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Abstract

To further understand the regulatory mechanism for anther dehiscence in rice, we carried out transcriptome analysis for
the following two tissues: the anther wall and pollen at the anthesis stage. With the anatomical meta-expression data, in
addition to these tissues, the differentially expressed genes (DEGs) between the two tissues were further refined to identify
1,717 pollen-preferred genes and 534 anther wall-preferred genes. A GUS transgenic line and RT-qPCR analysis for anther
wall-preferred genes supported the fidelity of our gene candidates for further analysis. The refined DEGs were functionally
classified through Gene Ontology (GO) enrichment and MapMan analyses. Through the analysis of cis-acting elements and
alternative splicing variants, we also suggest the feature of regulatory sequences in promoter regions for anther wall-preferred
expression and provide information of the unique splicing variants in anther wall. Subsequently, it was found that hormone
signaling and the resulting transcriptional regulation pathways may play an important role in anther dehiscence and anther
wall development. Our results could provide useful insights into future research to broaden the molecular mechanism of
anther dehiscence or anther wall development in rice.
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Introduction change, improving crop production is of utmost importance.

Owing to its importance for pollen maturation and sensitiv-

Rice (Oryza sativa L.) is an important staple crop consumed
by more than half of human population (Muthayya et al.
2014). Because of rapid population growth and climate
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ity to climate change, the anther, a well-characterized male
reproductive organ, is among the foci of studies related
to crop yield (De Storme and Geelen 2014). Most of the
research on anther development has been conducted to elu-
cidate the mechanism of pollen development, in relation to
the sporophyte tissue, tapetum, or intrinsic control mecha-
nism of pollen as it develops from pollen mother cells to
mature pollen (Zhang et al. 2008). In addition, many studies
on anther development have focused on pollen development
related to the anther wall, especially the tapetum, the inner-
most layer of the anther wall. However, molecular under-
standing of anther wall development has been very limited.

Anther dehiscence is the final stage of pollen release and
is an important stage in plant reproduction and fertilization
(Wilson et al. 2011). This process consists of several biologi-
cal processes, where the signals are regulated by various fac-
tors, such as abiotic stress and water status (Xie et al. 2019).
The importance of the anther wall was identified through
studies in which anther wall dehiscence did not occur among
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rice mutants exhibiting the male sterility phenotype (Steiner-
Lange et al. 2003; Song et al. 2018). So far, it has been found
that the plant hormone auxin plays an important role not
only in flower development but also in anther dehiscence.
During rice anthesis, OsFTIP7 regulates the timing of auxin-
mediated anther dehiscence (Song et al. 2018). In addition,
AUXIN RESPONSE FACTORI7 (OsARF17) directly regu-
lates the MYB108-encoding transcription factor for anther
dehiscence (Xu et al. 2019). miR167 negatively regulates
ARF6 and ARFS8 (Zheng et al. 2019b). If miR167 regulation
of anther growth is hindered, anther dehiscence is delayed
by prolonged desiccation. Research on rice dehiscence has
been conducted, but the identification of an effective gene
candidate or the related biochemical pathways have not
yet been reported. To date, the transcriptomes for anthers
and pollens, according to the developmental stages, have
been produced by various groups, and web-based expres-
sion analysis tools using the transcriptome data have been
developed, thus establishing the foundation for accelerating
related research. Among them, RiceAntherNet (https://www.
cpib.ac.uk/anther/riceindex.html) (Lin et al. 2017) and Rice
Male Gamete Expression Database (RMEDB, http://ricep
hylogenomics-khu.org/RMEDB/home.php) (Chandran et al.
2020) are representative examples of these studies. However,
there have been no reports on transcriptome analysis of the
anther wall during the flowering stage.

In this study, we carried out transcriptome data analysis
for the following two tissues: anther walls and pollen dur-
ing the anthesis process. Through transcriptome comparison
between the two tissues, we identified the first 11,441 genes
showing more than twofold upregulation in the anther wall
compared to pollen. Among them, 534 genes that have low
expression in other organs or tissues, but high expression in
the anther wall, were selected for further analyses. Through
Gene Ontology (GO) enrichment and MapMan analyses,
biological processes, important regulatory and metabolic
pathways related to the anther wall were identified. In addi-
tion, a regulatory network model for anther wall develop-
ment was suggested to establish a basis for accelerating
future research.

