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ABSTRACT 

In plants, normal anther and pollen development involves many important 

biological events and complex molecular regulatory coordination. 

Understanding the gene regulatory relationships during male reproductive 

development is essential for fundamental biology and crop breeding.  

In this work, a rice gene co-expression network was developed for anther 

development (RiceAntherNet) that allows prediction of gene regulatory 

relationships during pollen development. RiceAntherNet was generated from 

57 microarrays derived from rice anther tissue across all developmental stages. 

The microarray datasets from 9 rice male sterile mutants, including msp1-4, 

ostdl1a, gamyb-2, tip2, udt1-1, tdr, eat1-1, ptc1 and mads3-4 mutants were 

used to explore and test the anther development network. Among the changed 

genes, three clades showing differential expression patterns were further 

constructed to identify genes associated with pollen formation during anther 

development. Consistent with the functional predictions, in Clade 1, 7 reported 

genes (OsABCG15, OsLAP5, OsLAP6, DPW, CYP703A3, OsNP1 and OsCP1) 

were confirmed to participate in pollen wall formation in rice. Furthermore, 

Clade 1 contained 12 genes with predicted orthologs in Arabidopsis that have 

been reported as key genes during pollen development in Arabidopsis and may 

play similar roles in rice. A website is also provided to present plots of the 

expression profiles for gene characterisation. This will assist in determining 
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the key relationships between genes involved in pollen development, thus 

enabling characterization of critical genes associated with these regulatory 

networks. 9 candidate genes predicted by RiceAntherNet were chose for 

further study.  

Mutants of these genes were obtained by CRISPR-Cas9 editing system. 

Phenotyping of these mutants indicate their function in rice pollen wall 

formation, which provides additional evidence that RiceAntherNet is a 

valuable tool for identifying novel genes during anther and pollen 

development in plants. The reliability of RiceAntherNet offers the possibility 

of using reverse genetics approaches for novel gene characterization.  

TIP2 was shown to be involved in cell differentiation at early stages of pollen 

development and previous studies suggested the presence of a TIP2-mediated 

transcription cascade that regulates tapetum development in rice. In this study, 

downstream genes of TIP2 were predicted by reverse genetics approaches 

including microarray data analysis, gene expression patterns and gene 

promoter analysis. This work not only helps to explore the function of TIP2 

and its regulatory network, but also offers the possibility of using reverse 

genetic approaches for novel gene characterization.  
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1 INTRODUCTION 

Rice is one of the most important food crops which feeds over half of the 

world’s population (Londo et al., 2006). As Arabidopsis is used widely as 

model plant in research, cultivated rice (Oryza sativa L.) is taken as the model 

plant for monocot crops (Sasaki, 1997). There are some advantages for rice 

being a model species, such as small genome size, abundance of high-through 

put data, particularly sequence and transcriptomic data, highly efficient 

transformation systems to generate T-DNA insertion lines and CRISPR/Cas9 

mutants (Guo et al., 2014; Sasaki, 1997). 

To help meet the demand for crop breeding, yield increases and other 

agricultural targets, much research has focused on plant reproduction. Hybrid 

crops are important in this since they frequently show enhanced yield and 

resilience to pests and disease; however, generating hybrids is challenging 

particularly in autogamous species. Manipulating male-sterile female lines is 

therefore a key target for hybrid breeding (Zhang & Liang, 2016). Currently, 

three-line hybrid systems and two-line hybrid systems have been widely 

performed to increase rice yield (Huang et al., 2014) (Figure 1-1). Three-line 

hybrid systems typically involve the use of Cytoplasmic Male Sterile (CMS) 

and restorer lines, whereas two-line systems involve lines where male sterility 

can be switched by growth under different environmental conditions. The 

three-line system uses i) a cytoplasmic male-sterile line lacking nuclear 
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restorer genes (rf) - as the female parent, ii) a maintainer line that has normal 

cytoplasm but lacks nuclear recessive restorer gene (rf) - for maintaining the 

sterile line when crossed to the CMS line, and iii) the restorer line - a 

cytoplasmic male-fertile line carrying nuclear dominant restorer gene (Rf) - as 

a pollen donor (male parent) (Figure 1-1A). However, the poor genetic 

diversity of both CMS and restorer line limits the further application of 

three-line hybrid system (Chang et al., 2016).  

In two-line hybrid systems, environment sensitive genic male sterile (EGMS) 

lines which cause male sterile only under a certain environmental condition act 

as female parent lines as well as being able to produce EGMS progeny (Figure 

1-1B). Since EGMS lines are usually the mutations of nuclear genes, more 

genetic diversity could be achieved by identifying more environment sensitive 

male-sterile genes. EGMS tend to utilise temperature or day-length dependent 

systems (Chen and Liu, 2014), however, the control of environment for 

complete male sterility in the two-line hybrid can be difficult for some EGMS 

lines (Zhang & Liang, 2016). Therefore, identifying more nuclear male-sterile 

genes as well as new rice male sterility systems are needed. Understanding the 

gene regulatory relationships during male reproductive development is 

essential for fundamental biology and crop breeding.  
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Figure 1-1 Hybrid breeding systems. A: Cytoplasmic male sterility 
(CMS)-based three-line hybrid breeding system. B: Environment-sensitive 
genic male-sterile (EGMS)-based two-line hybrid breeding system. PC: 
permissive condition for producing the EGMS progeny. 

1.1 RICE ANTHER DEVELOPMENT 

There are many important biological events that occur during anther and 

pollen development. In Arabidopsis, anther development is divided into 14 

stages based on the distinctive cellular events visualized by light microscopy 

(Sanders et al., 1999). In 2005, Itoh et al. proposed a staging system for anther 

development in rice (Itoh et al., 2005). More and more reports of rice anther 

development staging have led to a better understanding of the whole male 

reproductive developmental process. A widely used staging system has been 

proposed with details of cytological changes of anther development in rice 

being well described to facilitate the study of rice male reproductive 

development (Zhang et al., 2011). 

In Zhang’s staging system (Zhang et al., 2011), there are 14 stages in rice 

pollen development, including 3 phases: the cell division and differentiation 

phase (stage 1 to 6), the meiosis and PCD initiation phase (stage 7 to 8) and 

late stages of pollen development (stage 9-14). The biological events and 
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major regulators during every stage of anther development are shown in Figure 

1-2. 

 

Figure 1-2 Diagrams of biological events and major regulators during anther 
development. Structure: Three cell layers in stamen primordia: L1 = Layer 1, 
L2 = Layer 2, L3 = Layer 3; E = Epidermis; L2-d = L2 derived (derive to Ar = 
Archesporial cell and PPC = primary parietal cell layer); En= Endothecium; 
SPC= Secondary parietal cell layer; SPC-d=SPC derived (derive to ML = 
Middle layer and T = Tapetum); SP = Sporogenous cell; Dds = Dyad cell; Tds 
= Tetrads; dML = Degraded middle layer; dT = Degraded Tapetum cells; MSP 
= microspore parietal cell. Developmental stages (Anther Stage 1-14) are 
divided into 3 phases. Phase 1 (blue background): PM (Premeiosis) = Anther 
Stage 1-6; Phase 2 (yellow background): M (Meiosis) = Anther Stage 7 and 8; 
Phase 3 (pink background): after meiosis, including UM (Uninucleate 
microspore) = Anther Stage 9 and 10; BP (Bicellular Pollen) = Anther Stage 
11; TP (Tricellular Pollen) = Anther Stage 12; MP (Mature Pollen) = Anther 
Stage 13 and 14. Genes with mutant datasets used in this research are in bold. 

1.1.1 Cell division and differentiation 

At the cell division and differentiation phase (stage 1 to 6), differentiation of 

anther primordium occurs. At stage 1, anther primordium is observed with 3 

cell layers: L1, L2 and L3. At stage 2, archesporial cell (Ar) is formed from L2 

cellular layers and connective tissue is formed from L3. Later at stage 3, Ar 

divides and differentiates into primary parietal cells (PPCs). In stage 4, PPCs 
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further generate the secondary parietal cells (SPCs) and primary sporogenous 

cells (PSCs). During stage 5, the PPCs generate the endothecium layer, and the 

middle layer and the tapetum layer. Ar generates microspore mother cells at 

stage 6. After the cell division and differentiation during this phase, the 

innermost meiocytes were formed encased within four somatic anther cell 

layers; from inner to outer these are the tapetum, middle layer, endothecium 

and epidermis (Ma, 2005; Zhang et al., 2011; Zhang & Yang, 2014). 

In this process, MSP1 (MULTIPLE SPOROCYTE 1) and OsTDL1A 

(TPD1-like 1A) interact with each other to specify the cell identity of anther 

wall layers and microsporocytes in rice, which is conserved in Arabidopsis 

(Yang et al., 2016). MSP1 encodes a Leu-rich repeat (LRR) receptor-like 

protein kinase. It is an ortholog to EXS/EMS1 in Arabidopsis. The phenotype 

of msp1 mutant shows increased numbers of male and female sporocytes, and 

disrupted anther wall layers which lack the tapetum cell layer (Wang et al., 

2006). OsTDL1A is reported as a TPD1-like gene, which is co-expressed with 

MSP1 and binds to the LRR domain of MSP1, that plays a role as a 

corresponding rice ligand to limit sporocyte numbers (Zhao et al., 2008). 

UNDEVELOPED TAPETUM1 (UDT1) encodes a basic helix-loop-helix 

(bHLH) gene which is required for generate mature tapetum cells from 

secondary parietal cells (Jung et al., 2005). The homologous gene of UDT1 in 

Arabidopsis, DYT1 (DYSFUNCTIONAL TAPETUM1) regulates a series of 

bHLH transcription factors and MYB transcription factors to regulate the 
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tapetum development (Barrett et al., 2013; Phan et al., 2012; Zhu et al., 2015). 

In early premeiosis stage, the mutant of UDT1 seems normal, but during the 

meiotic stage, the mutant tapetum becomes vacuolated because of the failure 

to differentiate (Jung et al., 2005). Another bHLH gene TIP2 (TDR 

INTERACTING PROTEIN2) regulates differentiation of middle layer and 

tapetum in rice (Fu et al., 2014; Ko et al., 2014). 

1.1.2 Meiosis and PCD initiation 

Meiotic division of meiocytes occurs from stage 7 to stage 8, forming dyads, 

tetrads and release of free haploid microspores by stage 9. At stage 7, meiosis 

starts and callose (b-1,3-glucan) accumulates. At stage 8, along with meiosis, 

dyads and tetrads surrounded by callose are generated during meiosis I and 

meiosis II respectively, meanwhile, tapetum cells become vacuolated and 

initiate PCD.  

During this meiosis and PCD initiation phase, Microsporeless 1 (MIL1), MEL1 

MEIOSIS ARRESTED AT LEPTOTENE1 (MEL1) and MEIOSIS ARRESTED 

AT LEPTOTENE 2 (MEL2) are required for meiosis initiation; PAIR1 

HOMOLOGOUS PAIRING ABERRATION IN RICE MEIOSIS 1 (PAIR1), 

TOPOISOMERASE 6 SUBUNIT A1 (OsSPO11-1), TOPOISOMERASE 6 

SUBUNIT A (OsSPO11-4), Completion of Meiosis 1 (OsCOM1), MEIOTIC 

PROTEIN DMC1A (OsDMC1), DNA REPAIR PROTEIN RAD51A2 

(OsRAD51) are involved in DNA double-strand break (DSB) formation and 
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processing in rice (Luo et al., 2014). In Arabidopsis, SYNAPTIC 1 

(SYN1/DIF1), SWITCH1 (SWI1/DYAD) are essential for sister chromatid 

cohesion in meiosis; meiotic asynaptic mutant 1 (ASY1), HOP1, 

ARABIDOPSIS HOP2 HOMOLOG (AHP2), SPORULATION 11-1 

(AtSPO11-1), AtRAD50, MEIOTIC RECOMBINATION 11 (MRE11), AtDMC1, 

AtRAD51 are required for chromosome pairing, synapsis and recombination 

(Itoh et al., 2005).  

Tapetum PCD is essential for microspore development and pollen wall 

formation (Zhang et al., 2008). This process is regulated by many factors, 

including phytohormones, reactive oxygen species (ROS), lipid metabolism 

and other signals (Zhang & Yang, 2014). The details about tapetum PCD and 

the regulation factors will be further described in section 1.2.  

1.1.3 Late stages of pollen development 

After meiosis, free haploid microspores, surrounded by primexine which is 

maintained by the callose wall, are released at stage 9. The primexine 

containing neutral and acidic polysaccharide materials is formed during the 

tetrad stage, under sporophytic regulation (Ariizumi et al., 2008). Callase 

(Glucan endo-1,3-b-D-glucosidase) is subsequently secreted from the tapetum 

cells to degrade the outer callose wall and release the microspores. Although 

not all mechanisms of pollen exine patterning are clear, sporopollenin 

synthesis and deposition are recognized as a major developmental processes 
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(Ariizumi & Toriyama, 2011). Sporopollenin is synthesized in the tapetum 

cells, with associated high levels of gene expression observed (section 1.2.4); 

primexine and callose wall formation are essential for correct sporopollenin 

deposition (Ariizumi & Toriyama, 2011).  

Exine on the microspore surface becomes thicker at stage 10. Tapetum cells 

degeneration is required for pollen exine formation (Jiang et al., 2013). Figure 

1-3 shows that pollen wall initiation starts at meiosis when tapetum cell 

degradation is initiated. Microspores undergo the first mitotic division at stage 

11 (bicellular pollen stage), forming a generative cell and a vegetative cell. By 

then, the pollen wall is formed (Figure 1-4) and the tapetum has broken down 

(Figure 1-3). Then the generative cell undergoes the second mitosis in stage 12 

and generates mature pollen grain. In stage 13 and 14, the flower opens and 

the mature pollen grains are released.  
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Figure 1-3 Schematic model of pollen wall development in A. thaliana. 
(Jiang et al., 2013). PMCs (pollen mother cells) surrounded by the tapetum 
undergoe meiosis to produce tetrads with four microspores. At the tetrad stage, 
pollen wall development is initiated. The microspores with primexine are 
released from the tetrad because the callose wall is degenerated by 
tapetum-produced callase. During tapetum PCD (anther stage 9 to stage 11), 
the thickness of the exine increases along with deposition of polymerized 
sporopollenin derived from the tapetum. The intine is formed at the late 
bicelluar stage. The tryphine, recognized as a tapetum remnant, fills the inter 
space of the exine at the tricelluar stage. 

