertility traits (Figure 3). MEs of the turquoise module
(1,627 genes) and blue module (1,545 genes) were highly
correlated with WT-fertility (Figure 3 and Supplemental
Table S3). Genes in the turquoise module were most highly
expressed in WT-LD anthers and had lowest expression in
¢sa-SD anthers (Supplemental Figure S5A), while genes in
the blue module had highest expression in the WT-SD
anthers (Supplemental Figure S5B). Conversely, MEs in the
purple module (115 genes) and red module (609 genes)
were most strongly correlated with the male sterile trait
(Figure 3; Supplemental Table S3); as such, genes in the red
and purple modules were most highly expressed in csa
anthers (Figure 3; Supplemental Figure S5 C and D). The
semi-fertility trait, representing the phenotype of csa-LD
anthers with partial fertility, correlated most highly with the
yellow module; these genes were most highly expressed in
csa-LD anthers (Figure 3; Supplemental Figure SSE).

Hub genes, which are defined as highly connected genes
for co-expression modules (Langfelder and Horvath, 2008),
were identified for each module. Four genes were identified
as hub genes in the blue module (Table 1). Surprisingly, the
expression of these four genes increased in csa anthers, espe-
cially LOC_Os01g05510 and LOC_Os01g03410, whose ex-
pression was not detected in WT rice (Supplemental Data
set S1). LOC_Os07g01710 putatively encodes a phytosulfo-
kine LRR receptor kinase, which is likely to be a receptor of
metabolites that change in csa plants, especially sugars.
LOC_Os11g27370 is a member of UDP-glucosyltransferase
domain containing protein family; its increased expression
could be due to carbon starvation in the anthers. Two hub
genes were identified in the turquoise module, one of which
is a putative UDP-glucose 6-dehydrogenase, whose homologs
in Arabidopsis are involved in cell wall growth (Siddique
et al, 2012).

CSA may direct male fertility through sugar
metabolism

The transcriptomic results have provided a set of DEGs re-
sponsible for male fertility in response to photoperiod and
genotype, and the WGCNA analysis has helped clarify the
co-expression patterns of genes responsible for different fer-
tility traits. Our next step was to compare DEGs with genes
in selected modules. Venn analysis showed that most of
DEGs in the “csa sterility” set overlapped with genes in the
turquoise (585 genes) and blue (563 genes) modules
(Figure 4A). For the 227 “fertility restoration” DEGs, 184 of
them were overlapped with turquoise module and 35 genes
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Figure 1 Transcriptome variations in WT and csa leaves under LD and SD conditions. A, 6,266 transcripts with different expression patterns due
to genotype or photoperiod assemble into 14 clusters across 6 timepoints. White bars indicate day timepoints (ZT3, ZT7, and ZT11), while black

bars indicate night timepoints (ZT15, ZT19, and ZT23).

B-), Expression pattern of genes involved in circadian rhythm regulation and photoperiod

sensing in WT leaves. Expression level indicates mean+STD of RPKM from RNA-seq data, n = 2. K, Sample clustering of the transcriptomes in
leaves under different conditions. Note the differences between WT and csa leaves under LD conditions at ZT7 (12:00) and ZT19 (00:00; Arrows

highlight the differences at ZT7 and ZT19). STD, standard deviation.

were found in the blue module (Figure 4B). Finally, a num-
ber of DEGs in the “WT fertility” set overlapped with genes
in the yellow WGCNA module, which has high correlation
with the semi-fertility trait, indicating that these overlapped
genes play important roles in fertility restoration under LD
conditions (Figures 3 and 4C). Genes present in both DEG
sets and modules known to correlate with fertility are likely
to participate in the anther development.

To make clear the regulatory function of CSA and its re-
placement during LD anther development, we applied gene
ontology (GO) analysis to genes in the selected DEG sets

and WGCNA modules (Table 2; Supplemental Table S4). For
the 1,796 downregulated genes in the “csa sterility” DEG set
(yellow region; Figure 2A), GO enrichment revealed that six
GO terms are significantly over-represented, including cell
wall modification, pollen tube growth, actin filament depoly-
merization, carbohydrate metabolic process, amino acid
transmembrane transport, and transmembrane transport.
Five of the six GO terms were the same as that of turquoise
module (Table 2; Supplemental Table S4), confirming that
the downregulated genes among these GO terms play im-
portant roles in male fertility. Among these six GO terms,
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Figure 2 DEGs in WT and csa anthers that may drive male sterility and fertility in response to photoperiod. A, DEGs between different anther
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ity. Red arrows, upregulated; blue arrows, downregulated. B, Overlap of DEGs expressed in more than one tissue; however, the direction of up or
downregulation may not be conserved in the overlap. C, Expression of 218 overlapped genes among the WT-SD, c¢sa-SD, and csa-LD.