Results

Genome-wide identification of anther
wall-preferred genes inrice

To investigate global gene candidates associated with the
anther wall of rice, pollen and anther walls were collected
from spikelets during pollination. In total, 17,525 differ-
ently expressed genes (DEGs) between the two tissues were
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identified through RNA-Seq analysis. With the conditions
of p-value <0.05 and log2FC>1 or<—1, 11,441 genes
showed higher expression in the anther wall than in pollen,
and 6,084 genes were measured to have higher expression
in pollen than in the anther wall (Fig. 1a). These expression
data were visualized using a volcano plot (Fig. 1b). Tissue-
preferred genes were selected from pollen and anther wall
among DEG to analyze transcriptional regulation mecha-
nisms in tissues, excluding genes involved in other processes
or housekeeping genes. For this purpose, raw data of the
callus, shoot, leaf, root and developing seeds were collected
from NCBI Gene Expression Omnibus (https://www.ncbi.
nlm.nih.gov/geo/) (Table S1). These data, along with the
pollen and anther wall data from our study, were normal-
ized as described (Hong et al. 2020). We then carried out
K-means clustering (KMC) analysis for 12 groups, which
was the optimal number for KMC analysis as determined
by the gap statistic method (Tibshirani et al. 2001). Sub-
sequently, we identified 534 anther wall-preferred genes
and 1,717 pollen-preferred genes (Fig. 1¢). Heatmap data
of refined pollen-preferred and anther wall-preferred genes
are depicted in Fig. 1d.

Validation of anther wall-preferred genes
via RT-qPCR analysis and histochemical assay

To verify the anther wall-preferred expression identified
in our transcriptome analysis, we performed RT-qPCR
analysis, and used a promoter trap system. First, we deter-
mined the relative expression levels of the six selected
anther wall-preferred (AW) genes using RT-qPCR in six
tissues: shoot, root, seed, leaf, pollen, and anther wall.
The six AW genes (AWI12/LOC_0s09g20940, AWI14/
LOC_0s08g38370, AW28/LOC_0s08g34900, AW29/
LOC _0s03g30150, AW53/LOC_0Os03g60210, and AW60/
LOC_0s01g51550) showed high anther wall expression
but were not significantly expressed in other tissues
(Fig. 2a). In addition, the AW genes were more precisely
verified using the promoter-GUS transgenic line. We
have previously described this promoter trap technique
using T-DNA that carries the promoter-less GUS reporter
gene in japonica rice (Jeon et al. 2000). In this study,
we identified a promoter trap line (2A-20288) for the
AWI9 gene (LOC_Os07g10700) and confirmed that the
line contained a T-DNA insertion in the fourth exon of
the AW19 gene (Fig. 2b). In addition, all lines with the
T-DNA band showed GUS expression in the anther wall
through co-segregation analysis of T-DNA insertion and
GUS expression (Fig. 2c). RT-qPCR results showed that
the AW19 gene was preferentially expressed in the anther
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Fig. 1 Pollen-preferred and anther wall-preferred genes were identi-
fied from DEGs. a Number of DEGs between pollen and the anther
wall. DEGs were selected under the conditions of log,FC(pollen/
anther wall)>1 or<—1, and p-value <0.05. b Volcano plot of DEGs
between pollen and the anther wall. Upregulated genes in pollen are
indicated by red dots, and downregulated genes in pollen are indi-
cated by blue dots (i.e., upregulated genes in the anther wall). ¢ The
clusters resulted from K-means clustering are shown. The 12 panels
above are clusters of the anther wall preferred gene, and the 12 panels

wall (Fig. 2d) similar to the GUS expression analyses
in seedlings and flowers. GUS signal was displayed in
the anther wall and was not detected in other tissues

below is clusters of the pollen preferred gene. The number of genes
lying in each cluster is mentioned. Multiple black lines represent each
gene showing its expression values in six tissues: shoot, root, seed,
leaf, pollen, and anther wall. In each cluster, the pink line represents
the mean of expression values of all the genes. d Log, normalized
read counts were used for heat map generation. Blue indicates a low
level of the log, normalized read count, and yellow indicates a high
level. Bar in flower image =1 mm; bar in anther image =500 pm; bar
in pollen image =200 um