The mature pollen wall includes the exine as outer layer, intine as inner layer 

and tryphine which fills the interspaces of the exine (Figure 1-4) (Ariizumi & 

Toriyama, 2011). The formation of exine and tryphine is principally regulated 

by the tapetum, whereas intine formation is regulated by the developing 

microspore (Shi et al., 2015).  

Exine is a complex structure contains two layers: the outer sexine layer with 

baculum and tectum, which is sculpted in species-specific forms; the inner 
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nexine bilayer, which consists of nexine I and nexine II, acts as a skeleton for 

exine formation (Figure 1-4). It has been found that polyhydroxylated 

aliphatics and phenolics are the major components of exine (Shi et al., 2015).  

Besides the protective role that the exine plays for pollen, it also acts as 

genetic barrier for fertilization (Zinkl et al., 1999).  

The intine is the inner layer beneath the exine (Figure 1-4) composed of 

cellulose, pectin and proteins. The major component of the intine is pectin. As 

the innermost layer of pollen wall, the intine is required for pollen grain 

structure maintenance, as well as pollen germination and pollen tube growth 

(Shi et al., 2015).  

Tryphine, also known as the pollen coat, distributes in the depressions of the 

pollen exine (Figure 1-4). It is hydrophobic and full of lipids and other 

components, such as flavonoids, proteins, pigments and aromatic substances. 

The lipids help to minimise water loss from the pollen grain and flavonoids 

protect the pollen from UV radiation damage, pathogen attack as well as 

photo-oxidative damage (Ariizumi & Toriyama, 2011). In addition, tryphine 

plays a role in pollination by attracting animal vectors. The species which are 

wind-pollinated as rice, usually have less tryphine on the pollen.  

The formation of pollen wall is a key process at later pollen development 

stages. The pollen wall not only protects pollen grains from biotic and abiotic 

stresses but also play an important role in pollination and fertilization (Shi et 
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al., 2015). Normal tapetum PCD is essential for pollen wall formation since 

tapetum provide nutrition and sporopollenin precursors for this process 

(section 1.2.4). 

 

Figure 1-4 Pollen wall structure of a typical angiosperm pollen grain (Ariizumi 

& Toriyama, 2011) 

1.2 TAPETUM PROGRAMMED CELL DEATH (PCD) AND 

REGULATORY FACTORS 

The tapetum is the innermost layer encasing meiocytes. In addition to 

providing physical support for microspore development, as a transitory tissue, 

tapetum cells degenerate by a PCD process to provide cellular contents as 

nutritional support for the formation of pollen grains and pollen wall (Li et al., 

2006a; Quilichini et al., 2014; Zhang & Yang, 2014). PCD is a critical process 
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for development and stress response in plants. There are different 

morphological types of cell death, including apoptosis, autophagy and 

non-lysosomal PCD (van Doorn & Woltering, 2005). Tapetum cell death 

occurs via an apoptosis, process that involves shrinkage of the cytoplasm, 

cleavage of DNA, rupture of the vacuole, swelling of the endoplasmic 

reticulum and disintegration of mitochondria and the cytoskeleton (Li et al., 

2006a; van Doorn & Woltering, 2005; Parish & Li, 2010). Recent studies of 

plant PCD have revealed that many factors including phytohormones, ROS, 

Ca2+ signal, lipids and proteases regulate tapetum PCD programs dynamically 

(Li et al., 2006a; Quilichini et al., 2014; Yi et al., 2016; Yu et al., 2016; Zhang 

& Yang, 2014).  

1.2.1 Tapetum PCD process 

Tapetum development can be divided into the formation phase (anther stages 1 

to 5), differentiation phase (anther stages 6 and 7), and the degradation phase 

(anther stages 8 to 12). The tapetum is formed from secondary parietal layer 

until stage 5 and disappears in stage 12. Details of tapetum degradation phase 

are described below according to Zhang’s staging system (Zhang et al., 2011).  

At stage 7, Meiocytes initiate meiosis and contact the tapetum layer; 

meanwhile, microsporocytes synthesize a transient callose wall.  

At Stage 8, meiocytes undergo meiosis I and meiosis II, “dyads” and “tetrads” 

are formed because of the surrounding by callose wall. Tapetum cells becomes 
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condensed and vacuolated, the TUNEL (terminal deoxynucleotidyl 

transferase-mediated dUTP nick end-labeling) signal which is used for 

detecting DNA fragmentation could be observed in stage 8, indicating the 

initiation of tapetum cell death (Wilson & Zhang, 2009).  

At stage 9, tapetum secretes callase, which leads to the degeneration of the 

callose wall and release of the free haploid microspores. This indicates the role 

of the tapetum in microspore wall formation at later stages (Quilichini et al., 

2014). Callose wall breakdown at this stage is essential for producing viable 

pollen (Scott et al., 2004). The tapetum becomes more condensed and 

produces Ubisch bodies on the inner surface of tapetum layer facing towards 

the microspores. Ubisch bodies are thought to be responsible for transporting 

materials from the tapetum to microspores (Li et al., 2011a). 

At stage 10, the tapetum produces abundant electron-dense Ubisch bodies and 

continues degenerating. During the tapetum degradation process, vesicles 

containing sporopollenin precursors release their cell contents into the anther 

locule for construction of the pollen wall. On the outer surface of the 

microspores, exine with nexine and sexine layers become thicker (Zhang et al., 

2011).  

At stage 11, the tapetum cells nearly completely degenerate, leaving cellular 

debris and Ubisch bodies on the internal surface. 

The high level of coordination of tapetum PCD and pollen and pollen wall 
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formation indicates the vital importance of the tapetum. The tapetum not only 

promotes the meiosis of the microspore mother cell during meiosis stage, but 

also regulates later microspore development and pollen exine formation, by 

secreting cell wall products and then degrading to release more materials into 

the locale for deposition onto the developing pollen grains (Li et al., 2006a).  

1.2.2 Phytohormones as signals in regulation of tapetum PCD 

Phytohormones are involved in many key biological processes in the plant 

kingdom including growth, defence and reproduction (Hirano et al., 2008). 

Most plant developmental PCD is regulated by phytohormones through 

hormonal signalling pathways (Kuriyama & Fukuda, 2002).  

1.2.2.1 Gibberellin (GA)  

Gibberellins (GAs) are growth factors that form a large family of tetracyclic 

diterpenoid phytohormones (Sakamoto et al., 2004). GA signalling is 

important for plant reproductive development, including floral initiation, floral 

organ development including anther development and pollen 

microsporogenesis (Achard et al., 2004).  

Research in 2004 showed that GA-deficient mutants have a typical phenotype 

of dwarf and abnormal flower development by screening 29 GA metabolic 

enzymes and further identifying 18 GA-defective mutants in rice (Sakamoto et 

al., 2004). The major pathway of GA metabolism in plants is shown in Figure 

1-5 (Sakamoto et al., 2004). Among the 29 GA metabolic enzymes, 
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ent-copalyl diphosphate synthase (CPS) is a type of enzyme which converted 

trans-geranylgeranyl diphosphate (GGDP) to ent-copalyl diphosphate (CDP) 

(Hedden & Phillips, 2000). One of the most severe GA-defective mutants, 

oscps1-1, shows abnormal tapetum cells without degradation after anther stage 

8. However, in oscps1-1, the defect in anther development could be rescued by 

treating the mutant with GA3 at the panicle primordium stage (Aya et al., 

2009). This suggests the essential role of GA in regulating tapetum cell death.  

  

Figure 1-5 Principal pathway of GA metabolism in plants. (Sakamoto et al., 
2004) 

 

It has been also reported that GA regulates tapetum cell death and exine 

formation through a MYB transcriptional factor GAMYB in rice and the 

homologs MYB33 and MYB65 in Arabidopsis (Aya et al., 2009). Rice GAMYB 

is expressed in the anther, specifically in tapetum cells, during anther stage 7 

to anther stage 10. It regulates the expression of GA dependent α-amylase and 
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is involved in the expression of almost all GA-regulated genes in rice anther 

(Aya et al., 2009). In the rice gamyb-2 mutant, abnormal microspore mother 

cells and tapetum hypertrophy are observed (Wilson & Zhang, 2009); after 

anther stage 7, the microspores also do not adhere to the tapetum cells as in 

wild type (Aya et al., 2009). A regulatory model of GA regulating tapetum cell 

death and exine formation was further proposed by Aya et al. (Figure 1-6) 

(Aya et al., 2009). In this model, it was shown that GAMYB is activated by GA 

through the GID1/DELLA perception pathway. A number of protease and 

protease inhibitors, which may be involved in the cell death of the tapetum 

cells, are up-regulated by GAMYB and consequently contributes to tapetum 

PCD. GAMYB also activates the expression of the sporopollenin synthesis 

genes CYP703A3 and KAR, and contributes to Ubisch body and pollen exine 

formation (Aya et al., 2009). 
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Figure 1-6 Model for GA Signalling in the Anther. (Aya et al., 2009) 

1.2.2.2 Other phytohormones 

Some other phytohormones are also believed to play roles in regulating PCD 

of tapetum cells. Ethylene may negatively regulate tapetum PCD initiation 

(Takada et al., 2006; Tzeng et al., 2009). In lily, when anthers were treated 

with 2,5-norbornadien (NBD), an inhibitor of ethylene activity, the tapetum 

cells become densely cytoplasmic as seen during the PCD process (Tzeng et 

al., 2009). What’s more, when expressing an ethylene receptor gene, 

Cm-ERS1/H70A, in transgenic tobacco plants under an anther-specific 

promoter, a delay of tapetum cell death could be observed (Takada et al., 
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2006).  

Although the roles of other plant hormones in tapetum PCD remain unclear, 

there is evidence indicating their importance for this process. Expression of 

jasmonic acid (JA) synthesis genes were detected in rice anthers when tapetum 

PCD starts and JA has been shown to regulate leaf senescence by cooperating 

with ROS (Avanci et al., 2010; He et al., 2002; Hirano et al., 2008). 

Furthermore, analysis of plant hormone biosynthesis and the corresponding 

signalling factors in rice, shows that the amount of active abscisic acid (ABA) 

and cytokinin (CK) may increase in the tapetum at meiosis stage (when 

tapetum PCD starts) and decrease at the uninuclear microspore stage (when the 

tapetum undergoes degradation) (Hirano et al., 2008). The specific expression 

of ABA and CK signalling factors strongly indicates their role in tapetum 

PCD.  

1.2.3 Ca2+ involvement in tapetum PCD 

Calcium plays an important role in PCD. In plant, calcium-based signalling 

includes influx, efflux and decoding of Ca2+. Three major protein families 

which contain the EF-hand domain for Ca2+ ion chelation are required for 

decoding. They are calcium-dependent protein kinases (CDPKs), calcineurin 

B-like (CBL)-interacting protein kinases (CIPKs) and calmodulin (CaM) and 

CaM-like proteins (CMLs) (Edel et al., 2017). Among them, CDPK contains 

the kinase domain, auto-inhibitory domain and four EF-hands; the CBL 
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contains only three EF-hands; the CaM and CML contain only four EF-hands. 

There are 5 CaMs and 33 CMLs in rice (Mohanta et al., 2017).  

It is reported that DEX1 is required for the primexine formation in Arabidopsis 

(Paxson-Sowders et al., 2001). The homologous gene in rice, OsDEX1, 

regulates Ca2+ homeostasis to regulate tapetum PCD, callose degradation and 

pollen wall formation, suggesting the coordination of tapetum PCD with 

callose degradation (Yu et al., 2016). 

1.2.4 ROS plays a crucial role in tapetum PCD 

ROS are highly reactive molecules including O2⋅- (Superoxide radical), H2O2 

(Hydrogen peroxide), OH⋅ (Perhydroxyl radical) and 1O2 (Singlet oxygen) 

which can damage the cells (Gill & Tuteja, 2010). ROS control many 

processes, such as growth, cell cycle, plant defence, stress responses and PCD, 

by influencing a large number of genes in corresponding pathways (Gill & 

Tuteja, 2010).  

During anther development, a high level of ROS is accumulated in tapetum 

cells after stage 8, whereas the level drops down rapidly when tapetum PCD is 

completed during stage 10 and 11 (Hu et al., 2011). The accumulation of ROS 

is consistent with tapetum degradation process indicating that ROS may be one 

of the factors which promotes tapetum PCD (Zhang & Yang, 2014). 

OsMADS3 in rice is a transcriptional factor that adjusts ROS homeostasis. It is 

expressed highly in the tapetum during late anther development (Zhang et al., 
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2015). It plays a crucial role in late anther development and pollen formation 

by regulating ROS homeostasis (Hu et al., 2011). Although whether ROS acts 

as a signal in initiation of tapetum PCD is still unknown, some genes (TDR 

(TAPETUM DEGENERATION RETARDATION) (Li et al., 2006a), CYP703A3 

(Yang et al., 2014), CYP704B2 (Li et al., 2010), C6 (Zhang et al., 2010a)) 

which show defective tapetum PCD are largely up-regulated in osmads3 

mutant. These findings suggest that ROS play an important role in tapetum 

PCD as signal molecules.  

