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SUMMARY

In plants, normal anther and pollen development involves many important biological events and complex
molecular regulatory coordination. Understanding gene regulatory relationships during male reproductive
development is essential for fundamental biology and crop breeding. In this work, we developed a rice gene
co-expression network for anther development (RiceAntherNet) that allows prediction of gene regulatory
relationships during pollen development. RiceAntherNet was generated from 57 rice anther tissue microar-
rays across all developmental stages. The microarray datasets from nine rice male sterile mutants, including
msp1-4, ostdl1a, gamyb-2, tip2, udt1-1, tdr, eat1-1, ptc1 and mads3-4, were used to explore and test the net-
work. Among the changed genes, three clades showing differential expression patterns were constructed to
identify genes associated with pollen formation. Many of these have known roles in pollen development,
for example, seven genes in Clade 1 (OsABCG15, OsLAP5, OsLAP6, DPW, CYP703A3, OsNP1 and OsCP1) are
involved in rice pollen wall formation. Furthermore, Clade 1 contained 12 genes whose predicted orthologs
in Arabidopsis have been reported as key during pollen development and may play similar roles in rice.
Genes in Clade 2 are expressed earlier than Clade 1 (anther stages 2-9), while genes in Clade 3 are
expressed later (stages 10-12). RiceAntherNet serves as a valuable tool for identifying novel genes during
plant anther and pollen development. A website is provided (https://www.cpib.ac.uk/anther/riceindex.html)
to present the expression profiles for gene characterization. This will assist in determining the key relation-
ships between genes, thus enabling characterization of critical genes associated with anther and pollen reg-
ulatory networks.
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INTRODUCTION

Anther development and pollen formation are of vital
importance throughout the life cycle of flowering plants.
Development starts from a single layer of cells, which
undergo a series of cell divisions and differentiation to
form the innermost meiocytes encased within four somatic
anther cell layers; from inner to outer these are the tape-
tum, middle layer, endothecium and epidermis (Ma, 2005;
Zhang et al., 2011; Zhang and Yang, 2014). After initiation
of anthers, meiocytes undergo meiosis to form tetrads sur-
rounded by callose; meanwhile, the innermost sporophytic
cell layer, the tapetum, secretes enzymes for callose degra-
dation, pollen wall materials and initiates programmed cell
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death (PCD). After the haploid microspores separate and
are released into the locule, the tapetum synthesizes and
transports sporopollenin onto the surface of microspores
before degenerating. Anther development can be divided
into 14 stages through morphology analysis (Figure S1;
Wilson and Zhang, 2009). During the cell division and dif-
ferentiation stages (stages 1-7), anther primordium differ-
entiates into three meristematic cell layers (L1, L2 and L3).
L1 forms the epidermis, L2 generates archesporial cells
that form microspore mother cells and primary parietal
cells, which further differentiate into the three inner anther
wall layers (Ma, 2005; Zhang and Yang, 2014).
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A high level of conservation of the regulatory gene net-
works involved in pollen development has been seen
between rice and Arabidopsis. In rice, MSP1 (MULTIPLE
SPOROCYTE 1; Nonomura et al., 2003; Zhao et al., 2008)
and OsTDL1A (TPD1-like 1A; Zhao et al., 2008; Yang et al.,
2016), and the Arabidopsis orthologs: EMS1 (EXCESS
MICROSPOROCYTEST; Jia and Zhao, 2008), TPD1 (TAPE-
TUM DETERMINANTT; Huang et al., 2016) and TIP2/bHLH
(TDR INTERACTING PROTEIN2; Fu etal., 2014) are
required for anther cell differentiation. UDT1 (UNDEVE-
LOPED TAPETUMT; Jung et al, 2005), TDR (TAPETUM
DEGENERATION RETARDATION; Li et al., 2006), GAMYB
(Aya et al., 2009), PTC1 (PERSISTENT TAPETAL CELLT; Li
et al., 2011), EAT1/DTD (ETERNAL TAPETUMT; Niu et al.,
2013), OsDEX1 (DEFECTIVE IN EXINE PATTERN FORMA-
TION; Yu et al., 2016) and OsMADS3 (Hu et al., 2011) are
required for tapetum function and pollen wall formation in
rice; orthologous genes are found in Arabidopsis [DYT1
(DYSFUNCTIONAL TAPETUMT, Feng et al, 2012), AMS
(ABORTED MICROSPORES; Xu et al., 2014), MYB33 and
MYB65 (Millar and Gubler, 2005), MS1 (MALE STERILITYT;
Wilson et al, 2001) and DEX71 (Paxson-Sowders et al.,
2001), respectivelyl.

During the pollen wall formation stages, sporopollenin
is synthesized in tapetal cells with associated high levels of
gene expression observed. Lipid synthesis genes
CYP704B2, CYP703A3 (Yang et al., 2014) and DPW (DEFEC-
TIVE POLLEN WALL; Xu et al., 2016) in rice, and the corre-
sponding orthologs in Arabidopsis [CYP704B1 (Dobritsa
et al., 2009a,b), CYP703A2 (Morant et al., 2007) and MS2
(MALE STERILE2; Chen et al., 2011)] are required for the
pollen wall formation. In addition, a biochemical pathway
involving ACOS12, PKS1, TKPR1 (TETRAKETIDE ALPHA-
PYRONE REDUCTASE 1) and TKPR2 (TETRAKETIDE
ALPHA-PYRONE REDUCTASE 2) is conserved in rice, Ara-
bidopsis, tobacco, Hypericum perforatum and canola (Qin
et al., 2013; Jepson et al., 2014; Li et al., 2016; Yang et al.,
2017). Sporopollenin transport-related genes are also
required; OsABCG15 (ATP Binding Cassette G Trans-
porters; Qin et al., 2013) and OsABCG26 (Zhao et al., 2015),
whose orthologs are ABCG11 (Panikashvili et al., 2010) and
WBC27/ABCG26 (Choi et al., 2011) in Arabidopsis, as well
as OsC4 and OsC6 (Li and Zhang, 2010; Zhang et al., 2010)
in rice are also required for pollen wall development.