(Fig. 2e). Hence, these results enhance the reliability of
our transcriptional data for diverse analyses.
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Fig.2 Validation of anther wall-preferred genes with RT-qPCR
and histochemical assay. a Expression of anther wall-preferred
AW genes in Oryza sativa analyzed via RT-gPCR in six tissues of
rice: shoot, Root, Seed, Leaf, Pollen, and Anther wall. Rice ubiqui-
tin 1 (OsUbil, LOC_Os03g13170) was used as an internal control.
The y-axis shows the expression level relative to OsUbil, while the
x-axis shows the samples used for analyses. Error bars represent the
standard errors of three biological replicates. Significant differences
are indicated by asterisks; **p<0.01 and ***p<0.001. Data were
analyzed by employing one-way analysis of variance with repeated
measures using Tukey’s pairwise comparison test. b Schematic dia-
gram of the T-DNA line of the AWI9 gene with GUS. ¢ Polymerase
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chain reaction (PCR) analysis for genotyping using two primers sets
(F/R and R/N). Genotyping results showed co-segregation of T-DNA
insertion and GUS expression. d RT-qPCR for the AW19 gene in six
tissues: shoot, root, seed, leaf, pollen, and anther wall. Rice ubiqui-
tin 1 (OsUbil, LOC_Os03g13170) was used as an internal control.
The y-axis shows the expression level relative to OsUbil, and the
x-axis shows the samples used for the analyses. Error bars represent
the standard errors of three biological replicates. Significant differ-
ences are indicated by asterisks; *p <0.01. e Expression pattern of
AWI9-GUS transgenic rice plants at seedling and flower stages. Bar
in seedling image =1 cm; bar in anther image =200 pum; bar in flower
image=1 mm
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Evaluation of the functional significance for AW
genes using literature searches

To search for effective candidate genes and biochemical
pathways for anther dehiscence or anther wall develop-
ment, genes with a known function that are preferentially
expressed on the anther wall were identified through the
funRiceGenes website (https://funricegenes.github.io/)
(Yao et al. 2018). In Table 1, there are 12 genes that were
functionally characterized. Of them, four (OSWRKY42,
OSDREBIF, OsERF83, and SERF) are transcription fac-
tors, two are transporters (OsBOR4 (Tanaka et al. 2013) and
OsKATI (Obata et al. 2007)), one is a kinase (OsHXK1), and
all are involved in signaling and transcriptional regulation
pathways. Of them, OsHXK1 is the only one involved in the
initiation of tapetal PCD, whereas most others are related
to ROS regulation, abiotic stress response, and biotic stress
response (Zheng et al. 2019a). Of the remaining genes, two
(DPW and XYH) are related to anatomical structure morpho-
genesis, one (HTH]I) is related to metabolism, one (ODCbh
(Quinet et al. 2010)) is related to biosynthesis, and one
(OsFBX322 (Hwang et al. 2020)) is related to protein deg-
radation. Of these, DPW (Shi et al. 2011a) and HTHI (Xu
et al. 2017) are involved in regulating male sterility. On the
basis of the functional characterization data of AW genes,
the functions of three genes (OsHXK1 (Zheng et al. 2019a),
DPW, and XYH (Sharma et al. 2012)) are involved in anther

Table 1 List of functionally characterized anther wall preferred genes

wall development and regulation of male sterility. Thus, we
expect that AW genes aside from the three known genes
mentioned above can be useful candidates for elucidating
anther dehiscence and anther wall development.

Functional classification of anther wall-
and pollen-preferred genes using GO enrichment
and MapMan analyses

To explore the biological function of the AW genes in rice,
GO enrichment for AW genes was performed with a hyper-
geometric p-value < 0.05, query number > 2, and fold enrich-
ment value > 2. The top 10 GO terms were identified, and
the results were compared with those of pollen-preferred
genes (Fig. 3).

The GO terms enriched in the AW genes are as follows:
the GO fold enrichment value of the stimulus response
(GO:0050896) was 12.1; auxin-mediated signaling pathway
(GO:0009734), 4.9; lipid metabolic process (GO:0006629),
4.6; response to oxidative stress (GO:0006979), 2.8; tran-
scription (G0O:0006350), 2.4-fold; regulation of tran-
scription (GO:0045449), 2.3; and regulation of transcrip-
tion, DNA-dependent (GO:0006355), 2.1. By contrast,
the GO terms enriched in the pollen-preferred gene were
as follows: the GO fold enrichment value of the biologi-
cal process (GO:0008150) was 13.1; cell wall modifica-
tion (GO:0042545), 7.5; actin cytoskeleton organization

Functional category Locus ID Symbol Putative function References Log2FC p-value

Transcription factor LOC_0s02g26430 OsWRKY42 WRKY42 Han et al. (2014) —8.186159884 2.00366E—-23

Transcription factor LOC_0s01g73770 OsDREBIF Dehydration-responsive ~ Wu et al. (2008) —4.952484899 6.841E—12
element-binding
protein

Transcription factor LOC_0s03g64260 OsERF83 AP2 domain containing  Jung et al. (2021) —7.015760733 1.49068E—-07
protein

Transcription factor LOC_0s05g34730 SERF1 Ethylene-responsive Schmidt et al. (2014) —4.123561548 2.58447E—06
transcription factor
ERF020

Transporter LOC_0s05g08430 OsBOR4 Boron transporter Tanaka et al. (2013) —7.280621313 1.67041E—-40
protein