1.2.5 Lipid metabolism is important for normal tapetum PCD and 

pollen wall formation 

Lipids are thought to be involved in tapetum PCD. Loss of function of 

OsGPAT3 (Glycerol-3-Phosphate Acyltransferase 3) (Men et al., 2017), a lipid 

metabolism associated gene in rice, as well as GPAT1 (Glycerol-3-phosphate 

Acyltransferase1) in Arabidopsis (Zheng et al., 2003), both cause abnormal 

tapetum development and degradation. PTC1 (PERSISTANT TAPETAL 

CELL1) encodes a PHD-finger protein which is specifically expressed in 

tapetum cells and microspores during anther development stage 8 and 9 (Li et 

al., 2011a). The ptc1 mutant shows normal anther development before the 

meiosis stage. However, after stage 9, when the tapetum cells start degradation 

in wild type, the mutant shows more vacuolated and less stained tapetum cells. 

Until anther stage 11, the abnormally enlarged tapetum could still be seen in 
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ptc1. 75 genes putatively related to lipid transport and metabolism and 

secondary metabolite biosynthesis, transport, and catabolism had expression 

changes in ptc1. These indicate that PTC1 may controls the tapetum PCD 

process by influencing lipid metabolism (Li et al., 2011a). Many other rice 

mutants with tapetum PCD defect, such as tdr (Zhang et al., 2008), and eat1 

(Niu et al., 2013) show abnormal lipid metabolism and accumulation.  

Figure 1-7 shows the structure of pollen wall and genes involved in pollen wall 

formation process (Shi et al., 2015); during pollen wall formation, 

sporopollenin is synthesised by the tapetum cells. Tapetum-expressed lipid 

synthesis genes CYP704B2, CYP703A3 (Yang et al., 2014) and DEFECTIVE 

POLLEN WALL (DPW) (Xu et al., 2017) in rice and the corresponding 

orthologs in Arabidopsis (CYP704B1 (Dobritsa et al., 2009b), CYP703A2 

(Morant et al., 2007) and MS2 (MALE STERILE2) (Chen et al., 2011)) are 

required for the pollen wall formation. Rice DPW (defective pollen wall) and 

the probable ortholog in Arabidopsis MS2 encode for a fatty acid reductase, 

which take palmitoyl-Acyl Carrier Protein to produce 1-hexadecanol. Both the 

dpw mutant in rice and ms2 in Arabidopsis have defects in pollen wall 

formation (Chen et al., 2011; Shi et al., 2011). 

In addition, the biochemical pathway involving ACOS12, PKS1, TKPR1 

(TETRAKETIDE ALPHA-PYRONE REDUCTASE 1) and TKPR2 

(TETRAKETIDE ALPHA-PYRONE REDUCTASE 2) is conserved in rice, 
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Arabidopsis, tobacco, Hypericum perforatum and canola (Jepson et al., 2014; 

Li et al., 2016; Qin et al., 2013; Yang et al., 2017). In Arabidopsis, the 

medium- to long- chain fatty acids 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 (POLYKETIDESYNTHASEA) and 

PKSB (POLYKETIDESYNTHASEB) into tri- and tetra-ketide α-pyrone (Kim 

et al., 2010a; Wang et al., 2013) and reduced by TKPR1 and TKPR2 

(Grienenberger et al., 2010; Wang et al., 2013). 

 
Figure 1-7 Comparison of Genes/Enzymes Involved in Various Stages of 
Pollen Wall Development in Arabidopsis and Rice. Pollen wall 
development-associated genes/enzymes identified in Arabidopsis and rice are 
indicated in black and red, respectively. (Shi et al., 2015). 
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Sporopollenin transport-related genes are also required for pollen wall 

formation. Two ATP Binding Cassette G Transporters, OsABCG15 (ATP 

Binding Cassette G Transporters) and OsABCG26 are involved in rice anther 

cuticle and pollen exine formation. OsABCG15 transport lipidic molecules 

from tapetum cells to anther locules for pollen wall formation, while 

OsABCG26 transport lipidic molecules from tapetum cells to anther wall 

layers for anther wall formation (Hu et al., 2010; Qin et al., 2013; Zhao et al., 

2015). Their Arabidopsis orthologs AtABCG11 (Panikashvili et al., 2010) and 

WBC27/ABCG26 (Choi et al., 2011) are involved in transfer lipid precursors 

and polyketides from tapetum for pollen exine and anther wall formation.  

1.3 TIP2-RELATED ANTHER DEVELOPMENT 

TIP2 encodes for a bHLH transcription factor which normally forms 

homodimers or heterodimers to regulate the expression of its downstream 

genes (Feller et al., 2011; Fu et al., 2014; Murre et al., 1989). In plants, bHLH 

family genes are frequently involved in cell differentiation and division 

(Ranjan et al., 2017). It is widely reported that bHLH family participate in the 

stoma development both in rice and in Arabidopsis (Bergmann & Sack, 2007; 

Lampard & Bergmann, 2007). SPCH regulates the meristemoid mother cell to 

divide into meristemoids and stomatal-lineage ground cell by asymmetric cell 

division, and then the meristemoids divide into guard mother cell by 

asymmetric cell division, MUTE is involved in this process. After that FAMA 
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promotes the guard mother cell to divide into two guard cells. The bHLH 

family genes: SPCH, MUTE, FAMA work as a regulatory cascade to regulate 

stoma cell differentiation and division (Lampard & Bergmann, 2007). 

Studies show that the bHLH proteins TIP2, TDR and EAT1 work together to 

play a central role by a similar way in regulating differentiation, 

morphogenesis, and degradation of anther somatic cell layers (Figure 1-8) (Fu 

et al., 2014; Niu et al., 2013). TIP2 activates the expression of TDR and EAT1. 

It is involved in cell differentiation at early stage, and it has been shown that 

the presence of a TIP2-mediated transcription cascade regulates tapetum 

development in rice (Fu et al., 2014). The phenotype shows that tip2 mutant 

has undifferentiated innermost three layers; the tdr mutant shows an 

abnormally expanded tapetum; eat1 mutant has a persistent tapetum with 

delayed PCD. Therefore, it was concluded that TIP2 promotes the 

specification and differentiation of anther wall cell; TDR plays crucial roles in 

tapetum differentiation and degradation; EAT1 is required for tapetum PCD 

initiation. TDR in rice and its’ homologs AMS (ABORTED MICROSPORES) 

in Arabidopsis have been reported as also involved in tapetum PCD (Sorensen 

et al., 2003). AMS regulates a series of genes required for sporopollenin 

synthesis and transport (Xu et al., 2014; Xu et al., 2010), TDR induces a Cys 

protease OsCP1 to regulate tapetum PCD (Lee et al., 2004; Li et al., 2006a) 

and a series of lipid metabolism genes to regulate pollen wall formation (Shi et 

al., 2015). OsCP1 is also regulated by two ATP-dependent RNA helicases, 
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AIP1 and AIP2 (Li et al., 2011b). EAT1 is a positive regulator in rice (Niu et 

al., 2013). EAT1 interacts with TDR and TIP2, to regulate two Asp proteases 

AP25 and AP37, controlling the tapetum PCD (Fu et al., 2014; Ko et al., 2014; 

Niu et al., 2013). This is illustrated in figure1-7. 

  

Figure 1-8 Proposed Model for the TIP2-TDR-EAT1 Cascade That 
Regulates Anther Wall Cell Fate and Microspore Development in Rice. (Fu et 
al., 2014) 

1.4 GENE CO-EXPRESSION ANALYSIS 

To gain a better understanding of gene networks, gene co-expression analysis 

has emerged as a powerful tool for gene function prediction (Usadel et al., 

2009). Large numbers 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 
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be used to identify co-expressed genes based on gene expression profiles 

(Kafieh & Mehridehnavi, 2013); genes with similar expression patterns may 

take part in the same pathway or have similar functions. Therefore, 

co-expression analysis can provide reliable characterization of gene functions 

especially for currently unknown genes (Usadel et al., 2009).  

Note that gene co-expression network analysis is the same as gene regulation 

network analysis. Using gene expression data it is possible to identify 

co-expressed genes on a large-scale, thus those genes that have the potential to 

be regulated by the same transcription factor (TF), or to co-regulate the same 

pathway can be characterised (Bar-Joseph et al., 2003). However, genes in a 

regulation network usually have more complex gene expression patterns 

because TFs might work together simultaneously or sequentially, as well as a 

single gene might be regulated by multiple factors (Awad & Chen, 2014). 

1.4.1 Co-expression analysis process 

There are 4 steps involved in general co-expression analysis.  

First of all is selection of data. There are 4 types of data that can be used based 

on the different objectives. Condition-independent data which contain 

microarray data from as many different conditions as possible, could show 

general gene relationships; Condition-dependent data are sets from particular 

samples or conditions, to view gene relationships based on the condition that 

one is interested in; combined data combines data from some specified 
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samples or conditions which is a better way to control the noise in microarray 

data; personal data is what you get from your own experiments for your own 

experimental design rather than from public database (Usadel et al., 2009). To 

reduce false positives in the co-expression network, sufficient microarray data 

is needed. It has been shown, based on yeast data, that the accuracy of gene 

associations increases up to 50 experiments, after which point the level of 

accuracy remains constant between 50 to 100 experiments(Yeung, 2004). 

Therefore, using data of over 50 microarray experiments is recommended in 

clustering analysis. 

Normalization is a crucial step to make raw data into comparable data. There 

are some popular methods for normalization. MAS5 (Affymetrix Microarray 

Suite version 5) (Hubbell, et al., 2002). MAS5 algorithm is a part of the MAS 

5.0 software package and can be easily implied. It works well in reducing false 

positives without losing many true positives (McClintick & Edenberg, 2006); 

RMA (Robust Multi-array Average) (Irizarry et al., 2003a) is a popular way 

for microarray data normalization because its outstanding performance in 

identifying differentially expressed genes; GC-RMA (GeneChip-RMA) (Wu, 

et al., 2004) is different from RMA only in the background adjustment by 

using probe sequence information to help the background estimation 

(Wettenhall, et al., 2006).  

After normalization, PCC (Pearson’s correlation coefficient) and SCC 

(Spearman’s correlation coefficient) are generally used to identify the 
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similarity of expression patterns in the next step. PCC is widely used in 

measuring gene co-expression and is more sensitive to outliers (Obayashi & 

Kinoshita, 2009) while SCC is more robust to outliers (Obayashi & Kinoshita, 

2009). 

The last step is generating a network for global gene interactions. Genes in the 

same pathway, or with similar functions usually show very similar expression 

pattern in a variety of biological processes and experimental conditions (Ruan, 

Dean, & Zhang, 2010). As a result, co-expression networks which are 

generated based upon correlation can provide hypothetical gene interactions on 

a global scale. As with other networks, a co-expression network has a structure 

with nodes (gene) and links (correlation) as the basic elements. The nodes 

linked more densely make up the sub structures such as motifs and modules. 

Figure 1-9 defines the common terms describing networks (Aoki et al., 2007). 
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Figure 1-9 Definitions of terms describing networks (Aoki et al., 2007). 

There are two kinds of strategies to generate a co-expression network, called 

“guide-gene” approach and non-targeted approach (Aoki et al., 2007). For 

“guide-gene” approach, a set of genes which the researchers are interested in 

or are related to some particular biological problems are selected in advance of 

gene correlation coefficient analysis. Then in co-expression analysis, 

correlation coefficients between the guide genes are extracted to show 

co-expression modules within the guide genes. That could also be done 

between guide genes and other genes. It is a good strategy to define directly 

which genes might be co-expressed to the target gene. The other strategy is a 

non-targeted approach. In this approach, the correlation coefficient of any two 

expressed genes is calculated and all the correlation coefficients over the 

threshold are used to generate the network. It is a more efficient way to show 
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the global interactions and predict new genes, however needs more 

experimental verification to confirm the relevant interactions. There are 

various clustering algorithms to gather genes with similar expression patterns 

together, for example, hierarchical average-link, hierarchical complete-link, 

MCLUST and IMM (Yeung, 2004). 

To get a better understanding of the co-expression network, biological 

knowledge such as gene annotation and GO pathway should be used to 

interpret results (Aoki et al., 2007). Experimental verification should also be 

conducted to test and confirm the hypothetic biologically relevant derived 

from the analysis (Aoki et al., 2007).  

1.4.2 Current progress in co-expression analysis for anther development 

In Arabidopsis, genome-wide co-expression analysis has been used to identify 

23 downstream genes directly regulated by AMS in pollen wall formation (Xu 

et al., 2014). Furthermore, co-expression networks can be generated based on 

correlations to provide hypothetical gene interactions 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 normalises 815 microarrays and 
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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 integrates Omics-Data 

from public databases to provide co-expression information over whole 

datasets (Hamada et al., 2011). However, neither of these tools allows 

targeting 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 et al., 

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) predicted 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 

which can have very different expression patterns (Wittkop et al., 2010).  
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Although many genes required for viable pollen formation have been 

identified, the molecular mechanism regulating of pollen development remains 

elusive. It has been reported using a 10-k rice cDNA microarray that over 

2000 genes (~22% of the genes on the array) were differentially expressed 

between anthers and seedlings, which indicates the complex requirements for 

anther-specific gene regulation for anther and pollen development (Wang et al., 

2005). An un-targeted co-expression network in rice anther is needed to 

determine gene regulation relationships globally during anther development.  

1.5 AIMS OF THE PROJECT 

In plants, anther and pollen development involves many important biological 

events and complex molecular regulatory coordination. Understanding the 

gene regulatory relationships during reproductive development is essential for 

fundamental biology and crop breeding. The aim of this project is to predict 

novel genes involved in pollen wall formation by using reverse genesis 

approaches. In this work, we have developed a rice gene co-expression 

network (RiceAntherNet) that allows prediction of gene regulatory 

relationships during anther and pollen development. Furthermore, downstream 

targets of TIP2 were also predicted to study the function of TIP2 in cell 

division and differentiation during anther development.  

In chapter 3, a rice co-expression network (RiceAntherNet) was generated to 

provide a global view of gene expression patterns throughout rice anther 
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development. 43 novel genes were predicted to be involved in pollen wall 

formation using mutants defective in pollen development.  