genes involved in carbohydrate metabolic and transmem-
brane transport had the most enrichment, with 42 genes
and 44 genes, respectively. Downregulated genes in carbohy-
drate metabolism encoded enzymes involved in both su-
crose and hexose (glucose, fructose, mannose, and
galactose) metabolism, including CWINs, SWEETs, and MSTs
(Table 3). Two invertase family members, INV4 and CWING,
were observed to have decreased expression in the csa com-
pared with WT on SD, with log, fold change (FC) of —3.06
and -20, respectively (Table 3). The two genes are impor-
tant components of the sucrose phloem transport pathway,
thus decrease of their expression indicated the variation of
the sink strength for carbohydrate partitioning. Meanwhile,
7 SWEET family genes and 14 MSTs were also less highly
expressed in the “csa sterility” DEG set (Table 3), strongly
suggesting that the csa male sterile phenotype may be due
to defects in sugar partitioning, particularly for glucose and
galactose. Altered glycometabolism could also explain
changes in expression of genes encoding cell wall modifica-
tion, which relies on sugar substrates (Lee et al, 2007) and
actin filament depolymerization, which participates in cell

wall development (Supplemental Table S5; Geitmann et al,,
1996; Chen et al., 2007b).

GO analysis of the “fertility restoration” DEG set also
highlighted biological processes related to cell wall organiza-
tion, carbohydrate metabolic, and actin filament organiza-
tion (Table 2), including INV4, SWEET14, and several MST
genes (i.e. AZT3, STP6, and AZTS5; Table 3). Meanwhile, 19
genes involved in cell wall development and 4 actin filament
organization genes were also increased in this DEG set
(Supplemental Table S6). Increased expression of these genes
in the “fertility restoration” DEG set suggests that sugar me-
tabolism and cell wall development were partially recovered
in csa-LD anthers.

CSA downstream target genes are involved in sugar
partitioning

The expression patterns of several key genes known to be
involved in sugar partitioning were verified by reverse tran-
scription quantitative PCR (RT-qPCR). We examined two
genes encoding invertases (CWING and INV4), three genes
encoding SWEET sugar transporters (SWEET5, SWEET6a, and
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Figure 3 Relationships of modules and traits. Heatmap of the correlation between MEs and traits. Each row in the heatmap corresponds to a
consensus module and each column to a fertility or photoperiod trait. Numbers in the heatmap report the correlations of MEs and traits, with
the P-values given in brackets. A deeper color corresponds to a higher correlation coefficient.

Table 1 Identities of hub genes in selected co-expression modules

Modules Numbers Hub Genes Gene annotation

Turquoise 1,627 LOC_Os12g25690 UDP-glucose 6-dehydrogenase
LOC_Os04g35580 Unknown function

Blue 1,545 LOC_0Os01g05510 Unknown function

LOC_0Os01g03410
LOC_Os11g27370
LOC_0Os07g01710

Ubiquitin ligase
UDP-glucosyltransferase domain containing protein
Phytosulfokine LRR receptor kinase

SWEET6b) and three genes encoding MSTs (MST1, STP14,
and STP18), all of which were highly expressed in sink tis-
sues, such as roots and anthers (Figure 5A). Expression of all
of these genes was significantly downregulated in csa-SD
anthers compared with WT-SD anthers; in csa-LD anthers,
six genes were also downregulated compared with WT
anthers, while expression of CWIN6 and SWEET6b appeared
to be close to that in WT-SD anthers (Figure 5B). RT-qPCR
confirmed the drop in expression levels of these eight genes
in csa-SD anthers, but expression of all eight genes was
higher in csa-LD anthers compared with csa-SD anthers, and
in the cases of the five invertase and SWEET genes,
approached WT-LD expression levels (Figure 5, C-)).
Sequence analysis of the 2-kb upstream promoter regions
of these eight genes revealed potential MYB transcription fac-
tor binding sites in all of them (Figure 6A); the promoter for
MST8, known to bind CSA, was used as a positive control

(Zhang et al, 2010). Transgenic rice plants expressing a full-
length FLAG-tagged CSA fusion protein were used in chroma-
tin immunoprecipitation (ChIP) assays to determine whether
CSA directly binds to the promoters of candidate genes. The
ChIP-gPCR assays revealed at least two CSA binding sites in
the promoters of all eight genes (Figure 6, B-I), similar to
results observed in the MST8 positive control (Figure 6)).

Dual-luciferase (LUC) assays were performed in Nicotiana
benthamiana leaves to verify the CSA protein activation of
these genes. CSA was transiently co-expressed with a LUC
reporter under control of each of the eight genes individu-
ally (Figure 6K), revealing that expression of these eight
genes was promoted by CSA in N. benthamiana leaves
(Figure 6L).