Transporter LOC_0Os01g55200 OsKATI Potassium channel Obata et al. (2007) —4.753884759 0.005347216
KAT1

Kinase LOC_0Os07g26540 OsHXKI1 Hexokinase Zheng et al. (2019a) —4.538588722 0.011773245

Anatomical structure LOC_0Os03g07140 DPW Male sterility protein Shi et al. (2011a) —2.570118684 0.000678658

morphogenesis
Anatomical structure LOC_0s05g23350 XYH Glycosyl hydrolase fam- Sharma et al. (2012)  —6.657749743 9.2831E-07
morphogenesis ily 10 protein

Metabolic process LOC_0Os04g48400 HTHI1 HOTHEAD precursor Xu et al. (2017) —6.674936688 1.26386E—06

Protein degradation LOC_Os09g17540 OsFBX322  OsFBX322—F-box Hwang et al. (2020) —6.523823625 2.25847E-06
domain containing
protein,

Biosynthetic process LOC_0s02g28110 ODCb Ornithine decarboxylase Quinet et al. (2010) —5.234254418 4.08824E—09
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(G0O:0030036) 5.9; one-carbon metabolic process
(G0:0006730), 5.2; sexual reproduction (GO:0019953),
5; cation transport (GO:0006812), 4.8; cellulose biosyn-
thetic process (GO:0030244), 4.3; cell wall organization
(GO:0007047), 3.7; potassium ion transport (GO:0006813),
2.4; and protein homooligomerization (GO:0051260), 2.4.
In addition, MapMan analysis was performed to func-
tionally classify and visualize the pollen- and AW genes. A
total of 1,717 pollen-preferred genes and 534 wall-preferred
genes were uploaded to the regulation (Fig. 4a), biotic stress
(Fig. 4b), receptor-like kinases (Fig. 4c), and transcription
(Fig. 4d) overviews of the MapMan toolkit. MapMan data
could support the previous report claiming that receptor-like
kinases (RLKs) and calcium signaling play an important
role in pollen tube growth and germination (Guo et al. 2009;
Steinhorst et al. 2013). Furthermore, ethylene responsive
factor (ERF)-related genes, acting as major repressors under
various stress conditions, and hormones, including auxin,
ethylene, and cytokinin-related genes, were identified in the
AW genes. Interestingly, the GO term of the auxin-mediated
signaling pathway was identified in the anther wall preferred

genes. In the MapMan regulation overview, the identifica-
tion of the genes involved in IAA metabolism also supports
a close relationship between auxin and anther wall develop-
ment. These results suggest that the anther wall might be
associated with the auxin response, ERF-mediated abiotic
stress response, and signaling pathways mediated by RLKs
and calcium.

Analysis of the cis-acting element of promoter
regions and functional analysis of regulatory factors

Cis-acting element analysis can help us understand the tran-
scriptional regulation of DEGs between the anther wall and
pollen. In addition, the mechanism of transcriptional regula-
tion on anther dehiscence might be predicted by analyzing
transcription factors interacting with these elements.

The Multiple Expectation—-maximization for Motif Elici-
tation (MEME) suite was used to detect conserved motifs
that might affect gene regulation in the 2 kb upstream pro-
moter regions of the DEGs. We compared the promoter
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Fig.4 The pollen-preferred and anther wall-preferred genes were functionally classified via MapMan analysis. a regulation, b biotic stress, ¢
receptor-like kinases, and d transcription overviews of the 1,717 pollen-preferred and 534 anther wall-preferred genes in MapMan analysis

@ Springer



1236

Plant Cell Reports (2022) 41:1229-1242

regions of the two groups (pollen-preferred genes and AW
genes) and subsequently identified five statistically sig-
nificant cis-acting regulatory element sequences (CREs) in
each group. Next, the CREs was sent to TomTom to find
transcription factors that can bind to known CREs in the
Arabidopsis genome. In the case of pollen, transcription fac-
tors involved in gibberellin biosynthesis (FUS3, DDF1, and
DDF?2) and circadian rhythm (CDF5, LHY1, RVE2, RVES,
RVEG6, RVES, AGL25, LCL5, and CBF2) were identified. In
the case of the anther wall, transcription factors involved in
ethylene signaling, auxin response, and brasinosteroid bio-
synthesis were identified (Fig. 5a).