In chapter 4, 7 genes which were predicted by RiceAntherNet were knocked 

out by CRISPR-Cas9 system and mutants of 4 genes were analysed for their 

phenotypes. 

In chapter 5, 6 Lipid Transfer Protein precursors (LTP) were predicted as TIP2 

downstream genes and analysed for their phenotypes.  
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2 MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 Plant materials 

Wild-type Arabidopsis used in this research is Arabidopsis thaliana ecotype 

Columbia. T-DNA insertion mutants of Arabidopsis were obtained from the 

Nottingham Arabidopsis Stock Centre (NASC). Arabidopsis plants were 

grown in a growth room at 22°C and 16hrs photoperiod. 

Wild-type rice used in this research includes japonica rice 9522 and japonica 

rice DongJin. T-DNA insertion mutants of rice were obtained from Pohang 

University of science and technology, Korea. Rice plants were grown in the 

paddy field in Shanghai in the summer of 2016 and 2017.  

Nicotiana benthamiana (N. benthamiana) was used for 

Agrobacterium-mediated transient expression. Plants were grown in a growth 

room at 22°C and 16hrs photoperiod. 

2.1.2 Bacterial strains and vectors 

Escherichia coli (E. coli) strain Dh5α and Agrobacterium tumefaciens (A. 

tumefaciens) strain EHA105 and GV3101 were obtained from Tiangen biotech 

(Beijing) co. ltd. The application and antibiotic type of these strains are list in 

Table 2-1. 
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Table 2-1 Bacterial strains 

Strain Application Antibiotic selection (µg/ml) 

DH5α Routine cloning  

EHA105 Routine cloning Rifampicin (50) 

GV3101 Transient expression in N. benthamiana Rifampicin (50), gentamycin (25) 

pBin-sgR-Cas9-p1300 (CH) vector was used for targeted gene editing by the 

CRISPR/Cas9 system (Zhang et al., 2014). pGreen0800 and pGreen0229 were 

used for analyzing promoter sequences regulation of gene expression by the 

Dual-Luciferase Reporter Assay (Hellens et al., 2005). pSoup was used as a 

helper vector which helps the replication of other binary plasmid in the 

Agrobacterium cell (Hellens et al., 2005). The details of these vectors were 

listed in Table 2-2; the vector maps were shown in Appendix I. 

Table 2-2 Vectors 

Vector Application Antibiotic selection (µg/ml) 

pBin-sgR-Cas9-p1300 (CH) CRISPR/Cas9 system Kanamycin (50) 

pGreen0800 Transient expression for 

quantification of promoter activity 

Kanamycin (50) 

 

pGreen0229 Dual-Luciferase Reporter Assay Kanamycin (50) 

 

pSoup Helper vector for ensuring high 

levels of transient gene expression 

Tetracycline (50) 

2.1.3 Culture medium, buffers and chemicals 

1. 1.5% CTAB: 75 mM Tric-HCL (pH = 8.0), 15 mM EDTA (pH8.0), 1.05 M 

NaCl 

2. 0.5X TBE buffer: 45 mM Tris-borate, 1 mM EDTA 



	
   36	
  

3.LB medium (1L): yeast extract 5g, trypsin peptone 10g, NaCl 10g, pH = 7.2, 

agar powder 15g (for Solid medium)  

4. NBD2 medium (1L): 9 stock solutions (according to the table below), 

sucrose 30g, inositol 0.1g, L-Proline 0.5g, L-glutamine 0.5g, Casein 

hydrolysate 0.5g, pH = 5.8, agar powder 7g 

Stock solution preparation (required in 1L NBD2 medium):  

5. NBD2-AS (1L): 9 stock solutions (the same as NBD2 medium), sucrose 30g, 

Stock solution (1L) Chemicals Volume (ml) 

1. 20× N6 macroelement 1 KNO3   56.6g 

(NH4)2SO4  9.26g 

KH2PO4   8g 

50 

2. 40× N6 macroelement 2 CaCl2·2H2O  6.64g 25 

3. 40× N6 macroelement 3 MgSO4·7H2O  7.4g 25 

4. 100× B5 microelement 1 

 

MnSO4·H2O  781mg 

ZnSO4·7H2O  200mg 

H3BO3   300mg 

KI    75mg 

10 

5. 1000× B5 microelement 2 Na2MoO4·2H2O 250mg 

CuSO4·5H2O  25mg 

CoCl2·6H2O  25mg 

1 

6. 100× B5 vitamin 1 Aneurine hydrochloride (VB1)   1000mg 

Pyridoxine hydrochloride (VB6)  100mg 

Niacin (VB3)      100mg 

10 

7. 100× B5 vitamin 2 Glycine   200mg 10 

8. 100× 2,4 D 2,4 D   200mg 10 

9. 200× Fe2+ 

 

Na2-EDTA   7460mg 

FeSO4·7H2O   5560mg 

5 
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inositol 0.1g, Casein hydrolysate 0.5g, glucose 10g, pH = 5.2 

6. AAM-AS medium (1L): 6 sother solutions (according to the table below), 

KCl 2.94g, sucrose 68.5g, inositol 0.1g, casein hydrolysate 0.5g, glucose 36g, 

pH = 5.2 

Stock solution preparation (required in 1L AAM-AS medium): 

 

Stock solution (1L) Chemicals Volume 

(ml) 

1. 10× AA macroelement KH2PO4   1700mg 

MgSO4·7H2O  3700mg 

CaCl2·2H2O  4400mg 

100 

2. 100× AA microelement 1 

 

MnSO4·H2O  1690mg 

ZnSO4·7H2O  860mg 

H3BO3   620mg 

KI    83mg 

10 

3. 1000× AA microelement 2 Na2MoO4·2H2O 250mg 

CuSO4·5H2O  25mg 

CoCl2·6H2O  25mg 

1 

4. 10× AA vitamin 1 Glutamine   8770mg 

Aspartic acid  2660mg 

Arginine   2880mg 

Glycine   750mg 

10 

5. 200× Fe2+ 

 

Na2-EDTA   7460mg 

FeSO4·7H2O   5560mg 

5 

6. 100× MS vitamin Aneurine hydrochloride (VB1)   1000mg 

Pyridoxine hydrochloride (VB6)  100mg 

Niacin (VB3)      100mg 

10 
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7. MS-H medium (1 L): MS 4.4 g, sucrose 30 g, Casein hydrolysate 0.5 g, 

sorbitol 15 g, NAA (0.5 mg/L) 2 ml, 6-BA (2 mg/L) 4 ml, pH = 5.8, agar 

powder 4 g 

8. MSNH rooting medium (1 L): MS 4.4 g, sucrose 30 g, agar powder 2.5 g, 

pH=5.8 

9.FAA fixing solution (100 ml): Ethanol 50ml, Acetic acid 5ml, formaldehyde 

(35%) 10 ml, and ddH2O 35 ml 

2.2 MICROARRAY DATA ANALYSIS 

2.2.1 Quality control (QC) 

QC was performed with the R statistical analysis software (Gautier et al., 2004) 

using the package ‘affyPLM’. Fluorescence detection was used for checking 

the fluorescence intensities for each probe in each sample. Random 

distribution of fluorescence intensities excludes the pollution of array and 

other systematic errors. RNA degradation analysis was used to assess RNA 

quality of each array. A gentle decrease of probe degradation was expected 

from 5’-end to 3’-end. 

2.2.2 RMA normalization 

RMA normalization (Irizarry et al., 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) 
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(riceosrefseqcdf_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 

information available from RefSeq (Pruitt et al., 2005), resulting in 24,462 

probe sets. This process eliminates the many-many relationship between probe 

sets and genes, and means that the genes may be used as the primary identifier 

for the generation of the correlation network. 

2.2.3 Pearson correlation coefficient (PCC) 

Gene coexpression relationships were measured by PCC according to the 

following formula:  

 

2.2.4 Gene clustering 

Genes and correlations were organized as a table of nodes (genes) and edges 

(correlations), which were explored in Cytoscape 3.4.0 (Shannon et al., 2003; 

Smoot et al., 2011). The organic layout was used to display the global 

structure of the network. 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 parameters Max 

Subcluster Size = 400 and Max Time = 10, with the PCC values as edge 

weights. This method generates small, extremely well-connected clusters 

r = 1
n−1

(Xi− X
Sx

)
i=1

n

∑ (Yi−Y
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where nearly all the edges are present, meaning that cluster members must 

have very similar expression patterns.  

2.2.5 Gene annotation 

Rice genome annotation file (IRGSP-1.0_representative_2016-08-05) and 

Arabidopsis annotation file (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 et al., 2003a) respectively. 

2.2.6 Gene ontology (GO) analysis 

The orthologs between rice and Arabidopsis were predicted by blast analysis. 

GO analysis of rice genes were annotated according to the GO terms of 

orthologs in Arabidopsis.  

2.2.7 Phylogenetic analysis 

Protein sequences (see Appendix IV) were used to construct a 

Neighbor-Joining tree using Mega7 (Kumar et al., 2016). Alignment was 

performed on ClustalW (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 Cutoff = 30%). Phylogenetic tree was construct 

by Neighbor-Joining (Bootstrap replications = 1000). 
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2.3 GENOTYPING 

2.3.1 DNA extraction (by CTAB method) 

Fresh rice leaves (about 1g) were placed in a 2 ml Eppendorf tubes. The tube 

lids were left open and placed in to a drying oven (65°C) overnight to dry the 

tissue. Then 2 magnetic beads were added to, break the plant tissue using a 

Mixer Mill (MM400 Retsch, Germany) at speed 60 Hz for 3 mins. 

 700 µL 1.5X CTAB was added to the smashed tissue, and incubated at 60°C 

for 30 min. (shaking it gently once or twice to mix it thoroughly). Then 700 

µL Chloroform (1:1, equal volume) was added and the tube mixed thoroughly 

immediately and then centrifuged at 12,000 rpm (13,000xg) for 10 min. The 

supernatant was placed into a new 1.5 ml Eppendorf tube and an equal volume 

of isoamyl alcohol added, and mixed thoroughly several times. White 

flocculus was often observed at this step. Samples were stored at -20°C for at 

least 1 hour to fully precipitate the DNA. 

Samples were centrifuged at 1,2000 rpm (13,000xg) for 10 min, the 

precipitated DNA was then washed in 500 µL 70% (v/v) ethyl alcohol and 

centrifuged at 1,2000 rpm (13,000xg) for 1 min. This wash and centrifugation 

was repeated a further time, the ethyl alcohol removed and the pellet left to dry 

in the open tube. The DNA was then dissolved in 50µL ddH2O. The quality 

and concentration of DNA were detected using a NanoDrop Microvolume 
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Spectrophotometer (NanoDrop 2000C, Thermo Scientific, Shanghai). DNA 

samples were stored at -20°C. 

2.3.2 PCR 

Taq DNA polymerase (Vazyme Biotech) and rTaq DNA polymerase (Takara) 

were used for PCR. The PCR reaction composition and running program were 

as shown in Table 2-3 and Table 2-4. 

Table 2-3 General reaction composition 

Component Volume (µl) 

10 X Taq buffer 2 

10 X GC buffer II 2 

dNTPs (2 mM) 2 

Forward primer (10 pmol/µl) 1 

Reverse primer (10 pmol/µl) 1 

Taq polymerase 0.2 

Template DNA 100ng 

ddH2O To a final volume of 20 µl 

 
Table 2-4 Standard PCR program 

Step Temperature (°C) Duration (min:sec) Cycle 

Initial denaturing 95 5:00 1 

Denaturing 95 0:30 

35 Annealing 55-58 0:30 

Extension 72 1 minute/kb 

Final extension 72 10:00 1 

Hold 4   

2.3.3 Agarose gel electrophoresis 

1-1.5% (w/v) agarose gel (1-1.5 g agarose dissolved in 100 ml 0.5x TBE 
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buffer) was made for separating PCR products. The concentration of agarose 

gel depended on the size of the PCR product. 6X Gel Loading Dye (NEB) was 

added to the PCR product and it was loaded along with a molecular weight 

marker onto the agarose gel, which was run at an electric field strength of 10 

V/cm in 0.5x TBE buffer, until DNA fragments were sufficiently separated. 

DNA was visualized under long wave UV light, and the gel images were 

captured using the ChemiDoc MP Imaging System (Bio-Rad, USA). 

2.4 MOLECULAR CLONING METHODS 

In-Fusion cloning PCR primers were designed with 15bp which matched the 

ends of the linearized vector added to both the 3' and 5' regions. The DNA 

fragments were amplified using GXL DNA polymerase (Jiahao Biotech, 

Shanghai) according to the reaction composition in Table 2-5 and PCR 

program in Table 2-6.  

Table 2-5 Reaction composition for GXL polymerase 

Component Volume (µl) 

5 X GXL buffer 10 

dNTPs (2.5 mM) 5 

Forward primer (10 pmol/µl) 1 

Reverse primer (10 pmol/µl) 1 

GXL polymerase 1 

Template DNA 200 ng 

ddH2O To a final volume of 50 µl 
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Table 2-6 PCR program for GXL polymerase 

Step Temperature (°C) Duration (min:sec) Cycle 

Denaturing 98 0:10 

30 Annealing 55 0:15 

Extension 68 1 minute/kb 

Final extension 68 7:00 1 

Hold 4   

The PCR products were checked by electrophoresis on 1.5% agarose (w/v) gel 

and correct size DNA fragments were recovered using a Gel Extraction Kit 

(Xieruicheng Biotech, Shanghai).  

The DNA fragments were then combined into the vector using an In-fusion 

HD cloning kit (Jiahao Biotech, Shanghai) according to Table 2-7. 

Table 2-7 In-fusion HD cloning reaction composition 

Component Volume (ul) 

Vector 400 ng 

Insertion DNA fragment 100 ng 

In-fusion 2 µl 

ddH2O To a final volume of 10 µl 

The reaction was incubated at 50°C for 20 mins. 