Subsequently, we constructed a loss-of-function double
cwiné inv4 mutant, a triple sweet5 sweet6a sweet6b mutant,
and a triple mst1 stp14 stp18 mutant using CRISPR/Cas9
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Table 2 Biological process analysis by GO of the “csa sterility” DEG set and the “fertility restoration” DEG set

GO term Description Gene P-value FDR
Downregulated genes of the “csa sterility” DEG set (csa-SD versus WT-SD)

G0:0009827 Plant-type cell wall modification 19 2.35E-09 2.29E-06
G0:0009860 Pollen tube growth 22 6.07E-08 2.95E-05
G0:0030042 Actin filament depolymerization 7 9.87E-08 3.20E-05
GO:0005975 Carbohydrate metabolic process 42 1.44E-07 3.50E-05
G0:0003333 Amino acid transmembrane transport 1 1.12E-04 2.18E-02
GO:0055085 Transmembrane transport 44 3.15E-04 5.10E-02
Upregulated genes of the “fertility restoration” DEG set (csa-LD versus csa-SD)

GO0:0043086 Negative regulation of catalytic activity 11 2.04E-09 6.29E-07
G0:0009831 Plant-type cell wall modification 6 4.49E-07 6.92E-05
GO:0019953 Sexual reproduction 5 1.52E-06 1.37E-04
GO0:0009828 Plant-type cell wall loosening 6 1.77E-06 1.37E-04
G0:0071555 Cell wall organization 14 1.38E-05 8.49E-04
G0:0005975 Carbohydrate metabolic process 13 8.01E-05 4.11E-03
GO0:0009827 Plant-type cell wall modification 6 1.06E-04 4.41E-03
GO:0042989 Sequestering of actin monomers 2 1.15E-04 4.41E-03
G0:0009860 Pollen tube growth 7 2.02E-04 6.91E-03
GO0:0007015 Actin filament organization 4 3.81E-04 1.17E-02
G0:0009826 Unidimensional cell growth 6 1.55E-03 4.34E-02

mutagenesis (Figure 7, A-C). All three mutants exhibited
normal vegetative growth. Pollen staining revealed that
cwin6 inv4d and sweet5 sweet6a sweet6b pollen are partially
fertile (69% and 72% fertile, respectively; Figure 7, D and E).
The mst1 stp14 stp18 pollen was 88% fertile, close to WT
levels (Figure 7, D and E). As all of these genes are involved
in sugar metabolism, we measured sugar contents in the
flag leaf, palea/lemma, and anther in the mutants under SD
conditions (Figure 7, F-H); during normal development, sug-
ars usually flow from the flag leaf source tissues via the pa-
lea/lemma to the anther sink tissues. The cwin6 inv4
revealed significantly less glucose and fructose but more su-
crose in the anthers compared with WT, suggesting that
loss of function of the two invertases compromised the de-
composition from sucrose to monosaccharides, resulting in
lower levels of starch accumulation (Figure 7H and
Supplemental Table S7). Much higher levels of monosac-
charides (glucose and fructose) accumulated in the palea
and lemma in the SWEET and MST triple mutants com-
pared with WT (Figure 7G and Supplemental Table S7),
which may have reduced sucrose inflow, causing sucrose to

accumulate in flag leaves (Figure 7F and Supplemental Table
S7), and reduced monosaccharide transport into anthers
(Figure 7H and Supplemental Table S7), further reducing lev-
els of starch accumulation from flag leaves. These results in-
dicated that these mutants (double cwin6 inv4 mutant,
triple sweet5 sweet6a sweet6b mutant, and triple mst1 stp14
stp18 mutant) showed similar accumulation of sucrose in
the flag leaves and decreased monosaccharides (glucose and
fructose) and starch in the anther to the csa mutant. Thus,
the overall partitioning of sugars from source to sink tissues
was impaired when key transporters were not functional.

Other roles for CSA in plant development

While CSA clearly plays a role in directing sugar metabolism
in anthers, it may also have other regulatory effects on plant
growth and development. Although the csa mutation had
little effect in leaf tissues, nine downregulated and seven
upregulated genes were found in csa leaves (Supplemental
Table S1 and Supplemental Data set S2). Of these, eight
were also altered in the csa-SD versus WT-SD anther sam-
ples (the “csa sterility” DEG set in Supplemental Table S2 and
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“csa sterility” DEG set “fertility restoration” DEG set

“WT fertility” DEG set “photoperiod-response” DEG set

CWIN6 INV4
INV3 SWEET14
INV4 SWEET1B
SWEET14 AZT3
SWEET15 STP6
SWEET1B AZT5
SWEET2A -
SWEET5 -
SWEET6A -
SWEET6B -
STP8 -
AZT1 -
AZT3 -
PLT1 -
STP4 -
ERD3 -
STP2 -
MST1 -
STP16 -
STP18 -
INT3 -
PLT4 -
STP14 -
STP3 -
STP21 -
STP22 -
STP6 -
PLT5 -
PLT3 -
AZTS -
PLT13 -
PLT14 -
PLT15 -

INV2 INV1
INV4 INV3
NIN7 NIN7
OsSUT3 SWEET11
SWEET11 SWEET14
SWEET13 SWEET2A
SWEET14 SWEET2B
SWEET15 SWEET6A
SWEET1A SWEET6B
SWEET4 STP8
SWEET5 STP7
SWEET6A STP4
SWEET6b STP14
STP7 STP1
AZT3 STP18
STP1 STP3
STP18 STP6
INT3 PLT5
STP6 STP5
STP5 AZT5
STP27 PLT12
AZT5 PLT13
PLT12 PLT14
PLT13 -
PLT14 -

Supplemental Data set S3), indicating that CSA has some
common functions in the anther and leaf (Supplemental
Table S8). These genes encode a brix domain containing pro-
tein (LOC_Os01g05530), a protein involved in vacuolar im-
port and degradation (LOC_Os01g05090), an arginyl-tRNA
synthetase (LOC_Os01g06510), a core histone domain
containing protein (LOC_Os01g05610), a kinesin heavy chain
protein (LOC_Os01g01570), and three proteins of unknown
function (LOC_Os01g05510, LOC_0Os03g45220, and
LOC_Os01g05289). These genes presumably direct or affect
source and sink cooperation, especially LOC_Os01g05510,
which is also one hub gene of blue module (Table 1).