Although many genes required for viable pollen forma-
tion have been identified, the process of pollen develop-
ment remains elusive. It has been reported using a 10-k
rice cDNA microarray that over 2000 genes (approximately
22% of the genes on the array) were differentially
expressed between anthers and seedlings, which indicates
the complex requirements for anther-specific gene regula-
tion for anther and pollen development (Wang, 2005). To
gain a better understanding of gene networks, gene
co-expression analysis has emerged as a powerful tool for
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gene function prediction (Usadel et al., 2009). Large num-
bers of gene expression datasets are publicly available on
the Gene Expression Omnibus (GEO; Barrett et al., 2013)
and ArrayExpress (Kolesnikov et al., 2015), thus providing
opportunities for co-expression network analysis and gene
function analysis. Different clustering methods can be used
to identify co-expressed genes based on gene expression
profiles (Kafieh and Mehridehnavi, 2012); genes with
similar expression patterns may take part in the same path-
way or have similar functions. Therefore, co-expression
analysis can provide reliable characterization of gene
functions especially for genes of unknown function (Usadel
et al., 2009).

In Arabidopsis, genome-wide co-expression analysis has
been used to identify 23 downstream genes directly regu-
lated by AMS in pollen wall formation (Xu et al., 2014).
Furthermore, co-expression networks can be generated
based on correlations to provide hypothetic gene interac-
tions on a global scale. Based on this approach, a network
called FlowerNet has been generated in Arabidopsis to
identify gene regulation networks in Arabidopsis flowers
and reliably predict candidate genes associated with anther
and pollen development (Pearce et al., 2015). Nevertheless,
compared with Arabidopsis, fewer public co-expression
network platforms are available for rice. RiceFREND is a
widely used rice co-expression platform that normalizes
815 microarrays and provides a chain-like network for
co-expression gene query based on ‘single guide gene
search’ and ‘multiple guide gene search’ (Sato et al., 2013).
OryzaExpress includes data from 871 microarrays and inte-
grates Omics-Data from public databases to provide
co-expression information over whole datasets (Hamada
et al., 2011). However, neither of these tools allows target-
ing of the co-expression analysis to specific conditions or
developmental stages, such as anther development, which
can mean that the networks generated can be biased by
highly expressed genes that are not associated with the
developmental processes under analysis. This function
was previously available on the Rice Oligonucleotide Array
Database (ROAD; Cao etal, 2012), which provided
co-expression network analysis on samples under biotic
stress and abiotic stress separately, but this tool is now no
longer supported and is unavailable.

Previously, a co-expression network in rice anthers was
constructed by using 33 laser microdissection-microarray
datasets of anthers (Aya et al., 2011). Aya et al. (2011) pre-
dicted many putative genes involved in meiosis and pollen
wall synthesis by taking genes (nodes) within 2 steps from
a bait gene in their meiosis and pollen wall synthesis
co-expression network. This work showed that this reverse
genetics approach could be used to identify novel genes.
However, the performance of this supervised network relies
heavily on the chosen bait genes, and the double-step
approach often gives sets of genes that can have very
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different expression patterns (Wittkop et al., 2010). Here we
use co-expression analysis, followed by tight clustering, to
generate an untargeted genome-wide gene co-expression
network focusing on rice anther development. Genes with
similar expression patterns and correlated functions, espe-
cially during anther and pollen development, were con-
nected, and putative key genes involved in pollen wall
formation were revealed by this approach. Our web-based
resource capitalizes upon these approaches to provide a
valuable targeted resource for gene discovery to enable fur-
ther characterization of anther and pollen development in
rice, and by association to other monocot crops.

RESULTS AND DISCUSSION
Generation of gene expression profiles from rice anthers

To globally investigate the key genes critical for rice anther
development and pollen formation throughout anther
development, 57 Affymetrix arrays generated specifically
from anther tissue were selected from GEO (Data S1).
These samples were derived from wild-type rice anthers
from five experiments that covered anther development
stages 2-14 (Ma, 2005; Zhang and Yang, 2014), which pre-
sent an overview of genes expressed during anther devel-
opment in rice.

These microarrays were renormalized to make the data-
sets comparable (see Experimental Procedures and Fig-
ure S2). Figure S2d shows a histogram of the normalized
data, showing a transition between noise and signal with a
peak about 8 (log, scale); genes above this level are above
average expressed in these samples.

Plots showing how the expression levels varied for all 24
462 genes were made, grouped by either dataset or stage.

These are available from a freely accessible webpage
searchable by either RAP or MSU identifier (https://www.c
pib.ac.uk/anther/riceindex.html). This tool also shows which
genes are co-expressed, and whether they are in clusters.
Figure S3 shows the plot of TDR as an example.

Construction of rice anther correlation network
(RiceAntherNet) for gene function analysis

A correlation network was developed (see Experimental
Procedures), which we have called RiceAntherNet, with
411060 edges between 9358 genes, based upon wild-type
expression data. To generate the edges of the network,
Pearson’s correlation coefficient (PCC) was calculated
between each pair of genes, with a cut-off of 0.9 used to
denote two genes as being co-expressed (see Experimental
Procedures). The full network is available as a Cytoscape
(Shannon et al., 2003; Smoot et al., 2011) file (Data S2).
Figure 1 shows a global view of the network, which illus-
trates that the gene interactions are divided into three
main, densely-packed regions, with fewer genes forming
transitional connections between them.

Nine datasets of rice male sterile mutants (detailed in
Data S1), including msp1-4, ostdl1a, gamyb-2, tip2, udti-1,
tdr, eat1-1, ptc1 and mads3-4 mutants, were selected for
gene expression screening to target those genes involved
in anther and pollen formation. Differentially expressed
genes (DEGs; those with a fold change >2) in these mutant
datasets mapped onto the network (Figure 2). Mutants that
show defects in anther cell division and differentiation
(msp1-4, ostdl1a and tip2; Nonomura et al., 2003; Zhao
et al., 2008; Hong et al., 2012; Fu et al., 2014) had DEGs
clustered in region 2 (Figure 2a); mutants with enlarged
tapetal cells during the later stages of anther development

Figure 1. Global co-expression network plot by
organic layout in Cytoscape.