2.4.1 E. coli transformation by heat-shock 

A tube with 50 µl of competent E. coli cells was thawed on ice, as soon as the 

cells had thawed, about 200 ng of plasmid DNA was added to the cells and 

mixed gently and incubated on ice for 30 mins. Then the cells were 

heat-shocked by moving the tube to a pre-heated 42°C water bath for exactly 
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90s. It was then immediately placed onto ice immediately after the heat-shock 

for at least 1 min.  

200µl LB medium was then added to the tube, which was incubated on a 

shaker at 180 rpm for 1 hour. An aliquot (100 µl) was then spread onto the 

surface of a prepared LB agar plate (with required antibiotics). The plates were 

then incubated at 37°C overnight. The E. coli colonies could then be seen with 

round, white, smooth features. 

2.4.2 Plasmid DNA extraction and sequencing 

Plasmid DNA was extracted using a Mini Plasmid Kit (Tiangen Biotech, 

Beijing). 10 µl plasmid DNA with a concentration of 100 ng/µl was sent for 

sequencing. The primers for sequencing are listed in section 2.1.2. 

2.4.3 Agrobacterium (EHA 105 and GV3101) transformation by 

heat-shock 

Tubes with 50 µl of competent Agrobacterium were thawed on ice. As soon as 

the cells had thawed, about 200 ng of plasmid DNA was added to the cells and 

mixed gently, which was incubated on ice for 5 mins. Samples were then put it 

into nitrogen liquid for 5 mins, followed by incubation at 37°C for 5 mins. 

An aliquot of 200 µl LB medium was added to each tube and incubated on a 

shaker at 28°C, 200 rpm for 2 hours to activate the Agrobacterium cells. 100µl 

was then spread onto the surface of a prepared LB agar plate (with required 

antibiotics). The plates were allowed to dry and incubated at 28°C for 2 to 3 
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days. The Agrobacterium colonies could be seen to have round, yellow, 

smooth features. 

2.4.4 Storage of bacteria as glycerol stocks 

A single colony was transferred to 1 ml of LB liquid media and incubated 

overnight (E. coli at 37°C, 180 rpm; Agrobacterium at 28 °C, 200 rpm). The 

culture was then mixed to a final concentration of 20% (v/v) glycerol and flash 

frozen in liquid nitrogen. The glycerol stock was kept at -80°C. 

2.5 TARGETED MUTAGENESIS BY CRISPR-CAS9 SYSTEM 

2.5.1 Selection of CRISPR targets 

CRISPR targets in the form of N20 (20 bp DNA fragment)-NGG (PAM) from 

5’ to 3’ end were first selected by CRISPR-P 2.0 

(http://crispr.hzau.edu.cn/CRISPR2), a CRISPR/Cas9 tool for genome editing 

in plants.  

The final targets were determined by the following rules: lower off-target 

score (sequence specificity), targeting at exon or 5’-UTR region; avoiding Pol 

III promoter terminators (avoiding spacers with poly T); GC content 

(40%-80%); RNA fold analysis (unafold.rna.albany.edu). 

The first base of N20 was changed to G, if it was not this already a G, and the 

overhangs added to each pair of primers as below. 

Upper Primer: 5’-TGGC-G(N19)-3’ 
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Lower Primer: 5’-AAAC-(N19)C-3’ 

All the primers designed for amplifying CRISPR targets are listed in Appendix 

II.  

2.5.2 Plasmid construction 

Annealing was carried out by a slow cool-down process (37°C for 30 mins, 

95°C for 5 mins, 95 °C ramp down to 25°C at 5°C/min) with the annealing 

reaction compositions as in Table 2-8. 

Table 2-8 Annealing reaction composition 

Component Volume (µl) 

10 X T4 PNK buffer (NEB) 1 

Forward primer (10 pmol/µl) 1 

Reverse primer (10 pmol/µl) 1 

T4 Polynucleotide Kinase (T4 PNK, NEB) 0.5 

ddH2O To a final volume of 10 µl 

pBin-sgR-Cas9-p1300 (CH) vector was digested by BsaI according to Table 

2-9. The mixture was then incubated at 37°C for 2 hours, then keep at 65°C for 

5 mins to inactivate the BsaI enzyme. 

Table 2-9 Restriction Enzyme Digestion composition 

Component Volume (µl) 

CH 1 µg 

BsaI 10U 

Cutsmart buffer 5 

ddH2O To a final volume of 50 µl 

The annealed product and digested vector was then incubated with T4 ligase 

and the components shown in Table 2-10 at 22°C for 30 mins. 
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Table 2-10 Ligation reaction composition 

Component Volume (µl) 

Annealing product 1 

BsaI digested CH 1 

10X T4 buffer 1 

T4 ligase 0.5 

ddH2O To a final volume of 10 µl 

sgRNA-Cas9 plant expression vectors were transferred into Agrobacterium 

strain EHA105 as described in 2.4. 

2.5.3 Callus tissues formation  

2.5.3.1 Callus tissues of 9522 derived from mature seed 

Mature seeds of 9522 were dried in the sun for 3 days and dehusked. Seeds 

were sterilised in 70% (v/v) ethanol for 1 min and then the ethanol discarded. 

The seeds were then placed in 33% (w/v) sodium hypochlorite solution (with 

one drop of Tween 80) and shaken for 15 mins. The liquid was then discarded 

and the seeds washed in sterile ddH2O, at least 10 times. The sterilized seeds 

were then dried on sterile filter paper and then incubated on the surface of 

NBD2 medium with about 50 seeds per Petri dish. 

After incubating at 28°C in the dark for about 10 days, small light yellow calli 

were formed. The calli were removed from the roots and endosperm and 

moved on to fresh NBD2 medium and then incubated at 28°C in the dark for a 

further 10 days. Calli were then moved onto fresh NBD2 medium for 5 days to 

keep the callus in good condition before transformation. 
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2.5.3.2 Callus tissues of 9522 derived from young panicles 

Young tillers of 9522 at anther stages 2 to stage 7 were collected. The tillers 

were cleaned with 70% (v/v) alcohol and the covering leaves were peeled 

away. The panicle was then clipped with sterilized tweezers and cut it into 2 

mm-wide pieces, which were placed onto the surface of NBD2 medium. 

After incubating at 28°C in the dark for about 20 days, small calli were formed. 

These were moved on to fresh NBD2 medium, for a further 10 days, and then 

onto fresh plates for a further 5 days before transformation. 

2.5.4 Transformation of calli 

EHA105 with the target construct was placed into 2 ml LB liquid medium 

(selective medium with 50 µg/ml Kan and 50 µg/ml Rif) and incubated (28°C 

at 200 rpm) overnight. 1 ml of the bacteria solution was added to 50 ml LB 

liquid medium (selective medium with 50 µg/ml Kan and 50 µg/ml Rif) and 

incubated on a shaker at 28°C at 180 rpm until it reached an OD600=0.3 

(about 4 hours). It was then centrifuged at 5,000 rpm (4,000xg) for 10 mins 

and the bacterial pellet resuspended in AAM-AS fluid medium (final AS 

concentration of 200 µM).  

100 good calli were then placed into a sterile Erlenmeyer flask and the bacteria 

solution added and shaken gently for 30 mins. The calli were then drained and 

dried on sterile filter paper. The partially dried calli were then placed onto 

NBD2-AS medium (with a final AS concentration of 100 µM) with a piece of 
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filter paper under the calli and incubated for 3 days at 28°C in the dark. 

2.5.5 Selection of transformed calli and plant growth 

The infected calli were placed onto sterile filter paper, and dried for 1 hour, 

then transferred onto NBD2 medium (selective medium with 40 mg/L of 

hygromycin and 400 mg/L of timentin). They were incubated for 12 days at 

28°C in the dark, and then moved onto fresh NBD2 selective medium under 

the same conditions for 12 days. It could be observed that some calluses 

blackened while some new calli were formed. 

Healthy calli were transferred onto MS-H callus induction and differentiation 

medium (with 20 mg/L of hygromycin and 200 mg/L of timentin) at 28°C in 

the light for 10 days. Only transformed calluses survived on the selection 

medium, whilst untransformed calli died at this step.  

The surviving calli were transferred to new MS-H medium (with 20 mg/L of 

hygromycin and 200 mg/L of timentin) every 10 days. Green spots were 

formed followed by formation of a small plant with a root and shoot. The 

small plants were then moved to MSNH rooting medium in a 15 cm-high jar 

and grown in the light. After about 15 days, when the plants were bigger with 

strong roots and up to 15 cm height, they were ready for transfer into the 

paddy field. 

2.5.6 Genotyping 

DNA of each plant was extracted by the CTAB method according to section 
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2.3.1. Primers were designed to cover the target regions (Appendix II). PCR 

amplification followed by sequencing was performed to check the mutation of 

the target regions. Sequencing results were analysed by SnapGene 

(http://www.snapgene.com) to confirm the mutation sites of each mutant. 

2.6 EXPRESSION ANALYSIS 

2.6.1 Total RNA extraction by the trizol method 

Total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, 

China) according to the manufacturers guide (Pub. No. MAN0001271). 

Purified RNA was stored at -80°C. 

2.6.2 cDNA synthesis 

The concentration of RNA was measured by Nanodrop fluorospectrometer 

(ND-1000 NanoDrop Technologies, USA) before cDNA synthesis. 

PrimeScriptTM RT reagent Kit was used for reverse transcription. 2 µg of 

total RNA was mixed with 1µl oligo (Goetz et al.) and DEPC 

(Diethylpyrocarbonate)-treated ddH2O in a PCR tube to a total volume of 12 µl. 

The RNA mixture was incubated at 65°C for 5 mins then cooled on ice for 5 

mins; 4 µl 5X RTase Buffer, 1 µl RNase Inhibitor and 2 µl dNTP were added 

to each tube and each was incubated at 37 °C for 5 mins. 1µl RTase was then 

added into the mixture and incubated at 42 °C for 70 mins. The reaction was 

inactivated by incubating at 70°C for 10 mins. The cDNA was then stored at 

-20°C until required. 
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2.6.3 Quantitative Reverse Transcriptase PCR (qRT-PCR) 

qRT-PCR was performed to quantify gene expression levels. QuantiNova 

SYBR Green PCR Kit (QIAGEN, Shanghai) was used (see Table 2-11).  

Table 2-11 SYBR Green PCR reaction composition 

Component Volume (µl) 

2 X SYBR Green PCR Master Mix 5 

Forward primer (10 pmol/µl) 0.2 

Reverse primer (10 pmol/µl) 0.2 

Template cDNA 10-50 ng 

ddH2O To a final volume of 10 µl 

qRT-PCR was performed according to the program in Table 2-12 and analysed 

using the LightCycler480 System (Roche, China). 

Table 2-12 qRT-PCR program 

Step Temperature (°C) Duration (min:sec) Cycle 

Initial denaturing 95 10:00 1 

Denaturing 95 0:30 

45 Annealing 58 0:30 

Elongation 72 1 minute/kb 

Dissociation 72-95 0:30 Increase 1°C per cycle 

OsACTIN (Os03g0718100) was used as a reference gene (see primers in 

Appendix II). All samples were run in at least triplicate. For expression 

analysis in rice anthers, 3 replicates of anther samples were collected at anther 

development stage 8 to 10.  
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2.7 Dual-Luciferase Reporter Assay 

2.7.1 Plasmid construction 

The effector plasmids with TIP2, TDR1 and EAT1 genes under the control of 

the CaMV35S promoter were obtained from Dabing Zhang’s lab (Shanghai 

Jiao Tong University). Promoter sequences of candidate downstream genes 

were fused to the reporter vector pGreen0800 by In-fusion cloning (section 0). 

Mixed 200ng pGreen0800 vector and 200ng helper vector pSoup and 

transformed the two vectors together to GV3101 as described in section 2.4.3.  

2.7.2 Preparation of bacteria solution for infiltration  

GV3101 was incubated with the required plasmid in 15 ml LB liquid medium 

(selective medium with Kan, Rif and Gen) overnight at 28 °C until an OD600 

of between 1 and 2 was reached. The reaction was then centrifuged at 5,000 

rpm (4,000xg) for 5 min to precipitate bacteria. The pellet was then 

resuspended with ½ MS and 2 % (w/v) sucrose solution (1.1g MS and 10 g 

sucrose, add ddH2O to a final volume of 500 ml) to reach the concentration of 

OD600 = 0.6. MES and AS were then added to reach a final concentration of 

10 mM and 200 µM respectively. The bacteria solution was then ready for 

tobacco injection after 3 hours standing. 

2.7.3 Tobacco plants infiltration and transient expression analysis 

mediated by Agrobacterium 

The bacteria solution was mixed with pGreen0800 vector and pGreen0229 
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vector in a ratio of 1:4. Agrobacterium was injected into the leaves of tobacco 

at approximately 4 weeks old when 6 leaves have formed. Empty pGreen0229 

vector as effector plasmid mixed with constructed reporter vector was used as 

negative control. To minimize biological variation, every leaf was treated 

using both negative control and treatments at separate positions. Four 

biological repetitions were used for each treatment. After injection, tobacco 

plants were maintained in the dark for 48 hours. Tissue at the injection spots 

were collected into 1.5 ml Eppendorf tubes and frozen in liquid nitrogen and 

then used for fluorescence detection. 

2.7.4 Fluorescence measurement 

Dual-luciferase Reporter assay system (Promega, Shanghai) was used for 

studying the receptor activity. Fluorescence was read by a Modulus™ single 

tube multimode reader (TurnerBioSystems) running the Promega protocol, 

DLR-0-INJ. Passive lysis buffer (PLB), luciferase assay buffer (LAB) and stop 

buffer (SB) were stored and prepared according to the manufacturer’s 

instructions.  