To explore the biological function of the transcription
factors identified in the above analysis, the TAIR bulk GO
annotation retrieval tool was used to analyze the top five
GO terms for the transcription factors found in each of the
two groups (Fig. 5b). GO analyses of transcription factors
for the regulation of the pollen-preferred group revealed
strong enrichment for GO terms related to the gibberellin
biosynthetic process (100; GO:0010371), regulation of
circadian rhythm (22.94; GO:0042752), circadian rhythm
(13.65; GO:0007623), and rhythmic process (13.65;
GO:0048511). By contrast, in the case of transcription

a Pollen Anther wall

Motif 1 (E-value:2.4e-11) Motif 1 (E-value:9.88e-5)

Motif 2 (E-value:3.1e-2)

WA A

| ATATGy e
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2
ra

IIIIITTTTTIIITEEWQ
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J T g™ |
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Fig.5 Cis-acting element analysis. a Three motifs that conserved
in each of the two groups (pollen- and anther wall-preferred genes)
using Multiple Expectation maximization for Motif Elicitation
(MEME). Position-specific frequency matrices for the motifs identi-
fied by MEME were submitted to TomTom (Arabidopsis database)
to identify matching transcription factors. The most significant tran-
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factors for the regulation of the AW group, we identified
strong enrichment for GO terms related to the ethylene-
activated signaling pathway (145.45; GO:0009873), cel-
lular response to ethylene stimulus (123.07; GO:0071369),
response to ethylene (67.21; GO:0009723), phosphorelay
signal transduction system (96.25; GO:0000160), and hor-
mone-mediated signaling pathway (22.27; GO:0009755).
This result indicated that ethylene response factors, phos-
phor-relay signaling, and hormone-mediated signaling
may play an important role in the transcriptional regula-
tion of anther wall development, and pollen is transcrip-
tionally controlled by GA and circadian rhythm.

Difference in shape of alternative splicing forms
of pollen and the anther wall

To better understand the transcript dynamics in the anther
wall dehiscence process, we analyzed the difference in the
alternative splicing forms of pollen and the anther wall
using tMATS (Shen et al. 2012). Differential splicing
analysis between pollen and anther wall RNA detected
355 significant alternative splice events in 283 genes
during anther wall development when compared to
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scription factors found in a. GO terms were selected under the fold
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pollen development. To explore the biological function
of these genes with alternative splicing events in rice, GO
enrichment was performed under hyper p-value < 0.05,
FDR < 0.05, and IncLevelDifference > 0.1 or< —0.1, and
the top 10 GO terms were identified (Fig. 6a). The high-
est enriched GO term in genes with alternative splicing
events is the phospholipid biosynthetic process (30.48;
GO0:0008654). To test the fidelity of the alternative splic-
ing events detected, we randomly selected two known
genes to confirm their differential expression between
pollen and the anther wall by semi RT-qPCR. Sashimi
plot analysis revealed that OsGI (LOC_Os01g08700)
and OsRMTI (LOC_0Os04g51400) have different splic-
ing forms by intron intention usage between pollen and
anther walls (Fig. 6b). We designed primers for semi RT-
gqPCR for the regions marked with arrows in Fig. 6¢. As a
result, as in gDNA, long bands with intron intention were

phospholipid biosynthetic process -

dephosphorylation -

activation of protein kinase C activity by G-protein coupled receptor protein signaling pathway -
RNA splicing -

nucleotide-excision repair -

mRNA processing -
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identified in the anther wall, and in the case of pollen, only
short bands by spliced intron were identified (Fig. 6d).
These results indicate that there might be different post-
transcriptional regulation patterns between the anther wall
and pollen tissue, and this difference in alternative splicing
forms might provide new clues to understand the anther
dehiscence process or anther wall development in rice.

Discussion

In this study, we explored the regulatory mechanisms in
anther development and its dehiscence through the com-
parative analysis of the transcriptome between two tissues,
namely, anther wall, and pollen. We elucidated 1,717 pollen-
and 534 AW DEGs and performed validation and functional
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Fig.6 Differential splicing analysis in pollen and the anther wall
of rice. a Gene Ontology (GO) enrichment showing the top 10 GO
terms for alternatively spliced genes. b Representative images of
Sashimi plots depicting alternative splicing patterns in the anther wall
(red) and pollen (yellow). Read counts for each sample are indicated

on the y-axis. ¢ Gene structure of the region where splicing occurs.
The arrow indicates the primer position. d Gel images of semi RT-
qPCR products for the OsGI gene and OsRMTI gene. Actin was used
as the cDNA and gDNA marker
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enrichment of these genes. Finally, we revealed a complex
regulatory mechanism in anther development and its dehis-
cence in the context of hormone signaling, transcriptional
regulations related to abiotic stress, and lipid metabolism.