Discussion

Photoperiod changes reveal feedback processes of
endogenous oscillators in WT leaves

PGMS lines, whose fertility is dependent on photoperiod,
are an essential tool for hybrid rice breeding (Yuan, 1994),
but the mechanisms by which photoperiods are sensed and
translated to male reproductive development are not yet
understood. Transcriptome profiling of Nongken 58S, the
most widely used PGMS line, suggests general downregula-
tion of genes under LD conditions (Wang et al, 2011), but
because source leaf was not included in the analysis, the
process of receiving and transmitting daylength signals could

not be studied. Photoreceptors, such as phytochromes and
cryptochromes, play an essential role in light signal reception
(Song et al, 2010). In this study, we observed marked differ-
ence in transcriptome profiling of WT leaves under different
photoperiods (Figure 1A). However, genes encoding light
receptors, such as PHYA, PHYB, PHYC, CRY1A, and CRY1B,
did not reveal significant transcriptional variation under dif-
ferent photoperiods (Supplemental Data set S1), which sug-
gests that their expression levels may not influence the
photoperiod response directly. However, we have found that
expression of several circadian clock components, specifically
CCAT and PRR95, varied in WT leaves under SD and LD con-
ditions. It has been reported that photoperiod changes al-
tered the phases of core clock genes with 1-4h peak time
differences among different photoperiods in Arabidopsis
(Flis et al, 2016). For example, the peak of AtCCAT tran-
scripts delayed for about 2.7h in 18-h photoperiod com-
pared with 6-h photoperiod, and the phase shifting varied
as the photoperiod changes (Flis et al, 2016). Interestingly,
their results also showed 0.4 h earlier peak of AtLHY tran-
scripts in 18-h photoperiod than that in 12-h photoperiod
(Flis et al, 2016), consistent with our data of CCAT expres-
sion showing the earlier peak time under LD condition
(14 h) than that of SD condition (12 h) (Figure 1B). We also
observed that PRR95 transcripts have lower amplitude under
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Figure 5 Expression of candidate target genes downstream of CSA. A, Spatiotemporal expression profiles of candidate CSA target genes (expres-
sion data from RiceXPro database, https://ricexpro.dna.affrc.go.jp/). B, Expression of candidate genes in the csa and WT anthers under SD and LD
conditions (RNA-seq data). C—J, Verification of the expression patterns of the candidate genes by RT-qPCR in csa and WT anthers. Data indicate
mean £ STD of three biological replicates; *P < 0.05, **P < 0.01 (Student’s t test).

LD condition than SD condition (Figure 1G), which is consis-
tent with the variation of AtPRR5 in Arabidopsis (Flis et al,
2016). These results suggested that these may be compo-
nents responsible for responding to changes in light signals,
and transmitting these changing signals to downstream
pathways.

Signals of photoperiod change are transduced from
leaves to anthers

Anthers are sequestered within leaf sheaths and cannot di-
rectly respond to environmental cues, especially light. In
Arabidopsis, FT transcription to signal onset of flowering is
activated in the vascular tissues of leaves, and transported
to the shoot apical meristem to induce flowering (Liu et al,
2013). In this study, a relatively large number of DEGs was
observed between WT-LD and WT-SD anthers, indicating
the transduction of photoperiod cues from leaves to anthers
(Supplemental Table S2). In WT anthers, we observed similar
expression patterns of CCA1 and PPR95 with leaves (Figure 1
and Supplemental Figure S3), which suggests that changes
in circadian rhythm were transduced from leaves to the
anthers. These results are consistent with our recently
reported transcriptome profiles of rice anther, which ob-
served similar changes of CCAT and PRR95 expression in SD
and LD anthers (Sun et al, 2021b). Other clock-related genes
differentially expressed in the leaves did not exhibit signifi-
cant changes in anther expression (e.g RFTT7), indicating
that the switch to photoperiod-sensitive regulation of male

development may be governed by a subset of circadian
clock genes.

In Arabidopsis, expression of CO, the vital flowering con-
trol gene, is governed mainly by the circadian clock, while
light signaling regulates CO protein activity (Suarez-Lopez
et al, 2001; Song et al, 2012). HD1, the rice CO homolog, is
also an important regulator of flowering control that acti-
vates expression of the florigen gene, HD3a. Consistent with
a previous report that Hd1 promotes HD3a expression un-
der SD and represses it under LD conditions (Sun et al,
2014), here we observed that HD1 expression is high and
Hd3a expression is low in LD anthers (Supplemental Figure
S3). Differential expression of HD1 is co-regulated by the cir-
cadian clock and light signals; for example, HD1 expression
in anthers is elevated under LD conditions compared with
SD conditions, following reduced expression of PRR95
(Supplemental Figure S3), implying that expression of HD1
may be related to the core clock gene PRR95.