The three circled regions refer to the three principal
interaction regions. Clade 1 (red) is in region 1;
Clade 2 (blue) is in region 2; Clade 3 (green) is in
region 3.
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(udt1-1, gamyb-2 and tdr; Li et al., 2006; Aya et al., 2009;
Hu et al., 2011) had a high density of DEGs in region 1 (Fig-
ure 2b); while mutants showing darkly stained materials,
with a high density of organelles in the tapetum in later
stages (ptcT and eat1-1; Li et al., 2011; Niu et al., 2013) had

(a)

©  udtl-1
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DEGs distributed throughout all three regions (Figure 2c).
Finally, MADS3, which encodes a ROS-scavenging enzyme
with associated high ROS levels in the mads3-4 mutant
(Hu et al., 2011), was different from the other mutants, with
most of its DEGs upregulated in region 2 (Figure 2d).

Figure 2. Differentially expressed genes (DEGs) of male sterile mutants in the global RiceAntherNet co-expression network.

(a) Distribution of the DEGs of msp1-4, ostdl1a and tip2 mutants.
(b) Distribution of the DEGs of udt1-1, gamyb-2 and tdr mutants.
(c) Distribution of the DEGs of ptc1 and eat1-1 mutants.

(d) Distribution of the DEGs of mads3-4 mutants. Upregulated genes are shown in red; downregulated genes are shown in blue.
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To further identify genes with similar expression pat-
terns from the global network, the TransClust algorithm
(Wittkop et al., 2010) was used to identify clusters of highly
intra-connected genes, giving 545 clusters with at least 4
nodes. TransClust produces strongly connected clusters
with almost all the possible edges present, Data S3 details
the allocation of genes to clusters. Genes in the same clus-
ter had highly correlated expression patterns over whole

(a) (c)

Pollen exine formation

0s07]

o QL2
b0655800
55 ;‘""\

0s01g0232250

Gametophyte development

Cellular component assembly
involved in morphogenesis

Pollen wall assembly

Pollen development

Anatomical structure
formation involved in
morphogenesis ontology

External encapsulating
structure organization

rice anther developmental stages, and many of them were
annotated with the same Gene Ontology (GO) term. For
example, Cluster 116 contains eight genes (Figure 3a), all
of which have very similar expression levels over the 57
arrays (Figure 3b). Gene expression patterns of published
genes within these clusters were compared to validate the
clustering and the relative expression patterns were con-
sistent with published expression data. GO analysis using

—Log (2P)
(b)
Gene
- 124 = 050120252250
&b - 050320167600
= - 0s04g0310700
8 97 - 050620604000
8 - 05060607700
g — 05070655800
E 6 - ~- 05100484800
- 0s10g0576900
3 | ] | I | I 1 I
Anl  Meil Ml M2 M3 Pl P2 P3
GSE14304

Figure 3. Analysis of gene Cluster 116.
(a) Eight genes are interconnected in Cluster 116.

(b) Gene expression pattern of Cluster 116 in GSE14304. An1, anther stage 1-6; Mei1, anther stage 7; M1, anther stage 8a; M2, anther stage 8b; M3, anther stage

9; P1, anther stage 10; P2, anther stage 11; P3, anther stage 12.
(c) Gene Ontology (GO) terms enriched in Cluster 116. -Log(2P) =

-log2(P-value).

© 2017 The Authors

The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,

The Plant Journal, (2017), 92, 1076-1091



the orthologous Arabidopsis genes shows that in addition
to showing conserved expression patterns, this cluster is
functionally enriched for involvement in pollen exine for-
mation (Figure 3c).

When DEGs of nine male sterile mutants were mapped
to the clusters, a number of clusters were identified as
extremely rich in DEGs from the different mutants, while
most had no DEGs. These enriched clusters are therefore
likely to be important in relation to anther development,
and we therefore selected 29 of them for further analysis
(Figure 4). Other clusters that were not enriched for genes
associated with anther development often contained genes
involved in particular pathways or responses, for example,
Cluster 3 is highly enriched for ribosomal proteins.

Using hierarchical clustering (see Experimental proce-
dures), we grouped the 29 selected clusters into three
clades based upon similar expression trends. Genes in
Clade 2 are predominantly expressed from Anther stage 2
to stage 8 (early anther differentiation stages and meiosis
stage). Genes in Clade 1 are highly expressed at stage 8a,
stage 8b and stage 9 (the meiosis and tapetum PCD initia-
tion stages); genes in Clade 3 are expressed after Anther
stage 9 (the late stage; Figure 5). These three clades are
referred to as interaction regions 1, 2 and 3, respectively
(Figure 1). Most genes in Clade 1 are significantly down-
regulated in udt1-1, tdr, eat1-1 and ptc1 mutants, which
have defects in pollen wall formation; some genes in Clade
2 show differential expression in anther cell division and
differentiation defective mutants: msp1-4, ostd/71a and tip2;
Clade 3 has less DEGs in the mutants, except for mads3-4.
Different from other male sterile mutants, mads3-4 mutant
had downstream genes upregulated in Clade 1 and Clade
2, and downregulated in Clade 3, which is consistent with

RiceAntherNet gene co-expression network 1081

its distinctive role (Figure 4). This consistent DEGs distribu-
tion both in global network and clades generated by gene
expression pattern indicates that genes connected to a par-
ticular function are predominantly gathered together and
show co-expression patterns. GO analysis further suggests
the divided functions of different clades and clusters (Data
S4). Clade 1 shows GO enrichment of pollen exine forma-
tion, Clade 2 has overrepresented GO terms in organ
development, and Clade 3 has overrepresented GO terms
in developmental growth involved in morphogenesis.

Clade 1 includes genes for pollen wall formation

There are 60 genes in Clade 1, these are predominantly
expressed during anther stages 8 and 9. Most of the genes
in Clade 1 are significantly changed in udt1-1, tip2, gamyb-
2, tdr, eat1-1, ptc1 and mads3-4 mutants. Clade 1 was fur-
ther separated into two sub-clades that show distinct gene
expression patterns in the different male sterile mutants.
Among all 21 genes in Clade 1.1, 20 of them are DEGs in
the tdr mutant anthers; 13 are differentially expressed in
the mads3-4 mutant; 12 of them are DEGs in gamyb-2 and
udt1-1 mutant; whereas among the 39 genes in Clade 1.2,
38 genes are DEGs in the tdr mutant; 29 genes are DEGs in
gamyb-2. eatl1-1, mads3-4, ptc1 and udt1-1 mutants had
26, 14, 20, 11 DEGs, respectively (Data S5; Figure 6). The
high percentage of DEGs in Clade 1 indicates the important
role of these genes in anther and pollen development.