Previous studies revealed that these hormones are
involved in anther dehiscence. For example, auxin controls
the timing of anther dehiscence. In the auxin-perception
mutants afbl-3 and triple mutant tirlafb2afb3, anther dehis-
cence occurs earlier than that in wild-type Arabidopsis (Cec-
chetti et al. 2013). OsFTIP7 regulates the timing of anther
dehiscence by mediating auxin (Song et al. 2018). Ethylene
is also important in anther wall dehiscence as ethylene insen-
sitivity caused the delay in anther dehiscence in tobacco
(Rieu et al. 2003). The importance of ethylene perception
in anther dehiscence has also been demonstrated in a loss-
of-function mutant study for the ethylene receptor gene. The
antisense suppression of PhETR2, encoding an ethylene
receptor in petunia, led to anther dehiscence before anthe-
sis, indicating that PhETR?2 regulates the timing of anther
dehiscence (Wang and Kumar 2007). Jasmonic acid (JA) is
also reported to be a hormone that affects anther dehiscence.
The Defective in Anther Dehiscence (DADI) gene encodes
the chloroplastic phospholipase A1 that catalyzes the initial
step of JA biosynthesis. Mutation of DAD] resulted in anther
dehiscence defects (Ishiguro et al. 2001). Cytokinin (CK)
regulation plays an important role in the anther dehiscence
of rice. Arabidopsis histidine-containing phosphotransferase
proteins, which are mediators in CK signaling, negatively
modulated the thickening of the secondary cell wall of the
anther endothecium (Jung et al. 2008). MapMan analysis
revealed that 23 AW genes were identified in the category
of hormone signaling and metabolism: eight for auxin, eight
for ethylene, two for JA, and two for CK (Table S5). Further-
more, the results from the KEGG enrichment analysis of the
AW genes supported the relationship between hormones and
anther dehiscence (Fig. S1). As anther dehiscence relies on
the normal development of the anther and complex mecha-
nisms, such as anther wall decay and various hormones,
further studies are needed to unveil how the AW genes are
involved in hormone signaling and metabolism during anther
development and its dehiscence.

Through the GO and MapMan analyses, transcriptional
regulation related to stress response was shown to play an
important role in anther wall development. Among the AW
genes in our study, four genes were identified as transcrip-
tion factors involved in the abiotic stress response (Table 1).
OsWRKY42 and SERFI were shown to be involved in the
salt stress response (Schmidt et al. 2014; Han et al. 2014).
The AP2/ERF family of transcription factors, of which
SERF]1 is a member, is involved in gene regulation in
response to abiotic stresses in plants, especially the DREB
subfamily (Lata and Prasad 2011). DREBIF, a member of
the DREB subfamily, is also reported to increase tolerance
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to salt, drought, and low temperatures (Wang et al. 2008).
Finally, OsERF 83 is also involved in the response to drought
stress. As there are various studies showing the importance
of abiotic stresses and its transcriptional regulation in the
anther dehiscence process (Sakata and Higashitani 2008;
Jagadish et al. 2010; Zinn et al. 2010; Jung et al. 2021), the
two members of the AP2/ERF family, namely, DREBIF and
SERF 1, could be interesting targets for interpreting a cross-
link between anther dehiscence and abiotic stress during the
anther maturation process.

Through cis-acting element enrichment analysis of AW
genes, it is proposed that the regulation of hormone and
phosphorelay signaling have a major role in anther devel-
opment and dehiscence (Fig. 5). This result is consistent
with previous reports that signal integration in abiotic stress
occurs by phosphorelay signaling and several hormones
function as key regulators of stress tolerance (Zwack and
Rashotte 2015; Skalak et al. 2021). In particular, the expres-
sion of AW genes might be controlled by many ERF tran-
scription factors. Motifs preserved in the promoter region
of the AW gene matched the binding motif of AP2/ERF
transcription factors, such as DEAR2, PUCHI, and ERFs,
and 56 of the 67 transcription factors identified belong to the
AP2/ERF Family (Fig. 5a, Table S6). The AP2/ERF family
of transcription factors have been reported as key regulators
in various stress responses, in which they also respond to
hormones to improve plant survival during stress conditions
(Xie et al. 2019). Therefore, it can be speculated that the
AP2/ERF transcription factors and related pathways have
important roles in anther dehiscence or anther wall devel-
opment. In addition, the AP2/ERF transcription factors and
various hormone signaling factors identified in this study
can be major targets for studying mechanisms for anther wall
dehiscence and development during abiotic stress.