Lack of functional CSA leads to disrupted diurnal
clock gene expression in anthers

CSA had extremely low expression in the leaves and very
high expression in the anthers (Supplemental Data set S1).
When comparing the transcriptomes of csa-SD and WT-SD
anthers, numerous rhythmic genes including CCA1, TOCT,
PRR37, PRR73, PRR95, PRR59, Gl, and ELF3 revealed signifi-
cantly differentially expression during the day and/or night
(Supplemental Figure S6), indicating that the absence of
CSA regulatory function can greatly influence oscillators of
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Figure 6 Verification of direct target genes of CSA. A, Predicted CSA binding sites (MYB sequences) in the promoters of candidate CSA target
genes. Red vertical lines indicate MYB binding sites. B—), ChIP-qPCR analysis revealed direct association of CSA with promoter elements for all
genes. Data indicate mean +STD of three biological replicates; **P < 0.01 (Student’s t test). K, Effector and reporter constructs for dual-LUC assays.
The CSA gene was under control of the 35S promoter. Negative controls were the GFP effector construct and the reporter plasmid with no pro-
moter (CK). L, Relative LUC activity for each reporter/effector construct pair reveals direct interaction of CSA proteins and the promoters of the
candidate genes. Data indicate the ratio of LUC/REN from five biological duplications (mean £ STD); **P < 0.01 (Student’s t test).

the circadian system. Expression of many genes linking oscil-
lator and photoperiod signals did not present difference in
the csa leaves (Supplemental Data set S1), indicating that
CSA may act as an important factor modulating a possible
peripheral clock, specifically in anthers. Consistently, we pre-
viously reported that 5,852 co-expressed genes significantly
correlate with photoperiod changes in the bioinformatic
analysis of anther transcriptome profiles, and CSA is a key
factor of these genes, which may play important roles in
photoperiod response (Sun et al, 2021b). Higher transcrip-
tion of CSA was observed under LD compared with SD con-
ditions, consistent with a previous report (Zhang et al,
2013); this higher expression is likely to be regulated by pho-
toperiod signal transduction from leaf to anther.

Regulatory network of CSA on the anther
development

Our results showed that CSA performs important regulatory
functions mainly in anthers via a considerable number of

DEGs (Figure 2 and Supplemental Table S2). Through
co-expression analyses, two sets of genes were found to di-
rect WT fertility in response to CSA, that is the turquoise
and blue modules, which have large portions of overlap
with the “csa sterility” DEG set (Figures 3 and 4A).
LOC_0s12g25690, a UDP-glucose dehydrogenase (UGDH)
protein, was one of the hub genes in the turquoise module
(Table 1). UGDH plays a key role in the nucleotide sugar
biosynthetic pathway, producing UDP-glucuronic acid as a
common precursor for the cell wall monosaccharide compo-
nents, that is arabinose, xylose, galacturonic acid, and apiose
(Reboul et al, 2011). Four hub genes in the blue module in-
cluded LOC_Os11g27370, which encodes a UDP-glucosyl
transferase protein likely to be an important component of
the sugar metabolism or cell wall formation; and
LOC_0Os01g05510, which although of unknown function, is
downregulated in both flag leaves and anthers of csa plants
under SD condition. The roles of these hub genes are similar
with the predicted function of the “csa sterility” DEG set by
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GO analysis, supporting the role of CSA in regulating cell
wall and sugar metabolism (Table 2).

CSA regulates the sink strength in sugar
partitioning

As a sink tissue, the anther requires carbohydrate supply
from source tissues for pollen development and maturation
(Zhang and Wilson, 2009). In plants, various sugar transport-
ers including invertases, SWEETs, and MSTs, are engaged in
the transport of sugars from source to sink organs via the
phloem (Ruan, 2014). In this study, we found carbohydrate
metabolism is the core process regulated by CSA for the an-
ther development. By comparing csa-SD and WT-SD tran-
scriptomes, we found expression changes in 3 INV, 7 SWEET,
and 23 MST genes (Table 3), and found 8 genes that are reg-
ulated by CSA directly: 2 genes encoding invertases (CWING
and INV4); 3 genes encoding SWEETs (SWEET5, SWEET6A,
and SWEET6B); and 3 genes encoding MSTs (MST1, STP14,

and STP18) (Figures 5 and 6). In the semi-sterile cwin6 inv4
mutant, hydrolysis of sucrose to glucose and fructose is
blocked in the anther, resulted in an insufficient supply of
monosaccharides during the anther development (Figure 7, D
and H). The triple sweet5 sweet6a sweetéb mutant was also
partially sterile (Figure 7D). SWEET5 has been reported to
function as a galactose transporter (Zhou et al, 2014); this
hexose sugar is a key component of the plant cell wall. These
three SWEETs may work redundantly as transporters of galac-
tose, whose function is compromised in the absence of CSA
regulation. The triple mst1 stp14 stp18 mutant accumulated
glucose and fructose in the palea and lemma (Figure 7G),
which suggests that these proteins function in monosaccha-
ride transport from palea and lemma to the anther. In the
absence of CSA, the functions of these sugar transport pro-
teins were affected, resulting in csa-induced male sterility.
Source activity and sink strength are two important fac-
tors to influence the sugar transport efficiency (Bihmidine
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et al, 2013), which can greatly affect agricultural crop yields.
CSA plays important roles in regulating the sink strength by
controlling numerous CWIN, SWEET, and MST proteins. As
none of genes encoding proteins involved in sugar transport
were observed in the csa leaves (Supplemental Data set S1),
the CSA regulatory function must occur in the sink tissues.