Genes in Clade 1.1 are specifically expressed at stage 8
and stage 9

There are three co-expression clusters identified in Clade
1.1 (Figure 5), which include Clusters 116, 121 and 281,
which contain eight, eight and five genes, respectively

A8 An8-9 An9-12
Clusterno.§£g~w$§§§%£§§§§§§§§§§ R S -
TN TTEY YRRy TR R LRty 1 1 L & 12X
TR TTEY T rREr e e ey 1 1 X g 1Ay
AR TTEY I LR ety 1 1 X & 1 2:F
U TYEY T PREY YRR LR RTNEY L L £4.58.
AN YT R LR rrrrneeatey 1 1 X ¥ 1 XX
i TTEY Y PREF T EETE R Eney 11 L L1
U TYEY T PREY T LR ey 1 1 L 2 2 21
AT YT TTREY TR R r ey 1 1 L & 13-
LT T Y T PR T e n e ey I 1 XX 1 2.

Figure 4. Example clusters from the RiceAntherNet.

Differentially expressed genes (DEGs) from male sterile mutants datasets were mapped onto RiceAntherNet. Downregulated genes are marked in blue, and

upregulated genes are marked in orange.
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(Table 1). Genes in Clade 1.1 are specifically expressed at
stage 8 and stage 9 (Figure 5). Their putative Arabidopsis
orthologs are all found in Cluster 37 in the Arabidopsis
FlowerNet (Pearce et al., 2015), and show similar expres-
sion patterns in Arabidopsis anthers. Furthermore, genes
in Clade 1.1 and their orthologs are all anther-specific
genes in both rice and Arabidopsis, which suggests the
conservation of gene expression profile between Arabidop-
sis and rice during anther development.

Figure 6. Number of differentially expressed genes
(DEGs) in Clade 1.

The first bar shows the size of Clade 1. The remain-
ing bars are DEGs in various mutants: eatl-1
mutant at anther stage 9 and 10; gamyb-2 mutant
at anther stage 9; mads3-4 mutant at anther stage
9; ptc1 mutant at anther stage 9; tdr mutant at
anther stage 8a, stage 8b and stage 9; udti-1
mutant at anther stage 9, respectively. Clade 1.1 is
in orange; Clade 1.2 is in blue. [Colour figure can be
viewed at wileyonlinelibrary.com]

9 9

Among the 21 genes within the clade, there are a num-
ber of lipid synthesis genes, such as 0s03 g0167600
(DPW), Os08 g0131100 (CYP703A3) that are important for
sporopollenin synthesis. Rice DPW and its putative ortho-
log in Arabidopsis MS2 (MALE STERILE2) encode a fatty
acid reductase, which utilizes palmitoyl-Acyl Carrier Protein
to produce 1-hexadecanol. Both DPW and MS2 are
required for pollen wall formation (Chen et al., 2011; Shi
etal, 2011); CYP703A3 is required for in-chain
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Table 1 Genes in Clade 1.1
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RAP ID Cluster Arabidopsis orthologs Reported function/annotation

0s06 g0607700/0sABCG15 116 AT3G13220/WBC27 Involved in sporopollenin transport in rice and Arabidopsis
0s10 g0484800/0OsLAP6 116 AT1G02050/LAP6 Involved in fatty acid modifications in rice and Arabidopsis
0s06 g0604000 116 AT1G15360/SHN1 Involved in lipid synthesis in Arabidopsis

0s03 g0167600/DPW 116 AT3G11980/MS2 Involved in fatty acid modifications in rice and Arabidopsis
0s10 g0576900 116 AT2G23910 NAD(P)-binding domain containing protein

0s07 g0655800 116 AT3G63095 Similar to aspartic acid-rich protein

0Os04 g0310700 116 NA Putative uncharacterized protein

0s01 g0252250 116 NA Putative uncharacterized protein

0s03 g0769500 121 AT3G50770/CML41 EF-hand type domain containing protein

0s02 g0596200 121 AT1G13130 Glycoside hydrolase, family 5 protein

0s07 g0411300/0OsLAP5 121 AT4G34850/LAP5 Involved in sporopollenin biosynthesis in rice and Arabidopsis
0s08 g0131100/CYP703A3 121 AT1G01280/CYP703A2 Involved in sporopollenin biosynthesis in rice and Arabidopsis
0s08 g0515900 121 AT4G35420/DRL1 Involved in flavonoid biosynthesis in Arabidopsis

0s02 g0678300 121 AT1G12570 Downstream of SHN1 (SHINE1) in Arabidopsis

0s01 g0127500 121 AT1G68540/TKPR2 Involved in flavonoid biosynthesis in Arabidopsis

0s01 g0121900 121 AT5G37870 Seven-in-absentia protein, sina domain containing protein
0s03 g0263600 281 AT3G59530/LAP3 Involved in flavonoid biosynthesis in Arabidopsis

0s02 g0101900 281 AT2G16630 Conserved hypothetical protein

0Os04 g0404400 281 AT1G47980 Similar to H0502B11.4 protein

0s03 g0687700 281 NA Ribosome-inactivating protein domain containing protein
0s03 g0781600 281 NA Conserved hypothetical protein

Genes with known functions related to pollen development are in bold.

hydroxylation in rice, while the homolog CYP703A2 has a
similar conserved function in Arabidopsis (Morant et al.,
2007; de Azevedo Souza et al., 2009; Dobritsa et al., 2009a,
b; Li etal, 2010; Yang et al, 2014). Loss of function
mutants of DPW and CYP703A3 are defective in pollen wall
formation (Yang et al., 2014; Xu et al., 2016).