In the anther wall, lipid metabolism is the most com-
mon functional group determined by both MapMan and
GO enrichment analyses. Lipid metabolism, mainly lipid
biosynthesis and lipid transport, are important for repro-
ductive development, such as anther development and
dehiscence in plants (Xiao et al. 2014). In particular, lipids
are primarily synthesized in a tapetum cell, which consti-
tutes the innermost layer of the anther wall and transfers
to pollen or other anther wall layers to promote anther
development (Wan et al. 2020). The DPW gene selected
as an anther wall preferential gene with a known func-
tion (Table 1) was reported to participate in the primary
fatty alcohol synthesis step during anther development and
mutations in DPW display defective anther development
and male sterility (Shi et al. 2011b). Furthermore, through
alternative splicing analysis, we suggest that many genes
involved in the phospholipid biosynthetic process have dif-
ferent alternative splicing forms between the anther wall
and pollen tissue (Fig. 6a). In previous reports, alternative
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splicing events are involved in the secondary metabolism
of tea plants (Qiao et al. 2019). In addition, the Lipinl
gene, which regulates phospholipid synthesis, plays a role
in maintaining lipid metabolism homeostasis by regulating
phospholipid levels through alternative splicing in liver
cells (Wang et al. 2021). However, the mechanism of lipid
metabolism or biosynthesis in rice anther development is
largely unknown, and lipid level control by alternative
splicing has not yet been reported in plants. Although we
still need to further confirm the activity and functional-
ity of alternative splicing isoforms between the anther
wall and pollen, we assume that the alternative splicing of
genes involved in lipid biosynthesis may play an impor-
tant role in maintaining lipid metabolism during anther
development.

In this study, we prepared a working model in anther
development and dehiscence (Fig. 7). This model empha-
sizes two important transcriptional regulatory mechanisms
in the rice anther wall. We believe that the suggested
model could prove useful for the future examination of
the anther wall development and dehiscence mechanisms.

Methods
Plant materials and growth conditions

Japonica rice (Oryza sativa spp. japonica) variety,
Dongjin, was cultivated as the wild-type plant under a day/
night cycle of 16 h/8 h at 28 °C/22 °C with approximately
80% humidity for two weeks in a growth chamber and
was transplanted to a living modified organism-controlled
paddy field (Kyung Hee University, Yongin, South Korea).
Anther wall and pollen samples were collected from the
paddy field using the RNAlater stabilizing solution (Inv-
itrogen) at the anthesis stage.

Anther dehiscence &
Anther development ’E_thzlene "
i

N Aux

ETR b = ~

Z \AUX

‘~‘%¢y(okinin

(EN2) ~-
EN2)

_—— T ———— ¥

v >
v

PN
®®®""
ARR ARR e

Anther

Pollen — Isoform A

grains , Isof¢ B = L .@
i saform
f/\/‘/tL‘Pre-mRNA \ / !
2w DREBf1 @
WVWAWVAAN - = “

Lipogenic gene

Fig.7 A summary model of the anther dehiscence process. Hormone
signaling related to the abiotic stress response occurs in anther devel-
opment and dehiscence. Blue boxes show the mapped anther wall-
preferred DEGs in plant hormone signaling pathways, as modified
from KEGG (Fig. S1). Lipid metabolism control by alternative splic-
ing might also be associated with this process

Transcriptome analysis and identification of DEGs

Anthers were collected during anthesis and vortexed vig-
orously to separate pollen from the anther wall. The RNA
was extracted using RNeasy Mini Kit (Qiagen) according
to the manufacturer’s protocols and passed a quality con-
trol process. Then, sequencing libraries were constructed
using TruSeq Stranded mRNA LT Sample Prep Kit (Part
#15031047 Rev. E) and sequenced by Macrogen, Inc., with
the Illumina NovaSeq 6000 platform.

FASTQ files were cleaned using Cutadapt software
(v2.3 (Martin 2011)) and mapped to a reference rice
genome, MSU7, using HISAT?2 aligner (v2.1.0 (Kim
et al. 2019)). The read counts were extracted with Fea-
tureCount (v1.6.3 (Liao et al. 2014)), and DEGs were sta-
tistically tested using DESeq2 R package (v1.30.1 (Love
et al. 2014)). The DEGs between pollen and the anther
wall were selected with> 1 or < — 1 log, fold-change val-
ues and p-value <0.05. For the selected DEGs, the log,
fold-change data were visualized using a volcano plot.
The raw data were deposited to the ArrayExpress reposi-
tory (accession number: E-MTAB-7974 for pollen and
E-MTAB-11005 for anther wall).

Heatmap analysis

The Multiple Experiment Viewer (MeV) program was used
for the statistical analysis and visualization of the primary
selected DEGs of pollen and the anther wall, which resulted
in the identification of 6,084 pollen-preferred genes and
11,441 wall-preferred genes. K-means clustering (KMC)
analysis was performed for genes using the Euclidean dis-
tance algorithm. Subsequently, 1,717 genes preferred by pol-
len and 534 genes preferred by the anther wall were selected
among 12 clusters, which was set based on the gap statistic
method (Tibshirani et al. 2001). Heatmap images for pollen-
preferred and AW genes were generated using the MeV pro-
gram. Detail information about public transcriptome data is
in Supplementary Table 1.