Tobacco leaves were ground in liquid nitrogen and mixed with 100 µl PLB, 

then centrifuged at 12,000 rpm (13,000xg) for 1 min. 10 µl of supernatant was 

then transferred to a new 1.5 ml Eppendorf tube and 40 µl LAB carefully 

added and then mixed by gentle pipetting several times. Tube was then placed 

into the reader and firefly luciferase activity initiated and then measured (light 
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with an emission maximum of 560 nm).  

40 µl SB was added carefully and mixed by pipetting several times to start 

Renilla luciferase activity measurement (light with an emission maximum of 

485 nm). The ratio of firefly luciferase and Renilla luciferase 

(λ560nm/λ485nm) were calculated to present promoter activity. 

The data of all treatments were normalized to the empty vector control and 

Wilcoxon test was performed to determine the regulation of the target 

promoter by target protein. 

2.8 CHARACTERIZING PHENOTYPE OF MUTANT 

2.8.1 Measurement of pollen viability by iodine staining 

Six anthers from one flower were crushed on a glass slide with a drop of 

potassium iodide (0.05 mol/l). The images were analysed by microscopy and 

the percentage of pollen viability recorded. 

2.8.2 Scanning electron microscope 

Anthers at anther stage 8 to stage 12 were fixed in FAA and stored at 4 °C. 

Samples were dehydrated using an ethanol gradient series (70%，80%，95%，

100% (v/v) in turn, each for 30 mins). Samples were dried at the critical point 

using CO2 in a Critical Point Drier (Leica EM CPD300, Germany). Then 

conductive coating was added using Super Cool Sputter Coater (Leica 

SCD050, Germany) to avoid any charge effect during scanning. After 
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conductive coating, the morphology of the pollen and anther wall were 

observed using Scanning Electron Microscope (Hitachi S-4800, Japan).  

2.8.3 Semi-thin section 

Anthers at anther stage 8 to stage 12 were prepared as described in (Zhang et 

al., 2002). Fluorescence confocal microscope (Leica TCS SP5, Germany) was 

used for sample examination. 
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3 GENERATION OF A RICE GENE CO-EXPRESSION NETWORK 

FOR IDENTIFYING GENES INVOLVED IN ANTHER AND 

POLLEN DEVELOPMENT 

3.1 INTRODUCTION 

In this chapter, available gene expression data were used to construct a 

correlation gene network to identify putative key genes involved in pollen wall 

formation, to help in the selection of candidates for further research. As 

discussed in section 1.4.2, gene co-expression analysis has proved to be a 

reliable tool for predicting gene functions, however there is no global 

co-expression gene network had been generated in rice during rice anther and 

pollen development. Therefore, developing a network with co-expressed genes 

clustered together in rice anther development is therefore of benefit for the 

study of rice anther development. Genes differentially expressed between wild 

type and male-sterile rice mutants were used for filtering and prioritizing the 

clusters into clades. Candidates in clades were considered of importance in 

rice pollen development. 

3.2 RESULTS 

The workflow used for the construction of the correlation network and 

identification of novel genes potentially involved in pollen development is 

shown in Figure 3-1. Based on microarray datasets from rice anther samples 

(section 3.2.1), co-expression analysis followed by tight clustering was used to 
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generate an untargeted genome-wide gene co-expression network (section 

3.2.4) focusing on rice anther development. Genes with similar expression 

patterns and correlated functions, especially during anther and pollen 

development, were connected by this approach. Differentially expressed genes 

of 9 male sterile mutants were mapped onto the co-expression network to 

further focus on the clusters related to anther development (section 3.2.5). 

Expression patterns of other tissues were checked for those example clusters to 

predict novel genes which might play important roles in anther and pollen 

development for further research. Furthermore, a web-based resource (section 

3.2.9) that capitalizes upon these approaches was built to provide a valuable 

targeted resource for gene discovery, to enable further characterization of 

anther and pollen development in rice, and by association to other monocot 

crops.  
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Figure 3-1 Workflow of predicting candidate genes by co-expression 
network. 

3.2.1 Datasets selection 

To globally investigate the key genes critical for rice anther development and 

pollen formation throughout anther development, 57 Affymetrix arrays 

generated only from rice anther tissue were selected from GEO (Appendix III). 

These samples were derived from wild-type rice anthers from five experiments 

that covered anther development stages 2 to 14 (Ma, 2005; Zhang & Yang, 

2014), which present an overview of genes expressed during anther 

development in rice (Appendix III).  

A further 45 Affymetrix arrays of samples from other tissues were used to 

characterize the global expression patterns in rice (Appendix III). The raw .cel 

data files of Affymetrix GeneChip Rice Genome Array were all downloaded 
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from NCBI’s GEO (Barrett et al., 2013). 

3.2.2 Data processing 

Quality control (section 2.2.1) was performed to confirm the quality of each 

array. All the 57 arrays from anther and the 45 arrays from other tissues were 

of good quality and suitable for generation of the co-expression network. 

RMA normalization (Irizarry et al., 2003) (section 2.2.2) was conducted and 

overall 24,462 genes from different experiments were found to be comparable 

with similar average intensity values (Figure 3-2). Figure 3-2 shows a 

histogram of the normalized data of 57 anther arrays, showing a transition 

between noise and signal with a peak around 8 (log2 scale); genes above this 

level are above average expressed in these samples. Therefore, the set of genes 

was filtered by removing those which have no samples with intensity levels 

above 8 (on the log2 scale), leaving 14,468 genes that have at least one higher 

value for co-expression analysis.  
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Figure 3-2 Boxplots and density plots of log-intensity distribution for 57 
arrays before and after normalization. (A) Raw signal distributions are variable 
over 57 arrays. (B) The density distributions of raw PM (perfect match probes) 
log-intensities are different before normalization. (C) Normalized data had 
similar signal distributions over 57 arrays. (D) Total frequency distribution of 
gene expression intensity (y-axis) in normalized data shows a superposition of 
two distributions, with a first peak around log intensity =4 (noise) and a 
second peak around log intensity=8 (threshhold). 

3.2.3 Generation of gene expression profiles from rice anthers 

The 57 Affymetrix arrays generated only from anther tissue were used to 

globally investigate the gene expression patterns of all 24,462 genes during 

anther development stage 2 to 14 in rice. Both mean and SD 

(Standard Deviation) were calculated for each gene among replicates. Plots 

showing how the expression levels varied for all 24,462 genes were made, 
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grouped by either dataset or stage. Figure 3-3 shows TDR’s expression pattern 

in rice anthers as an example.  

 

Figure 3-3 Gene expression profile of TDR using the generated 
RiceAntherNet tool (www.cpib.ac.uk/anther/riceindex.html). PM 
(Premeiosis)=Anther Stage 1-7; M(Meiosis)=Anther Stage 8; UM 
(Uninucleate microspore)= Anther Stage 9 and 10; BP (Bicellular 
Pollen)=Anther Stage 11; TP (Tricellular Pollen)=Anther Stage 12; MP 
(Mature Pollen)=Anther Stage 13 and 14.  
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3.2.4 Construction of rice anther correlation network (RiceAntherNet) 

for gene function analysis 

Based upon wild type expression data, genes that had an expression level of 

over 8 in anthers (according to Figure 3-2D, there is a peak of gene expression 

level at 8 which was recognized as high expression) in at least one array were 

kept for network development, which lead to 9,358 anther-expressed genes 

remaining in the analysis of the 14,468 genes with intensity levels above 8 (on 

the log2 scale). We then used Pearson Correlation Coefficient (PCC) (section 

2.2.3) to calculate the correlation between all remaining genes, giving a 

correlation matrix, the histogram of which gives a smooth curve (Figure 3-4). 

A semi-arbitrary cutoff was then applied to this matrix to give a set of edges to 

analyze. In line with previous studies, which 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 cutoff of 0.9, 

leading to 411,060 edges between 9,358 genes. Changing this cutoff would 

lead to more or less edges, but the general structure of the network would stay 

the same. 
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Figure 3-4 Distribution of edge correlations. PCC = 0.9 was selected as 
cutoff. The edges with PCC less than 0.9 were removed from network. 

A correlation network was developed using the correlation matrix (see section 

2.2.4), which we have called RiceAntherNet, with 411,060 edges between 

9,358 genes. The full network is available as a Cytoscape file (see attached 

CD). Figure 3-5 shows a global view of the network, which illustrates that the 

gene interactions are divided into three main, densely-packed regions, with 

fewer genes forming transitional connections between them.  
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Figure 3-5 Global co-expression network plot by organic layout in 
Cytoscape. The three circled regions refer 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. 

To further identify genes with similar expression patterns from the global 

network, the plugin ClusterMaker (section 2.2.4) (Morris et al., 2011) was 

used to divide the network into distinct clusters, using the Transitivity 

Clustering method (TransClust) (Wittkop et al., 2010) with parameters 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, 3422 

well-connected clusters with 9358 nodes (genes) and 75853 edges 

(co-relations) were generated (Figure 3-6A). The cluster sizes (gene numbers 
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in one cluster) ranged from 2 to 202 (Figure 3-6B). 545 clusters which contain 

at least 4 genes were kept for further analysis. These clusters contain 4,580 

genes and 73,556 intra-cluster edges, 99.74% of the possible number. 

 

Figure 3-6 Network generated by TransClust. (A) Network with 9358 nodes 
(gene) and 75853 edges (co-relation). (B) Number of clusters of different 
sizes. 

GO analysis shows genes in the same cluster had highly correlated expression 

pattern over the different rice anther developmental stages and many of them 

were annotated with the same GO terms. For example, cluster 116 contains 

eight genes (Figure 3-7A), all of which have very similar expression levels 
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over the 57 arrays (Figure 3-7B). Gene Ontology (GO) analysis using the 

orthologs Arabidopsis genes shows that this cluster is enriched in pollen exine 

formation (Figure 3-7C).  

 
Figure 3-7 Analysis of gene Cluster 116 from RiceAntherNet. (A) 8 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).  

3.2.5 Mapping differentially expressed genes (DEGs) in male sterile 

mutants onto the correlation network 

Nine datasets of rice male sterile mutants (detailed in Table 3-1), including 
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msp1-4, ostdl1a, gamyb-2, tip2, udt1-1, tdr, eat1-1, ptc1 and mads3-4 mutants, 

were selected for gene expression screening to target those genes involved in 

anther and pollen formation. Microarray data of mutants were processed and 

genes with 2 fold changes (p-value<0.05 by t test) between wild type and 

mutant were recognized as DEGs (Appendix III). The details of mutant 

datasets are listed in Table 3-1, including sample stages and number of DEGs. 

Table 3-1 Nine male sterile mutant datasets. Up: the number of genes up 
regulated in mutants; down: the number of genes down regulated in mutants. 

Gene Mutant Anther Sample Stages Dataset Sources Up Down 

MSP1 msp1-4 S1, S3, S5 Yang et al., 2016 157 486 

OsTDL1A ostdl1a S1, S3, S5 Yang et al., 2016 243 814 

GAMYB gamyb-2 S9 Aya et al., 2009 568 416 

TIP2 tip2 S6, S7 Unpublished data 104 433 

UDT1 udt1-1 S9 Jung et al., 2005 209 712 

TDR tdr S8a, S8b, S9 Unpublished data 1999 2105 

EAT1 eat1-1 S9, S10 Unpublished data 660 503 

PTC1 ptc1 S9 Unpublished data 243 1822 

MADS3 mads3-4 S9 Hu et al., 2011b 833 895 

DEGs in these mutant datasets mapped onto the global network (Figure 3-8). 

Mutants that show defects in anther cell division and differentiation (msp1-4, 

ostdl1a and tip2) (Fu et al., 2014; Hong et al., 2012; Nonomura et al., 2003; 

Zhao et al., 2008) had DEGs clustered in region 2 (Figure 3-8A); mutants with 

enlarged tapetum cells during the later stages of anther development (udt1-1, 

gamyb-2 and tdr) (Aya et al., 2009; Hu et al., 2011; Li et al., 2006b) had a high 

density of DEGs in region 1 (Figure 3-8B); while mutants showing darkly 

stained materials, with a high density of organelles in the tapetum in later 
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stages (ptc1 and eat1-1) (Li et al., 2011a; Niu et al., 2013) had DEGs 

distributed throughout all 3 regions (Figure 3-8C). 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 up-regulated in region 1 (Figure 3-8D).  

 

Figure 3-8 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 DEGs of 
udt1-1, gamyb-2, and tdr mutants. (C) Distribution of DEGs of ptc1 and eat1-1 
mutants. (D) Distribution of DEGs of mads3-4 mutants. Up-regulated genes 
are shown in red; down-regulated genes are shown in blue. 
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When DEGs of 9 male sterile mutants were mapped onto the clusters 

generated by TransClust, it was seen that a number of clusters are extremely 

rich in DEGs from different mutants while most of the clusters have none. 

These enriched clusters are therefore likely to be the important clusters related 

to anther development and were therefore 29 of these clusters were selected 

for further analysis (Figure 3-9). Other non-enriched clusters often represented 

genes involved in a particular pathway or response, for example cluster 3 is 

full of ribosomal proteins. 

 
Figure 3-9 Example clusters from the RiceAntherNet. DEGs from male 
sterile mutants datasets were mapped onto the RiceAntherNet. Down-regulated 
genes are marked in blue and up-regulated genes are marked in orange.  

To aggregate the clusters with similar expression trend together, the expression 

data for each gene was standardized, and an average expression pattern 

calculated for the each cluster. Using hierarchical clustering (section 2.2.4), 

the 29 selected clusters were grouped 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 



	
   71	
  

in Clade 1 are highly expressed at stage 8a, stage 8b and stage 9 (the meiosis 

and tapetum PCD initiation stages); Genes in Clade 3 are expressed after 

Anther stage 9 (the late stage) (Figure 3-10). These three clades are referred to 

as interaction region 1, 2 and 3 respectively (Figure 3-5).  