In Arabidopsis, the medium- to long-chain fatty acids
that are required for sporopollenin synthesis and pollen
wall formation are catalysed by ACOS5 into medium- to
long-chain fatty-acyl-CoA (de Azevedo Souza et al., 2009),
which can be condensed with malonyl-CoA by PKSA and
PKSB into tri- and tetra-ketide a-pyrone (Kim et al., 2010;
Wang et al., 2013) and reduced by DRL1 (Dihydroflavonol
4-reductase-like1)/ TKPR1 and TKPR2 (Grienenberger et al.,
2010). These genes [ACOS5 (CoA Synthetaseb; Qin et al.,
2016), LAP6/PKSA (LAP6/POLYKETIDESYNTHASEA; Kim
et al., 2010), LAP5/PKSB (LAP5/POLYKETIDESYNTHASEB,;
Kim et al., 2010), DRL1/TKPR1 and TKPRZ2 (Grienenberger
etal, 2010)] are all co-expressed in Arabidopsis.
Os10 g0484800 (OsLAP6), ortholog of PKSA/LAP6, and
0s07 g0411300 (OsLAP5), the rice orthologs of PKSB/LAPS5,
are both found in Clade 1.1. The oslap5 RNAi mutant
showed a partial male sterile phenotype (Wang et al.,
2013); while oslap6 loss-of-function mutant was identified
within a male sterile mutant library in Prof. Zhang's labora-
tory (unpublished data). Furthermore, OsLAP5 and OsLAP6
show conserved biochemical activity in sporopollenin syn-
thesis (Kim et al., 2010; Wang et al., 2013). These findings
suggest the expression patterns of the principal sporopol-
lenin biosynthesis genes are conserved during pollen

© 2017 The Authors

development between rice and Arabidopsis. Unfortunately,
OsACOS12 (the ortholog of ACOS5) was not present in
RiceAntherNet as OsACOS12 was not included on the Affy-
metrix arrays, although the osacos72 mutant shows
defects in pollen development (Li et al., 2016; Yang et al.,
2017). For the TKPRs in Clade 1.1, Os08 g0515900 is an
ortholog of TKPR17 and Os01 g0127500 is the ortholog in
TKPR2 (Figure S4a). In rice, OsDFR2 has been reported to
have a role in pollen development as the ortholog of
TKPR1 (Grienenberger et al., 2010). Gene expression pro-
files of these three genes indicate that they are co-
expressed during anther development, while OsDFR2
shows a lower, but similar expression pattern compared
with the others (Figure S4b). For the conservation of the
co-expression pattern as well as the biochemical and bio-
logical function of genes in this pathway, we speculate that
0s01 g0127500 and Os08 g0131100 are likely to have key
roles in pollen development. These findings illustrate the
importance of RiceAntherNet for identifying novel genes
required for pollen development.

These findings suggest that sporopollenin synthesis
genes are co-expressed during anther development, and
that this expression pattern is conserved in different spe-
cies. This further supports the possibility that the lipid or
phenolic synthesis-related genes clustered in Clade 1.1
might be required for pollen wall formation. The ABC
transporter OsABCG15 that has been reported as required
for pollen wall development (Qin et al., 2013) clustered in
Clade 1.1 with sporopollenin synthesis-related genes. The
clustering of sporopollenin synthesis-related genes and a
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sporopollenin transport-related gene agrees with the
observed regulation of exine formation; sporopollenin syn-
thesis and transport have been previously shown to be
spatially and temporally regulated and to work together in
pollen wall development. In Arabidopsis, /ap3 mutant
plants have defective pollen exine patterning by an
unknown mechanism (Dobritsa et al., 2009a,b). Corre-
spondingly, the ortholog of LAP3 (LESS ADHESIVE POL-
LEN3) in rice, Os03 g0263600, is also clustered in Clade 1.1
in RiceAntherNet.

The ortholog of Os06 g0604000, WINT (WAX INDU-
CER1)/SHN1 (SHINE1), encodes for an ethylene response
transcription factor and regulates a series of cutin biosyn-
thesis-related genes (Kannangara et al., 2007). Similarly,
the ortholog of Os02 g0678300 (At1 g12570) is a WIN1/
SHN1 inducible gene that belongs to the glucose-
methanol-choline family, which is required for lipid
synthesis (Kannangara et al., 2007). The coordinated
expression pattern between the transcription factor and
the downstream target in cutin synthesis as well as the
anther-specific expression pattern suggest a role for these
genes in anther cutin biosynthesis (Libeisson et al., 2011).
Both Os06 g0604000 and Os02 g0678300 are clustered in
Clade 1.1, further validating the robust correlation of func-
tionally related genes in RiceAntherNet.

In summary, for all 21 genes in Clade 1.1, five genes
(OsABCG15, OsLAP5, OsLAP6, DPW, CYP703A3) have been
reported as involved in pollen exine formation both in rice
and  Arabidopsis. Five  genes  (Os06 g0604000,
0s02 g0678300, Os08 g0515900, 0Os01 g0127500 and
0s03 g0263600) have characterized orthologs in Arabidop-
sis (SHN1, AT1G12570, TKPR1/DRL1, TKPR2 and LAP3,
respectively), which function in lipid and flavonoid biosyn-
thesis during pollen wall formation. The remaining 11
genes in Clade 1.1 have not been characterized yet, but we
hypothesize that they are also likely to be involved in pol-
len wall formation, as they are co-expressed with 10 key
genes involved in pollen exine formation. These genes are
therefore good targets for future study.

Clade 1.2 genes show lower level of conservation to
Arabidopsis

The genes clustering in Clade 1.2 are distinct from those in
Clade 1.1 and show a much lower level of conservation to
Arabidopsis. Five gene co-expression clusters were identi-
fied in Clade 1.2 (Clusters 60, 88, 152, 225 and 385;
Table 2). Unlike Clade 1.1 and its associated cluster in Ara-
bidopsis FlowerNet (Cluster 37), which have conserved
expression patterns and functions between them, genes in
Clade 1.2 did not show a similar expression pattern in rice
as their putative orthologs in the Arabidopsis FlowerNet.
Most of the rice genes in Clade 1.2 show anther-specific
expression (Figure 7), while their orthologs in Arabidopsis
are widely expressed (eFP Browser; Winter et al., 2007;

http:/bar.utoronto.ca/efp/). These findings suggest that
although pollen regulatory networks are similar between
monocots and dicots, there are still significant differences
between them. It may be that pollen development involves
more integrative coordination and is a more complicated
process in rice, as compared with Arabidopsis.