CSA controls cell wall synthesis in anther
development

The cell walls of csa-SD anthers are abnormal, being whiter
and smaller than those of the WT anther (Zhang et al,
2010). In this study, we have found multiple galactose me-
tabolism genes are downregulated in csa-SD compared with
WT-SD anthers (Table 2), which would have downstream
effects on cell wall growth. Pectins, in particular, are
galactose-rich polysaccharides that help to lock microfibrils
of the cell walls and determine the wall porosity and wall
thickness (Cosgrove, 2005), and defects in their biosynthesis
may explain the abnormal csa anther phenotype.

In addition, actin filament depolymerization was also af-
fected in the csa-sterility DEG set (Table 2). Downregulation
of key genes involved in this process, such as
LOC_0s07g20170, LOC_Os07g30090, LOC_Os10g37670,
LOC_0Os04g51440, LOC_0Os01g03510, LOC_0Os02g44470 and
LOC_Os04g46910 (Supplemental Data set S3), can affect
biosynthesis of myosins, which direct maintenance of cell
shape and vesicle transport (Vale, 2003). One rice myosin,
myoXIB, has been shown to control pollen development by
photoperiod-sensitive protein localization (Jiang et al, 2007).

CSA-regulated processes can be induced by other
pathways to partially restore fertility under LD
conditions

In previous research, we speculated that several homologs of
CSA may be responsible for regulating anther development
under LD conditions (Zhang et al, 2013). A more recent re-
port confirms that CSA2, a homolog of CSA, plays a critical
role in male fertility under LD conditions, and csa2 exhibits
semi-sterility due to defects in sugar transport and aborted
pollen maturation (Wang et al, 2021). In this study, we
found that some sugar and cell wall metabolic processes,
compromised in c¢sa-SD anthers, were restored in csa-LD
anthers. Expression of these 218 genes, likely induced by
CSA homologs or other MYB transcription factors, was
higher in csa-LD than csa-SD anthers, but still not quite as
high as in WT anthers (Figure 2, B and C). These results are
consistent with the report of CSA2 function, with common
downstream regulatory targets, and provide a good explana-
tion for csa2 mutant semi-sterility (Wang et al, 2021).
Activation of fertility pathways by CSA2 under LD condi-
tions was not completely effective, resulting in only partial
restoration of male fertility.

In summary, leaves are the main tissues that respond to
photoperiod changes, and transduce photoperiod signals to
sink tissues, including anthers, via components of the core
clock. Under SD conditions, CSA influences anther
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development by controlling a series of genes directly or indi-
rectly involved in sugar partitioning and cell wall develop-
ment. Under LD conditions, CSA homologs, rather than CSA
itself, promote similar downstream genes to regulate anther
development. Further study on the roles and redundancies
between CSA and its homologs, and their common down-
stream targets, have important implications for uncovering
the mechanisms of PGMS and the development of the two-
line hybrid rice.

Materials and methods

Plant growth conditions

WT and csa mutant rice (O. sativa ssp. japonica) were
grown in paddy fields around Shanghai. Seeds were sown by
early May and transplanted into hydroponics box containing
0.5x Murashige and Skoog medium (PhytoTechnology
Laboratories, Lenexa, KS, USA) and grown in controlled envi-
ronment chambers (30°C/22°C [day/night], 70% relative hu-
midity, and 15-h light/9-h dark photoperiod). Seedlings were
transplanted into paddy fields by the end of May. By the
middle of August (initiation of reproductive development),
the daylength is ~14h (LD photoperiod (August 1, 04:40—
19:20; August 15, 04:55-19:05). Rice plots (WT and csa)
were divided into two groups and SD photoperiod (12-h
light) was simulated by covering plants in one group with
lightproof plastic film at about 16:55. The CRISPR/Cas9
mutants described below were grown under SD field
conditions.

Tissue collection, RNA extraction, and sequencing
Leaves and anthers were collected at Stages12 of anther de-
velopment (Zhang and Wilson, 2009). About 3cm of flag
leaves were sampled every 4 h over 1 day for both photoper-
iods at ZT3 (08:00), ZT7 (12:00), ZT11 (16:00), ZT15 (20:00),
ZT19 (00:00), and ZT23 (04:00), and ~100 mg anthers from
the same tiller were harvested at ZT11 (16:00) and ZT23
(04:00) timepoints (Supplemental Figure S1). Two biological
repeats were harvested for each sample, frozen immediately
in liquid nitrogen, and stored at —80°C.