 

Figure 3-10 Hierarchical clustering of example RiceAntherNet clusters. 
Clusters that are expressed at different anther develop stages separate into 
three Clades. Clade 2 genes are expressed throughout anther stage 2-8 in rice 
anthers; Clade 1 expressed during anther stage 8 and 9 in rice anthers; Clade 3 
expressed after anther stage 9 in rice pollen. PM (Premeiosis) = Anther Stage 
1-6; M (Meiosis) = Anther Stage 7 and 8; UM (Uninucleate microspore) = 
Anther Stage 9 and 10; BP (Bicellular Pollen) = Anther Stage 11; TP 
(Tricellular Pollen) = Anther Stage 12; MP (Mature Pollen) = Anther Stage 13 
and 14. 

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, ostdl1a and tip2; Clade 3 has less DEGs in the 

mutants except for mads3-4. Different from other male sterile mutants, 
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mads3-4 mutant had downstream genes up regulated in Clade 1 and Clade 2 

and down regulated in Clade 3, which is consistent with its distinctive role 

(Figure 3-10). This consistent DEGs distribution both in global network and 

Clades generated by gene expression pattern indicates that genes connected to 

a particular function are predominantly gathered together and show 

co-expression patterns. GO analysis further suggested the divided functions of 

different clades (Table 3-2). Clade 1 shows GO enrichment of pollen exine 

formation, Clade2 has overrepresented GO terms in organ development and 

Clade3 has overrepresented GO terms in developmental growth involved in 

morphogenesis. 

 

 

 

 

 

 

 

 

 

 



	
   73	
  

Table 3-2 GO enrichment analysis for 3 Clades.  

Clade 1     

GO.ID Term Annotated p-value DEGs 

GO:0010584 Pollen exine formation 55 1.40E-17 9 

GO:0010208 Pollen wall assembly 58 2.30E-17 9 

GO:0010927 Cellular component assembly involved 

in morphogenesis 

58 2.30E-17 9 

GO:0080110 Sporopollenin biosynthetic process 7 4.80E-14 5 

GO:0009555 Pollen development 299 8.40E-11 9 

Clade 2     

GO.ID Term Annotated p-value DEGs 

GO:0048513 Organ development 1975 2.80E-11 14 

GO:0006796 phosphate-containing compound 

metabolic process 

1776 1.90E-10 21 

GO:0006793 Phosphorus metabolic process 1777 2.00E-10 21 

GO:0009887 Organ morphogenesis 503 3.20E-10 8 

GO:0009653 Anatomical structure morphogenesis 1739 5.40E-10 12 

GO:0050793 Regulation of developmental process 854 7.40E-10 7 

GO:0048856 Anatomical structure Development 3349 5.30E-09 17 

GO:0043412 Macromolecule modification 3213 5.50E-09 24 

Clade3     

GO.ID Term Annotated p-value DEGs 

GO:0060560 Developmental growth involved in 

morphogenesis 

578 3.60E-29 7 

GO:0016049 Cell growth 693 2.20E-28 10 

GO:0009827 Plant-type cell wall modification 220 5.80E-28 5 

GO:0009826 Unidimensional cell growth 483 1.20E-27 6 

GO:0048589 Developmental growth 760 5.30E-27 8 

GO:0071669 Plant-type cell wall organization or 

biogenesis 

481 8.10E-27 7 

GO:0042545 Cell wall modification 384 1.60E-26 6 

GO:0000902 Cell morphogenesis 673 9.90E-26 9 
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3.2.6 Clade 1 includes genes for pollen wall formation 

There are 50 genes in Clade 1; these are predominantly expressed during 

Anther Stages 8 and 9. Based on microarray datasets of other tissues, genes in 

Clade 1 also show anther-specific expression pattern (Figure 3-11).  

 

Figure 3-11 Expression patterns of Clade 1 genes in rice anther and other 
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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 DAP (Days After Pollination); S2 = Seed, 3 - 4 DAP; S3 = Seed, 5 
- 10 DAP; S4 = Seed, 11 - 20 DAP; S5 = Seed, 21 - 29 DAP. 

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 further separated 

into two sub-clades which 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. eat1-1, mads3-4, ptc1 and udt1-1 mutants had 26, 14, 20, 

11 DEGs respectively. (Appendix III and Figure 3-12) The high percentage of 

DEGs in Clade 1 indicates the important role of these genes in anther and 

pollen development. 
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Figure 3-12 Number of Differentially Expressed Genes (DEGs) in Clade 1. 
The first bar shows size of Clade 1. The remaining bars are DEGs in various 
mutants: eat1-1 mutant at anther stage9 and 10; gamyb-2 mutant at anther 
stage 9; mads3-4 mutant at stage anther stage9; ptc1 mutant at stage9, tdr 
mutant at anther stage8a, stage8b and stage9; udt1-1 mutant at stage9 
respectively. Clade 1.1 is in orange; Clade 1.2 is in blue. 

3.2.6.1 Characterization of genes within Clade 1.1 

There are three co-expression clusters identified in Clade 1.1 (Figure 3-11), 

which include clusters 116, 121, and 281 which contain eight, eight and five 

genes respectively (Table 3-3). Genes in Clade 1.1 are specifically expressed 

at stage 8 and stage 9 (Figure 3-11). Their putative Arabidopsis orthologs are 

all found in Cluster 37 in the Arabidopsis FlowerNet (Pearce et al., 2015) and 

show similar expression 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 Arabidopsis and rice during anther development.  
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Table 3-3 Genes in Clade 1.1. Genes with known functions related to pollen 
development are in bold. 

RAP ID Cluster 
Arabidopsis 

Orthologs 
Reported Function/Annotation 

Os06g0607700 

/OsABCG15 
116 

AT3G13220 

/WBC27 

Involved in sporopollenin transport in rice 

and Arabidopsis. 

Os10g0484800 

/OsLAP6 
116 

AT1G02050 

/LAP6 

Involved in fatty acid modifications in rice 

and Arabidopsis. 

Os06g0604000 116 
AT1G15360 

/SHN1 
Involved in lipid synthesis in Arabidopsis. 

Os03g0167600 

/DPW 
116 

AT3G11980 

/MS2 

Involved in fatty acid modifications in rice 

and Arabidopsis. 

Os10g0576900 116 AT2G23910 NAD(P)-binding domain containing protein. 

Os07g0655800 116 AT3G63095 Similar to Aspartic acid-rich protein. 

Os04g0310700 116 NA Putative uncharacterized protein. 

Os01g0252250 116 NA Putative uncharacterized protein. 

Os03g0769500 121 
AT3G50770 

/CML41 
EF-Hand type domain containing protein. 

Os02g0596200 121 AT1G13130 Glycoside hydrolase, family 5 protein. 

Os07g0411300 

/OsLAP5 
121 

AT4G34850 

/LAP5 

Involved in sporopollenin biosynthesis in rice 

and Arabidopsis. 

Os08g0131100 

/CYP703A3 
121 

AT1G01280 

/CYP703A2 

Involved in sporopollenin biosynthesis in rice 

and Arabidopsis. 

Os08g0515900 121 
AT4G35420 

/DRL1 

Involved in flavonoid biosynthesis in 

Arabidopsis. 

Os02g0678300 121 AT1G12570 
Downstream of SHN1 (SHINE1) in 

Arabidopsis. 

Os01g0127500 121 
AT1G68540 

/TKPR2 

Involved in flavonoid biosynthesis in 

Arabidopsis. 

Os01g0121900 121 AT5G37870 
Seven-in-absentia protein, sina domain 

containing protein. 

Os03g0263600 281 
AT3G59530 

/LAP3 

Involved in flavonoid biosynthesis in 

Arabidopsis. 



	
   78	
  

Os02g0101900 281 AT2G16630 Conserved hypothetical protein. 

Os04g0404400 281 AT1G47980 Similar to H0502B11.4 protein. 

Os03g0687700 281 NA 
Ribosome-inactivating protein domain 

containing protein. 

Os03g0781600 281 NA Conserved hypothetical protein. 

Among the 21 genes within the clade there are a number of lipid synthesis 

genes, such as Os03g0167600 (DPW), Os08g0131100 (CYP703A3) that are 

important for sporopollenin synthesis. Rice DPW and its putative ortholog in 

Arabidopsis MS2 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 et al., 2011); CYP703A3 is 

required for in-chain hydroxylation in rice, while the homolog CYP703A2 has 

a similar conserved function in Arabidopsis (Bush & Krysan, 2007; de 

Azevedo Souza et al., 2009; Dobritsa et al., 2009b; Li et al., 2010; Yang et al., 

2014). Loss of function mutants of DPW and CYP703A3 are defective in 

pollen wall formation (Xu et al., 2017; Yang et al., 2014). 

In Arabidopsis, the medium- to long- chain fatty acids that are required for 

sporopollenin synthesis and pollen wall formation are catalyzed by ACOS5 

(CoA Synthetase5) 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 α-pyrone (Kim et al., 2010b; Wang et al., 2013) 

and reduced by DRL1 (Dihydroflavonol 4-reductase-like1)/TKPR1 and 

TKPR2 (Grienenberger et al., 2010). These genes (ACOS5 (Qin et al., 2016), 
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LAP6/PKSA (LAP6/POLYKETIDESYNTHASEA) (Kim et al., 2010b), 

LAP5/PKSB (LAP5/POLYKETIDESYNTHASEB) (Kim et al., 2010b), 

DRL1/TKPR1 and TKPR2 (Grienenberger et al., 2010)) are all co-expressed in 

Arabidopsis. Os10g0484800 (OsLAP6), ortholog of PKSA/LAP6, and 

Os07g0411300 (OsLAP5), the rice orthologs of PKSB/LAP5, 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 laboratory (unpublished 

data). Furthermore, the OsLAP5 and OsLAP6 show conserved biochemical 

activity in sporopollenin synthesis (Kim et al., 2009; Wang et al., 2010). These 

findings suggest the expression patterns of the principal sporopollenin 

biosynthesis genes are conserved during pollen development between rice and 

Arabidopsis. Unfortunately, OsACOS12 (the ortholog of ACOS5) was not 

present in RiceAntherNet as OsACOS12 was not included on the Affymetrix 

arrays, although the osacos12 mutant shows defects in pollen development (Li 

et al., 2016; Yang et al., 2017). For the TKPRs in Clade 1.1, Os08g0515900 is 

an ortholog of TKPR1 and Os01g0127500 is the ortholog of TKPR2 (Figure 

3-13A). In rice, OsDFR2 has been reported to have a role in pollen 

development as the ortholog of TKPR1 (Grienenberger et al., 2010). Gene 

expression profiles 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 3-13B). For the 
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conservation of the co-expression pattern as well as the biochemical and 

biological function of genes in this pathway, we can therefore speculate that 

Os01g0127500 and Os08g0131100 are likely to have a key role in pollen 

development. These findings illustrate the importance of RiceAntherNet for 

identifying novel genes required for pollen development. 

 

Figure 3-13 Analysis of TKPR genes in Clade 1. (A) Phylogenetic tree of 
selected TKPR protein sequences (details in Appendix IV) in rice and 
Arabidopsis. (B) Gene expression pattern of TKPR genes and co-expressed 
genes in GSE14303. 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. 

These findings suggest that sporopollenin synthesis genes are co-expressed 
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during anther development, and that this expression pattern is conserved in 

different species. 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 sporopollenin transport related gene agrees with the observed regulation 

of exine formation; sporopollenin synthesis and transport have been previously 

shown to be spatially and temporally regulated and to work together in pollen 

wall development. 

In Arabidopsis, lap3 mutant plants have defective pollen exine patterning by 

an unknown mechanism (Dobritsa et al., 2009a). Correspondingly, the 

ortholog of LAP3 (LESS ADHESIVE POLLEN3) in rice, Os03g0263600, is 

also clustered in Clade 1.1 in RiceAntherNet.  

The ortholog of Os06g0604000, WIN1 (WAX INDUCER1)/SHN1 (SHINE1), 

encodes for an ethylene response transcription factor and regulates a series of 

cutin biosynthesis related genes (Kannangara et al., 2007). Similarly, the 

ortholog of Os02g0678300 (At1g12570) is a WIN1/SHN1 inducible gene 

which belongs to the glucose–methanol–choline family, which is required for 

lipid synthesis (Kannangara et al., 2007). The coordinated expression pattern 
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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 (Li-Beisson et al., 2010, 2013). Both 

Os06g0604000 and Os02g0678300 are clustered in Clade 1.1, further 

validating the robust correlation of functionally related genes in 

RiceAntherNet. 

In summary, from all of the 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 (Os06g0604000, 

Os02g0678300, Os08g0515900, Os01g0127500 and Os03g0263600) have 

characterized orthologs in Arabidopsis (SHN1, AT1G12570, TKPR1/DRL1, 

TKPR2 and LAP3, respectively), which function in lipid and flavonoid 

biosynthesis during pollen wall formation. The remaining 11 genes in Clade 

1.1 have not been characterized yet, but one can hypothesis that they are also 

likely to be involved in pollen wall formation, since they are co-expressed with 

10 key genes involved in pollen exine formation. These genes are therefore 

good targets for future study. 

3.2.6.2 Characterization of genes within Clade 1.2 

Unlike Clade 1.1, the genes clustering in Clade 1.2 show a much lower level of 

conservation to Arabidopsis. Five gene co-expression clusters were identified 

in Clade 1.2, (Clusters 60, 88, 152 225 and 385; Table 3-4).  
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Table 3-4 Genes in Clade 1.2. Genes with known functions related to pollen 
development are in bold. 

RAP ID Cluster Arabidopsis 

Orthologs 

Reported Function/ Annotation 

Os04g0448500 60 AT2G03200 Peptidase A1 domain containing protein. 

Os11g0215400 60 NA Peptidase aspartic, catalytic domain containing 

protein. 

Os05g0169600 60 AT5G56040/SKM2 Regulates fertility in Arabidopsis. 

Os10g0337400 60 AT3G47570 Similar to Taxa-1. 