0s10 g0524500, NO POLLEN 1 (OsNP1) encodes a puta-
tive glucose-methanol-choline oxidoreductase that is
required for tapetum degradation and male fertility (Chang
et al., 2016; Liu et al., 2017). Recent research has shown
that there is a requirement in rice for development of
Ubisch bodies in the anther tapetum for exine patterning
(Liu et al, 2017). However, the Arabidopsis ortholog
AT1G12570 is expressed both in anther and seeds (TAIR;
Rhee, 2003). This finding suggests a distinct process for
pollen development in rice in which RiceAntherNet can
help to enable new gene identification. Accordingly,
0s12 g0242700, in Cluster 225, encodes a p-ketoacyl-[ACP]
reductase (KAR), using NADPH as the electron donor to
reduce 3-ketoacyl-ACP into 3-hydroxyacyl-ACP, which is an
important intermediate for fatty acid biosynthesis (Mou
et al., 2000; Libeisson et al., 2011). The Arabidopsis KAR
gene, At1 g24360, shows high conservation to a Brassica
napus seed 3-oxoacyl-ACP reductase, which has been
reported as functioning as a fatty acid synthesis reductase
(Sheldon et al., 1992). Os12 g0242700 is specifically
expressed in rice anthers, it therefore may act as a fatty
acid synthesis gene required for anther development.

OsCP1 (Oryza sativa Cysteine Protease1) encodes a cys-
teine protease activated by TDR, which is required for tape-
tum PCD (Lee etal, 2004; Li et al., 2006). A putative
ortholog in Arabidopsis is reported for PCD during seed
development (Ondzighi et al., 2008); however, no role has
been reported during pollen development. These findings
further support the idea that rice has distinct and possibly
more complicated aspects of its pollen development com-
pared with Arabidopsis. In addition to cysteine proteases,
aspartyl proteases are of vital importance for tapetum cell
death (Niu et al, 2013). Os04 g0448500 is a eukaryotic
aspartyl protease family protein, specifically expressed
during tapetum PCD stage, which is co-expressed with
OsCP1. However, the homologous gene to Os04 g0448500
in Arabidopsis (AT2G03200) is not expressed in anther.
Here we have found genes specifically expressed during
rice anther development, which are not conserved in Ara-
bidopsis, orthologs of these genes show no evidence that
they are required for pollen development. These findings
suggest that although there is conservation in many regu-
latory aspects of pollen development in rice and Arabidop-
sis, there is also clear distinction in the developmental
networks. Therefore, RiceAntherNet serves as a valuable
tool to help identify new genes that are involved in pollen
development in rice, and potentially other monocots, for
future analysis.
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Table 2 Genes in Clade 1.2
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RAP ID Cluster Arabidopsis orthologs Reported function/annotation

0Os04 g0448500 60 AT2G03200 Peptidase A1 domain containing protein

0Os11 g0215400 60 NA Peptidase aspartic, catalytic domain containing protein
0s05 g0169600 60 AT5G56040/SKM2 Regulates fertility in Arabidopsis

0s10 g0337400 60 AT3G47570 Similar to Taxa-1

0s01 g0772100 60 AT3G03760/LBD20 Lateral organ boundaries, LOB domain containing protein
0s09 g0401000 60 AT5G16600/MYB43 Cell differentiation and regulation of secondary cell wall biogenesis
0s03 g0564600 60 AT3G22060 Protein of unknown function DUF26 domain containing protein
0s12 g0131900 60 AT1G09890 Similar to LG27/30-like

0s03 g0212000 60 NA Hypothetical conserved gene

0s03 g0261100 60 NA Phospholipase A2 family protein

0s07 g0585250 60 NA Putative uncharacterized protein

0s08 g0298600 60 NA Putative uncharacterized protein

0Os06 g0228600 88 AT1G10010/AAP8 Similar to amino acid carrier

0s02 g0110000 88 AT5G45950 Lipase, GDSL domain containing protein

0s10 g0524500/0sNP1 88 AT1G12570 Required for tapetum degradation in rice

0s01 g0242400 88 AT1G06280/LBD2 LOB domain containing protein

0s02 g0503500 88 AT1G24360 Similar to 3-oxoacyl-[acyl-carrier-protein] reductase

0s04 g0613200 88 AT4G20050/QRT3 Degradation of the pollen mother cell wall in Arabidopsis
0s03 g0850900 88 AT2G02850/ARPN Involved in anther development and pollination in Arabidopsis
0Os04 g0165000 88 NA Similar to thaumatin-like protein 1a

0s07 g0556800 88 NA Ribosome-inactivating protein family protein

0s08 g0360700 88 AT3G63095 Conserved hypothetical protein

0Os04 g0670500/0sCP1 152 AT5G43060 Downstream of TDR in rice

0s02 g0219000 152 AT1G27760/SAT32 Involved in salt tolerance in Arabidopsis

0s09 g0273800 152 AT1G75950/SKP1 Similar to Fimbriata-associated protein

0s08 g0375700 152 AT1G20140/SK4 BTB/POZ fold domain containing protein

0s03 g0783100 152 NA Conserved hypothetical protein

0s04 g0267000 152 NA Putative uncharacterized protein

0s01 g0641200 152 NA Ubiquitin-like protein-NEDD8-like protein RUB3

0s02 g0653200 225 AT3G60270 Cupredoxin domain containing protein

0s01 g0170300 225 AT5G56040/SKM2 Regulates fertility in Arabidopsis

0s01 g0825000 225 NA Similar to LOB domain protein 12

0s12 g0242700 225 AT1G24360 Similar to 3-oxoacyl-[acyl-carrier-protein] reductase 1

0s01 g0112400 225 AT2G23910 Major intrinsic protein family protein

0Os04 g0543700 225 AT3G63095 Similar to serine proteinase

0s06 g0611400 385 AT4G18180 Pectin lyase fold/virulence factor domain containing protein
0s03 g0145900 385 AT5G22920 Similar to CHY zinc finger family protein, expressed

0s03 g0701400 385 AT2G13600 Similar to pentatricopeptide repeat protein PPR868-14
0s02 g0790600 385 AT2G18650/MEE16 Involved in embryo development in Arabidopsis

Genes with known functions related to pollen development are in bold.

0Os05 g0169600, Os01 g0170300 are leucine-rich recep-
tor-like (LRR) protein kinases downregulated in eatl-1,
gamyb-2, and tdr and ptc1 mutants. They share the puta-
tive ortholog AT5G56040 in Arabidopsis that encodes a
LRR protein kinase named as STERILITY-REGULATING
KINASE MEMBERZ2 (SKM2; Endo et al., 2013). SKM2 specif-
ically expressed in stipules and pollen grains. SKM2,
together with SKM1, act as receptors for a CLV3/ESR-
related peptide, CLE45, forming a CLE45-SKM1/SKM2 sig-
nalling pathway to regulate fertility in Arabidopsis (Endo
et al., 2013). Therefore, Os05 g0169600, Os01 g0170300
might be required for fertility in rice.