Total RNA, excluding miRNAs, was extracted using TRIzol
(Life Technologies, Carlsbad, CA, USA) for RNA sequencing
according to the manufacturer’s protocol. cDNA libraries
were prepared with the FastQuant RT Kit with DNase
(Tiangen, Beijing China), according to manufacturer’s
instructions. cDNA libraries were sequenced with lon Proton
platform (Life Technologies, Carlsbad, CA, USA) by Novelbio
Led (Shanghai, China). The raw sequence data were
inspected by FastQC (version 0.11.1) and mapped to the
rice reference genome with the RGAP version 7 database
from the MSU Rice Genome Annotation Project using
MapSplice version 2.1.8 (Wang et al, 2010; Kawahara et al,
2013). Only uniquely mapped reads were extracted and
used for downstream analyses, using gene expression level
calculated as reads per kilobase per million reads (RPKM).
Counts and RPKM for each gene are given in Supplemental
Data set S1.
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Cluster analysis

Cluster analysis was performed on leaf transcripts that var-
ied by genotype (WT/csa) and/or photoperiod (SD/LD).
Clustering was performed on the expression-filtered data set
by parameters of “at least 1 observation with abs (Val)
>50" and “MaxVal — MinVal >5.0" using Gene Cluster
version 3.0 software (Hoon et al,, 2004). Hierarchical cluster-
ing was performed after the data were normalized and the
heatmap was drawn using the TreeView software (Keil et al,
2016).

Differential gene expression analysis

DEGs were identified with the R/Bioconductor package
“DESeq2” (Love et al., 2014). Genes were considered differen-
tially expressed with a 2x difference in expression (|log,
FC| = 1; false discovery rate [FDR] < 0.05; P-value < 0.05).
DEGs were determined in day (ZT11, 16:00) and night
(ZT23, 04:00) tissues, and DEGs regulated the same way in
both samples were considered for subsequent analyses
(Supplemental Tables S1 and S2 and Supplemental Data
sets S2 and S3). GO analysis was performed by Blast2Go and
TopGO (Conesa et al., 2005; Alexa and Rahnenfuhrer, 2010),
where significance was set at P < 0.05, FDR < 0.05.

WGCNA

Co-expression of anther DEGs was analyzed by the WGCNA
package in R (Langfelder and Horvath, 2008). The gradient
method was used to test the independence and the average
connectivity of different modules at power values from 1 to
20; the appropriate power value was determined when the
degree of independence was 0.8 (power = 16, Supplemental
Figure S4B). Genes were then separated into different mod-
ules using the WGCNA algorithm (minimum number per
module set to 40). Module-trait associations were estimated
using the correlation between the ME and the phenotype.
The intramodular hub-genes of each module were chosen
by external traits, using GS > 0.2, MM > 0.8, threshold of
P-value < 0.05 (Horvath and Dong, 2008). The expression
pattern of each module was plotted by R package of
“ggplot2” (Wickham, 2016).

RT-qPCR

Total RNA was extracted from anther and flag leaf using
Trizol, as above. Concentration of total RNA was measured
with the NanoDrop 2000 (Thermo Fisher Waltham, MA,
USA). Samples were pretreated with DNAse, then RT was
performed using the FastKing RT Kit (Tiangen Biotech Co)
to synthesize first-stand cDNA from 2 pig RNA. cDNA was
diluted to 100 pL with DEPC [9]-treated water and 2 uL of
cDNA was used as template for RT-qPCR using QuantiNova
SYBR green PCR kit (Qiagen, Hilden, Germany). The PCR re-
action procedures were performed on the Bio-Rad CFX96
Real-Time System: 95°C for 2min for predenaturation;
followed by 40 cycles of 95°C for 5s and 60°C for 10s for
two-step amplification. Relative expression to ACTINT was
calculated using 27" methods. Primers used for RT-qPCR
are shown in Supplemental Table S9.
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Transgenic plant production

ProCSA:CSA-FLAG was created by inserting the CSA pro-
moter (2,199 bp) and cDNA fragment excluding stop codon
(1,017 bp) into the EcoRIl and BstEll sites of pCAMBIA1301,
then inserting two FLAG-tag fragments into the BstEll site.
Primers used for vector construction are shown in
Supplemental Table S10. For CRISPR/Cas9 mutagenesis, tar-
gets were designed using the CRISPR-P 2.0 database (http://
crispr.hzau.edu.cn/cgi-bin/CRISPR2/SCORE; Supplemental
Table S10) and cloned into the plasmid vector pRGEB32
according to Xie et al. (2015).

ChIP and quantitative PCR analysis

Rice anthers from transgenic rice plants expressing full-
length CSA-FLAG fusion protein were sampled at Stage 12
and fixed in 1% (v/v) formaldehyde (Weng et al, 2018). WT
anthers were collected and fixed simultaneously as a nega-
tive control. Chromatin was extracted according to Weng
et al. (2018) and sonicated for 30s with a 30-s break at high
energy with an ultrasonic disrupter (Diagenode, Bioruptor)
for 20-30 rounds, yielding chromatin DNA of 200-500 bp.
Immunoprecipitation was performed using the FLAG-TAG
antibody (Sigma, St. Louis, MO, USA; F2555). qPCR was per-
formed using primers designed to MYB binding motifs
(Supplemental Table S11). MST8, a direct down-stream tar-
get of CSA, was used as a positive control (Zhang et al,
2010) and ACTINT was used as a negative control.