Functional classification using GO and MapMan
analyses

GO terms were downloaded from ROAD (http://ricephylog
enomics.khu.org/ROAD_old/analysis/go_enrichment.shtml)
to characterize the functions of transcripts belonging to the
selected gene list (Moon et al. 2020). In total, 1,717 pollen-
preferred genes and 534 AW genes were uploaded, and GO
terms with hyper p-value <0.05, fold enrichment > 2, and
a query number > 2 were selected. The top 10 GO terms
based on fold enrichment were used for further analysis. A
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plot was generated to visualize the data using the ggplot2 R
package (v3.3.5).

MapMan analysis was performed to visualize the biologi-
cal processes and pathways for the 1,717 pollen-preferred
genes and 534 AW genes as previously described (Zhang
et al. 2020). We uploaded the locus ID of these genes to the
MapMan toolkit and analyzed their regulation, metabolism,
cell function, and biotic stress overviews.

Alternative splicing analysis

The RNA-Seq data of pollen and the anther wall were ana-
lyzed for splicing alterations. To identify such events, rep-
licate Multivariate Analysis of Transcript Splicing ({MATS
v4.1.0) was used to determine junctional reads (Shen et al.
2012). Differential alternative spliced genes with hyper
p-value <0.05, FDR < 0.05, and IIncLevelDifferencel> 0.1
were selected and visualized with rmats2sashimiplot (v
2.0.2). To validate the splicing alterations, semi RT-qPCR
analysis was performed by designing primers of two loci
in the neighboring exons where splicing was predicted
(Table S4).

Histochemical assay for AW genes

We generated more than 100,000 potential promoter trap
lines that retain the promoter-less GUS gene near the right
border of T-DNA (Jeon et al. 2000). We screened the 60 AW
genes in Table S2. A promoter trap line (2A-20288) for the
AW19 gene (LOC_0Os07g10700) was identified through co-
segregation analysis of T-DNA insertion and GUS expres-
sion. The primers used for T-DNA genotyping were 5'-TGC
TACCTCCCTTGACAGTG-3' (206 bp downstream from
the ATG start codon of the AW19 gene), 5'-AGTTTCTGA
CATCTAAGCGTTG-3' (1536 bp downstream from the
ATG start codon of AW19 gene), and 5'-AACGCCTGATCA
ATTCCACAG-3' (80 bp downstream from the ATG start
codon of the GUS gene). Histochemical GUS-staining was
performed as described previously (Moon et al. 2019). The
stained flowers and pollen grains were photographed with a
BX61 microscope (Olympus).

RT-qPCR analysis

Tissue samples, including pollen and anther wall (Oryza
sativa cv. Dongjin), grown in paddy fields were frozen in
liquid nitrogen and homogenized with TissueLyser II (Qia-
gen). Total RNA was extracted using RNAiso Plus according
to the manufacturer’s protocol (Takara). cDNA was synthe-
sized using a SuPrimeScript RT premix from GeNet Bio
(Vo et al. 2015). RT-qPCR was performed with a Rotor-
Gene Q RT-qPCR cycler (Qiagen) using the following
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thermal cycling procedure: 95 °C for 10 s, 60 °C for 30 s,
and 72 °C for 1 min. To evaluate tissue-preferred expression
patterns by RT-qPCR, we used rice ubiquitin 1 (OsUbil,
LOC_0s03g13170) as an endogenous control to normalize
the variance in the amount of sample cDNA (Morgante et al.
2011). Gene-specific RT-qPCR primers were designed for
a specific region of each gene (Table S3), and the accuracy
and efficiency of each primer set were verified through PCR
amplification of the gDNA to optimize the PCR conditions
and melting curve. The fold-change was calculated using the
comparative 2742 method (Pfaffl 2001). Three biological
replicates were analyzed, and each reaction was performed
at least in triplicate.

Cis-acting element analysis

To search the candidate regions for cis-acting regulatory ele-
ments (CREs), we used the motif finding program MEME
(v5.3.3) (Bailey et al. 2009). Cis-acting element analysis was
performed by comparing the 2 kb upstream region of 1,717
pollen-preferred genes and 534 AW genes. We searched
for three sequences for each group with a minimal width of
4 bp and maximal width of 10 bp using the other as control
groups. These sequences were further analyzed using the
TomTom tool, which enables comparison with databases
of known CREs (Arabidopsis transcription factor families)
(Gupta et al. 2007).

Literature search

Functionally characterized genes were retrieved from the
funRiceGenes database to identify functions of anther wall
preferred genes (Yao et al. 2018). The result is shown in
Table S5.
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