The ortholog of Os04 g0613200, QRT3 (QUARTET 3), is a
polygalacturonase, specifically expressed in the tapetum
when microspores separate from their meiotic siblings in

© 2017 The Authors

Arabidopsis (Rhee et al., 2003). Mutant grt3 microspores
fail to separate and remain attached in a characteristic
tetrahedral cluster of four pollen grains, suggesting that
QRT3 is required for pollen mother cell wall degradation.
QRT3 is specifically expressed in the tetrad stages (stage 8)
in anthers (Rhee et al., 2003; Figure 7). QRT3 is largely
reduced in dyt1-3, a callose degradation defective mutant
(Zhu etal, 2015). Compared with Arabidopsis,
0s04 g0613200 shows a similar expression pattern in rice,
which is highly reduced in those mutants in which callose
is not degraded at late stages, such as gamyb-2 (8.4-fold),
tdr (27.9-fold), udt1-1 (31.3-fold) and ptc? (9.95-fold)
mutants (Data S5). These findings suggest that
Os04 g0613200 might be a regulator for callose degrada-
tion in rice.
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Figure 7. Expression patterns of Clade 1 genes in rice anther and other tissues.

Left panel: heatmap of Clade 1 in anther tissues (dataset GSE14304); right panel: heatmap of Clade 1 in other tissues. Stages in left panel: An1, anther stage 1-2;
Mei, anther stage 3-6; M1, anther stage 7; M2, anther stage 8a; M3, anther stage 8b; P1, anther stage 9 and 10; P2, anther stage 11; P3, anther stage 12. Tissues
in right panel: R, root; ML, mature leaf; YL, young leaf; SAM, shoot apical meristem; P1, inflorescence up to 3 cm; P2, inflorescence, 3-5 cm; P3, inflorescence,
5-10 cm; P4, inflorescence, 10-15 cm; P5, inflorescence, 15-22 cm; S1, seed, 0-2 days after pollination (DAP); S2, seed, 3-4 DAP; S3, seed, 5-10 DAP; S4, seed,
11-20 DAP; S5, seed, 21-29 DAP.
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Of the 39 genes in Clade 1.2, 37 are currently uncharac-
terized, 33 of these show different expression patterns
between rice and Arabidopsis, and have no reported func-
tion in rice or Arabidopsis. Given their specific expression
in rice anthers and the fact that they are highly co-
expressed with the previously described important genes,
they may also be good candidates for further research on
anther development.

Clade 2 and Clade 3 genes show different expression
patterns from Clade 1 genes

Genes in Clade 2 are expressed earlier than Clade 1, from
anther stage 2 to stage 9, while genes in Clade 3 are
expressed later than Clade 1, from stage 10 to stage 12.
Compared with Clade 1, Clades 2 and 3 do not have high
percentages of DEGs; however, there are still some genes
showing differential expression between mutants and
wild-type, which help prediction of the putative roles of
Clade 2 and Clade 3 on rice anther development.

There are 137 genes in Clade 2, among which 87 are
DEGs; 84 of these DEGs are highly expressed in root, shoot
apical meristem and anther, which are the tissues with high
meristem activity (Figure Sb). Surprisingly, Cluster 8 in
Clade 2 contains eight LRR-RLK (leucine-rich repeat recep-
tor-like kinase) genes (Figure S6 shows the phylogenetic
analysis of these genes). Of these eight genes,
0s03 g0773700 and Os07 g0134200 are orthologs of BAM1,
which is required for anther cell differentiation (Hord et al.,
2006); while another early anther development involved
gene, ER (ERECTA; Hord et al., 2008) has two orthologs in
rice, Os06 g0203800 and Os02 g0777400, which are both
also in Cluster 8. These findings suggest that the LRR-RLKs
clustered in Cluster 8 might be required for early anther
development. The remaining four LRR-RLKs have not been
reported either in rice or in Arabidopsis, but we speculate
that these genes might be required for early anther develop-
ment stages. The consistent expression profile of genes in
Clade 2 supports that they might have conserved function
in anther cell division and differentiation.

Among the 572 genes in Clade 3 that are expressed in late
anther development, 139 are DEGs and 106 of them are
anther-specific genes (Figure S7), suggesting that these
genes play specific roles in pollen development at these later
stages. 0s01 g0939100 in Clade 3 is the putative ortholog of
ACA11in Arabidopsis, which is specifically expressed in the
anther in the later stages. ACA11is a Type V P-type ATPase
expressed in pollen, which is required for ion homeostasis
and pollen development (Jakobsen et al., 2005); therefore,
0s01 g0939100 may function in an orthologous manner and
might be required for pollen development in rice.

CONCLUSIONS

RiceAntherNet is a rice co-expression network that identi-
fies clusters of genes that are co-expressed in anther

© 2017 The Authors
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tissues across a number of developmental time points, and
may therefore show closely functionally related roles. This
network provides a global view of gene expression pat-
terns throughout rice anther development, which can also
be compared with that in other species, in particular
Arabidopsis.

Datasets of nine male sterile mutants were mapped on
to the correlation network to identify genes with differen-
tial expression patterns associated with the various male
sterile mutants as compared with wild-type. Based on pre-
vious research, seven genes (OsABCG15, DPW, OsLAPS,
CYP703A3, OsLAP5, OsNP1, OsCP1) out of 21 in Clade 1.1
have characterized roles in pollen wall formation in rice.
Twelve genes in the RiceAntherNet have orthologs in Ara-
bidopsis that have been reported to act in pollen develop-
ment, suggesting a conserved function in rice. Using this
tool, we have identified numerous uncharacterized co-
expressed genes that are likely to be critical components
of pollen regulatory networks. This illustrates that the gene
co-expression network generated by array data is a valu-
able tool to identify new genes involved in the related pro-
cess and to predict novel gene functions.