Dual-LUC assays

Dual-LUC assay methods were modified from a protocol
previously reported in N. benthamiana plants (Hellens et al,,
2005). Full-length CSA c¢cDNA was cloned into pGreenll-0000
plasmid to form the 35S:CSA effector, with a 355:GFP nega-
tive control (Figure 6K). Reporter vectors were generated by
inserting the promoters of CSA down-stream candidates
into pGreenll-0800 plasmid (Figure 6K). All effector and re-
porter vectors were transformed into Agrobacterium tumefa-
ciens (strain GV3101) with the help of pSoup-P19 plasmid
(Li et al, 2014).

Agrobacteria were cultured overnight (~16h) and col-
lected by centrifugation at 2,500g for 5min, then resus-
pended in MS liquid medium to ODgqy = 0.6, and incubated
at room temperature for 3 h after adding MES (pH 5.6) to
10mM and acetosyringone to 200 UM final concentration
(Li et al, 2014). Agrobacterium tumefaciens strains contain-
ing effectors and reporters were mixed 4:1 and infiltrated
into a young leaf of N. benthamiana. After growing for
about 48 h under weak light conditions, injected leaves were
collected and frozen in liquid nitrogen immediately. LUC
and Renilla (REN) activities were measured using the
Promega Dual-LUC Reporter Assay Systems kits according
to the manufacturer’s instructions using a GloMax 20/20
Luminometer (Promega, Madison, WI, USA). Five biological
repeats were measured for each sample; differences in ex-
pression were assessed using Student’s t test (Statistical
Product and Service Solutions, SPSS version 16.0).
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Pollen viability staining

Anthers were randomly collected at Stage 13, then im-
mersed and crushed in 1% |,—KI solution on glass slides
(Zhang and Wilson, 2009). Pollen staining was observed by
Nikon ECLIPSE 80i microscope according to the manufac-
turer’s protocol. Fertile pollen rates of nine pollen grains
from three plants were calculated after the pictures were
captured with appropriate parameters. Significant differences
were assessed using Student’s t test (SPSS version 16.0).

Soluble sugar content and starch content
measurement

Soluble sugar content was analyzed using the methods modi-
fied from protocol previously reported by Lisec et al. (2006).
At Stage 10 of the anther development, 20 mg (fresh weight
[FW]) of anther, 50 mg of flag leaf, and 50 mg of lemma/palea
were harvested and fixed in liquid nitrogen. Enzyme activities
were terminated with methanol. The soluble sugar was
extracted by trichloromethane and dried by lyophilization.
The dried powder was treated with 25 puL methoxyamine hy-
drochloride (20 mg/mL in pyridine solution) and shaken at
30°C for 90 min, after which 40 puL N-methyl-N-(trimethylsilyl)
trifluoroacetamide was added and allowed to incubate at
37°C for 30 min and 25°C for 120 min. Soluble sugars, includ-
ing sucrose, glucose, and fructose, were detected using gas
chromatography—mass spectrometry (Agilent GC-7890B MS-
5977B). Starch content was measured using the standard
curve method with multifunctional microplate reader
reported by Li and Peng (2018). Significant differences were
assessed using Student’s t test (SPSS version 16.0).

Accession numbers

All the scripts used in this study were uploaded in the
GitHub  repository:  https://github.com/ljbsk/SHARE/find/
DEG-WGCNA-GO. The datasets presented in this paper can
be found in GenBank (http://www.ncbi.nlm.nih.gov) under
accession number GSE171078. Sequence data from this arti-
cle can be found in the GenBank data libraries under acces-
sion numbers OM515204-OM515212.

Supplemental data

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

Supplemental Table S1. DEGs in flag leaf samples.

Supplemental Table S2. DEGs in anther samples.

Supplemental Table S3. Numbers of genes in WGCNA
co-expression modules.

Supplemental Table S4. Biological process analysis by GO
of the MEs in turquoise module and blue module.

Supplemental Table S5. DEGs involved in cell wall modi-
fication and actin filament depolymerization in the “csa-ster-
ility” DEG set.

Supplemental Table S6. DEGs involved in cell wall devel-
opment and actin filament organization in the “fertility
restoration” DEG set.
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Supplemental Table S7. Soluble sugars and starch level
profiles in WT and mutants.

Supplemental Table S8. Common DEGs between anthers
and flag leaves in csa-SD compared with WT-SD.

Supplemental Table S9. List of primers for RT-qPCR
analysis and vector construction.

Supplemental Table S$10. List of sgRNAs for CRISPR/Cas9
system.

Supplemental Table S11. List of primers used in ChIP-
gPCR assay.

Supplemental Figure S1. Sampling points of rice leaves
and anthers under LD and SD conditions.

Supplemental Figure S2. Sample clustering of the tran-
scriptomes by replicates in leaves under different conditions.

Supplemental Figure S3. Expression pattern of genes in-
volved in circadian rhythm regulation and photoperiod sens-
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