Compared with Arabidopsis and rice, genes in
RiceAntherNet Clade 1.1 also show co-expressed patterns
in FlowerNet in Arabidopsis (Pearce et al., 2015). The simi-
larity between the known gene regulation networks in Ara-
bidopsis and rice during pollen development has been
indicated previously (Wilson and Zhang, 2009). This further
validates the reliability of both RiceAntherNet and the Ara-
bidopsis FlowerNet for new gene discovery. RiceAntherNet
is an important tool for demonstrating coordinated net-
work regulation during anther development. Furthermore,
the website is available as a resource for the rice commu-
nity, allowing immediate confirmation of the gene expres-
sion profile in anthers for a gene of interest.

RiceAntherNet furthers our understanding of gene regu-
lation during anther development, as a reverse genetic
resource for novel gene identification during pollen devel-
opment in rice. Compared with previous co-expression net-
works in rice, our focus is on anther and pollen
development, and RiceAntherNet highlights gene expres-
sion patterns throughout all anther developmental stages.
As opposed to the chain-like clusters commonly generated,
the tightly connected clusters in RiceAntherNet find genes
that are frequently involved in the same process, meaning
that starting target genes are not needed to predict new
genes. Although here we only predict novel genes
involved in pollen wall formation by using mutants that
are defective in pollen wall formation, RiceAntherNet is an
efficient and reliable method to predict novel genes
involved in other pathways. It would be interesting to tar-
get other example clades related to other functions by
mapping DEGs in different mutants of interest. This can be
readily achieved by using the resources generated (Data
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S2) to map against genes of interest from specific mutants
or conditions, to identify target clusters for future analysis.
This therefore broadens the application of these resources
beyond pollen development and thus provides a valuable
reverse genetic resource for functional genetic analysis.

EXPERIMENTAL PROCEDURES
Datasets

We used 57 Affymetrix arrays of anther samples of wild-type rice
(from different cultivars) to generate a correlation network. These
samples originated from five publicly available experiments (Li
et al., 2007; Fujita et al., 2010; Wei et al., 2010; Deveshwar et al.,
2011; Peng et al., 2012), including samples from anther stages
2-14. A further 45 Affymetrix microarrays of samples from other
tissues were used to characterize the global expression patterns in
rice. The raw.cel data files of Affymetrix GeneChip Rice Genome
Array were downloaded from NCBI's GEO (Barrett et al., 2013);
details of all arrays are listed in Data S1.

Data processing

Quality control was performed to check the signal intensity and
variance of each microarray (Figure S2). RMA normalization (Iri-
zarry, 2003) was conducted using the package ‘affy’ (Gautier et al.,
2004) in the statistical programming language R. The analysis was
performed using a custom chip definition file (CDF) (riceosrefse-
gcdf_17.1.0) from the CustomCDF project (http://brainarray.mbni.
med.umich.edu/; Dai et al., 2005). This CDF remaps the individual
probes to probe sets by using the most recent sequencing infor-
mation available from RefSeq (Pruitt et al., 2005), resulting in 24
462 probe sets. This process eliminates the many-many relation-
ship between probe sets and genes, and means that the genes
may be used as the primary identifier for the generation of the
correlation network.

The set of genes was filtered by removing those that have no
samples with expression level above 8 (on the log2 scale), leaving
14 468 genes that have at least one higher expressed value. We
then used PCC to calculate the correlation between all remaining
genes, giving a correlation matrix, the histogram of which gives a
smooth curve (Figure S8). A semi-arbitrary cut-off was then
applied to this matrix to give a set of edges to analyse; in line with
previous studies that found that approximately half a million
edges was a reasonable number to generate clusters from (Bassel
et al., 2011; Dekkers et al., 2013; Pearce et al., 2015), we chose a
cut-off of 0.9, leading to 411 060 edges between 9358 genes.
Changing this cut-off would lead to more or less edges, but the
general structure of the network would stay the same. This choice
of a cut-off of 0.9 was confirmed by analysing known
co-expressed genes, such as CYP704B2 and CYP703A3 (PCC=
0.96), ABCG15 and DPW (PCC = 0.94; Li and Zhang, 2010; Yang
et al., 2014).

Network construction

Those genes and correlations were organized as a table of nodes
(genes) and edges (correlations), which were explored in Cytos-
cape 3.4.0 (Shannon et al., 2003; Smoot et al., 2011). The organic
layout was used to display the global structure of the network
(Figure 1). The plugin ClusterMaker (Morris et al., 2011) was used
to divide the network into distinct clusters, using the Transitivity
Clustering method (TransClust; Wittkop et al., 2010) with parame-
ters max subcluster size = 400 and max time = 10, with the PCC

values as edge weights. This method generates small, extremely
well-connected clusters where nearly all the edges are present,
meaning that cluster members must have very similar expression
patterns. When used on this network, TransClust produces 545
clusters that contain at least four genes; these clusters contain
4580 genes and 73 556 intra-cluster edges, 99.74% of the possible
number (Data S2).

Clades analysis

To aggregate the clusters with similar expression trend together,
the expression data for each gene were standardized, and an aver-
age expression pattern calculated for each cluster. These average
expression patterns were clustered using complete-linkage hierar-
chical clustering to give clades of clusters with similar expression
trends (Figure 5).

Annotation and ortholog analysis

Rice (IRGSP-1.0_representative_2016-08-05) and Arabidopsis anno-
tation files (gene_description_20130831) were downloaded from
the Rice Annotation Project Database (http://rapdb.dna.affrc.go.jp;
Sakai et al.,, 2013) and the Arabidopsis Information Resource
(TAIR,  http://arabidopsis.org;  Rhee, 2003), respectively.
Arabidopsis orthologs were found by Local BLAST using BLAST+
v.2.2.23 with e-value 0.0000001 (otherwise default values). Protein
sequences of rice and Arabidopsis were generated from GFF
files downloaded from TIGR (http://rice.plantbiology.msu.
edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudo
molecules/) and TAIR (http://www.arabidopsis.org/download/inde
X.jsp), respectively.

Phylogenetic analysis

Protein sequences (see Data S6) were used to construct a neigh-
bour-joining tree using Mega7 (Kumar et al., 2016). Alignment
was performed on ClustalWW (pairwise alignment: gap opening
penalty = 10, gap extension penalty = 0.1; multiple alignment: gap
opening penalty = 10, gap extension penalty = 0.2; protein weight
matrix = gonnet; gap separation distance = 4; delay divergent cut-
off =30%). Phylogenetic tree was construct by neighbour-joining
(bootstrap replications = 1000).
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