Os01g0772100 60 AT3G03760/LBD20 Lateral organ boundaries, LOB domain 

containing protein. 

Os09g0401000 60 AT5G16600/MYB43 Cell differentiation and regulation of secondary 

cell wall biogenesis. 

Os03g0564600 60 AT3G22060 Protein of unknown function DUF26 domain 

containing protein. 

Os12g0131900 60 AT1G09890 Similar to LG27/30-like. 

Os03g0212000 60 NA Hypothetical conserved gene. 

Os03g0261100 60 NA Phospholipase A2 family protein. 

Os07g0585250 60 NA Putative uncharacterized protein. 

Os08g0298600 60 NA Putative uncharacterized protein. 

Os06g0228600 88 AT1G10010/AAP8 Similar to Amino acid carrier. 

Os02g0110000 88 AT5G45950 Lipase, GDSL domain containing protein. 

Os10g0524500/

OsNP1 

88 AT1G12570 Required for tapetum degradation in rice. 

Os01g0242400 88 AT1G06280/LBD2 LOB domain containing protein. 

Os02g0503500 88 AT1G24360 Similar to 3-oxoacyl-[acyl-carrier-protein] 

reductase. 

Os04g0613200 88 AT4G20050/QRT3 Degradation of the pollen mother cell wall in 

Arabidopsis. 

Os03g0850900 88 AT2G02850/ARPN Involved in anther development and 

pollination in Arabidopsis. 

Os04g0165000 88 NA Similar to thaumatin-like protein 1a. 

Os07g0556800 88 NA Ribosome-inactivating protein family protein. 
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Os08g0360700 88 AT3G63095 Conserved hypothetical protein. 

Os04g0670500/

OsCP1 

152 AT5G43060 Downstream of TDR in rice. 

Os02g0219000 152 AT1G27760/SAT32 Involved in salt tolerance in Arabidopsis. 

Os09g0273800 152 AT1G75950/SKP1 Similar to Fimbriata-associated protein. 

Os08g0375700 152 AT1G20140/SK4 BTB/POZ fold domain containing protein. 

Os03g0783100 152 NA Conserved hypothetical protein. 

Os04g0267000 152 NA Putative uncharacterized protein. 

Os01g0641200 152 NA Ubiquitin-like protein-NEDD8-like protein 

RUB3. 

Os02g0653200 225 AT3G60270 Cupredoxin domain containing protein. 

Os01g0170300 225 AT5G56040/SKM2 Regulates fertility in Arabidopsis. 

Os01g0825000 225 NA Similar to LOB domain protein 12. 

Os12g0242700 225 AT1G24360 Similar to 3-oxoacyl-[acyl-carrier-protein] 

reductase 1. 

Os01g0112400 225 AT2G23910 Major intrinsic protein family protein. 

Os04g0543700 225 AT3G63095 Similar to Serine proteinase. 

Os06g0611400 385 AT4G18180 Pectin lyase fold/virulence factor domain 

containing protein. 

Os03g0145900 385 AT5G22920 Similar to CHY zinc finger family protein, 

expressed. 

Os03g0701400 385 AT2G13600 Similar to Pentatricopeptide repeat protein 

PPR868-14. 

Os02g0790600 385 AT2G18650/MEE16 Involved in embryo development in 

Arabidopsis. 

Unlike Clade 1.1 and its associated Cluster in Arabidopsis FlowerNet (Cluster 

37), which have conserved expression patterns and function between them, 

genes in Clade 1.2 did not show 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 3-11), while their orthologs 
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in Arabidopsis are expressed throughout the plant and at different 

developmental stages (e-FP Browser, www.arabidopsis.org). These findings 

suggest that although pollen regulatory networks are similar between 

monocots and dicots that there are still significant differences between them. It 

may be that pollen development involves more integrative coordination and 

ome different sets of genes in rice, as compared with Arabidopsis.  

Os10g0524500 (OsNP1, No Pollen 1) encodes a putative 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 et 

al., 2003a). This finding suggests a distinct process for pollen development in 

rice in which RiceAntherNet can help to enable new gene identification. 

Accordingly, Os12g0242700, in Cluster 225, encodes a β-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 (Li-Beisson et al., 2013; Mou et al., 2000). The 

Arabidopsis KAR gene, At1g24360, 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). Os12g0242700 is 

specifically expressed in rice anthers, it might be that it is a fatty acid synthesis 
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gene required for anther development; preliminary data from a kar RNAi line 

suggests failures in pollen development (unpublished data from Zhang’s lab). 

OsCP1 (Oryza sativa Cysteine Protease1) encodes a cysteine protease 

activated by TDR, which is required for tapetum PCD (Lee et al., 2004; Li et 

al., 2006). A putative ortholog in Arabidopsis is reported for PCD during seed 

development (Andeme Ondzighi et al., 2008), however no role has been 

reported during pollen development. This finding further support the idea that 

rice has distinct and possibly more complicated aspects of its pollen 

development. In addition to cysteine proteases, aspartyl proteases are of vital 

importance for tapetum cell death (Niu et al., 2013). Os04g0448500 is a 

eukaryotic aspartyl protease family protein, specifically expressed during 

tapetum PCD stage, which is co-expressed with OsCP1. However, the 

homologous gene to Os04g0448500 in Arabidopsis (AT2G03200) is not 

expressed in anther. Here genes have been identified that are specifically 

expressed during rice anther development, which are not conserved in 

Arabidopsis, consistently orthologs of these genes show no evidence that they 

are required for pollen development in Arabidopsis. These findings suggest 

that although there is conservation in many regulatory aspects of pollen 

development in rice and Arabidopsis, but 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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Os05g0169600, Os01g0170300 are Leucine-rich receptor-like (LRR) protein 

kinases down regulated in eat1-1, gamyb-2, tdr and ptc1 mutants. They share 

the putative ortholog AT5G56040 in Arabidopsis that encodes a Leucine-rich 

receptor-like protein kinase named as STERILITY-REGULATING KINASE 

MEMBER2 (SKM2) (Endo et al., 2013). SKM2 specifically 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 signaling 

pathway to regulate fertility in Arabidopsis (Endo et al., 2013). Therefore, 

Os05g0169600, Os01g0170300 might be required for fertility in rice.  

The ortholog of Os04g0613200, QRT3 (QUARTET 3) is a polygalacturonase, 

specifically expressed in the tapetum when microspores separate from their 

meiotic siblings in Arabidopsis (Rhee et al., 2003b). qrt3 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., 2003b)(Figure 3-11). QRT3 is largely reduced in dyt1-3, a 

callose degradation defective mutant (Zhu et al., 2015). Compared with 

Arabidopsis, Os04g0613200 shows a similar expression pattern in rice, which 

is highly reduced in those mutants in which callose remain undegraded at late 

stages such as gamyb-2 (8.4 fold), tdr (27.9 fold), udt1-1 (31.3 fold) and ptc1 

(9.95 fold) mutants (Appendix III). These findings suggest that Os04g0613200 

might be a regulator for callose degradation in rice.  
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Of the 39 genes in Clade 1.2, 37 are currently unstudied, and 33 of them show 

different expression patterns between rice and Arabidopsis and no reported 

function 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.  

3.2.7 Clade 2 includes genes for anther cell division and differentiation 

Genes in Clade 2 are expressed earlier than Clade 1, which is from anther 

stage 2 to stage 9, while genes in Clade 3 are expressed later than Clade 1, 

which is from stage10 to stage 12. Compared with Clade1, Clade 2 and 3 do 

not have high percentage 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 3-14).  
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Figure 3-14 Expression patterns of Clade 2 in rice anther and other tissues. 
Left panel: heatmap of Clade 2 in anther (dataset GSE14304); Right panel: 
heatmap of Clade 2 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 upto 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 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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Surprisingly, cluster 8 in Clade 2 contains eight LRR-RLK (Leucine-rich 

repeat receptor-like kinase) genes (Figure 3-15 shows the phylogenetic 

analysis of these genes). Of these eight genes, Os03g0773700 and 

Os07g0134200 are orthologs of Arabidopsis BAM1, which is required for 

anther cell differentiation (Hord et al., 2006); while another early Arabidopsis 

anther development-associated gene, ER (ERECTA) (Hord et al., 2008) has 

two orthologs in rice, Os06g0203800 and Os02g0777400, 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 4 LRR-RLKs 

have not been reported either in rice or in Arabidopsis, but one can speculate 

that these genes might be required for early anther development stages. The 

consistent expression profile of genes in Clade 2 supports that they might have 

conserved function in anther cell division and differentiation. 

 

Figure 3-15 Phylogenetic tree of LRR-RLK genes in Clade 1. LRR-RLK 
protein sequences selected in rice and Arabidopsis are shown in Appendix IV. 
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3.2.8 Clade 3 includes genes expressed at the later stages of pollen 

development 

Among the 572 genes in Clade 3 which are expressed in the late stage of 

anther development, 139 are DEGs and 106 of them are anther specific genes 

(Figure 3-16), suggesting that these genes play specific role on pollen 

development at the later stages. Os01g0939100 in Clade 3, is the putative 

ortholog of ACA11 in Arabidopsis, is specifically in anther in the later stages. 

ACA11 is type V p-type ATPase expressed in pollen, required for ion 

homeostasis and pollen development (Jakobsen et al., 2005), and so 

Os01g0939100 might be required for pollen development in rice. 



	
   92	
  

 

 

Figure 3-16 Expression patterns of Clade 3 in rice anther and other tissues. 
Left panel: heatmap of Clade 3 in anther (dataset GSE14304); Right panel: 
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heatmap of Clade 3 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 upto 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 DAP; S2 = Seed, 
3 - 4 DAP; S3 = Seed, 5 - 10 DAP; S4 = Seed , 11 - 20 DAP; S5 = Seed, 21 - 
29 DAP. 

3.2.9 Database for gene expression pattern query 

A database containing gene expression patterns of 24,462 genes in rice anther 

and their co-expression network was built, which is available from a freely 

accessible webpage (https://www.cpib.ac.uk/anther/ riceindex.html). Figure 

3-17 shows a brief functional framework of this database. Annotation, plot of 

expression of query gene are searchable by either RAP or MSU identifier. 

Figure 3-3 shows the plot of TDR as an example. This tool also shows whether 

it is in RiceAntherNet and which genes are co-expressed with query gene. 

When querying by cluster, genes and annotation in this cluster will be shown. 

Gene expression plots of all genes in the cluster can also be downloaded. This 

database thus provides a global gene expression profile and co-expression 

network in rice anther.  
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Figure 3-17 Functional framework of RiceAntherNet database. 

3.3 DISCUSSION 

3.3.1 RiceAntherNet is a useful tool for gene functional study during rice 

anther and pollen development 

RiceAntherNet is a rice co-expression network which identifies clusters of 

genes that are co-expressed in anther 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 patterns throughout rice 

anther development, which can also be compared to that in other species, in 

particular Arabidopsis. 

Datasets of 9 male sterile mutants were mapped on to the correlation network 

to identify genes with differential expression patterns associated with the 

various male sterile mutants as compared to wild type. RiceAntherNet is an 

important tool for demonstrating coordinated network regulation during anther 

development. Furthermore, the website is available as a resource for the rice 
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community, allowing immediate conformation of the gene expression profile 

in anthers for a gene of interest.  

3.3.2 Processes of sporopollenin synthesis and transport are conserved 

in rice and Arabidopsis  

Compared with Arabidopsis and rice, genes in RiceAntherNet Clade 1.1 also 

show co-expressed patterns in FlowerNet in Arabidopsis (Pearce et al., 2015). 

Based on previous research, 7 genes (OsABCG15, DPW, OsLAP6, CYP703A3, 

OsLAP5, OsNP1, OsCP1) out of 21 in Clade 1.1 are believed to be involved in 

pollen wall formation in rice. 12 genes in the RiceAntherNet have orthologs in 

Arabidopsis that have been reported to have a role in pollen development, 

suggesting a conserved function in rice. This illustrates that the gene 

co-expression network generated by array data is a valuable tool to identify 

new genes involved in related process and to predict novel gene functions. The 

similarity between the known gene regulation networks in Arabidopsis and 

rice during pollen development has been indicated previously (Wilson & 

Zhang, 2009). This further validates the reliability of both RiceAntherNet and 

the Arabidopsis FlowerNet for new gene discovery.  

3.3.3 Rice has gene regulation network that is partly not conserved 

compared to Arabidopsis 

Genes in RiceAntherNet Clade 1.2 show distinguished expression patterns in 

Arabidopsis and rice (Pearce et al., 2015). Genes in Clade 1.2 have both anther 
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specificity and stage specificity (expressed in anther stage 8 and 9) in their 

expression pattern in rice; while their orthologs in Arabidopsis are widely 

expressed. Two genes (OsNP1 and OsCP1) in this clade are required for 

tapetum degradation and male fertility (Lee et al., 2004; Liu et al., 2017), 

however no equivalent role during tapetum degradation process has been 

found for their putative orthologs in Arabidopsis. This finding suggests that 

gene regulation networks are not entirely conserved during tapetum PCD in 

rice and Arabidopsis. 

3.4 THE IMPORTANCE OF THIS WORK 

RiceAntherNet furthers our understanding of gene regulation during anther 

development, as a reverse genetic resource for novel gene identification during 

pollen development in rice. Compared to previous co-expression networks in 

rice, this work focuses on anther and pollen development, and RiceAntherNet 

particularly shows the gene expression pattern in anther throughout all anther 

stages. As opposed to the chain-like clusters commonly generated (Aya et al., 

2011), the tightly connected clusters in RiceAntherNet commonly finds genes 

which are involved in the same process, meaning that one does not need to 

know the starting target genes to predict genes with related functions. 

Although in this analysis only novel genes involved in pollen wall formation 

were predicted by using mutants that are defective in pollen wall formation, 

RiceAntherNet is an efficient and reliable tool that can be used to predict novel 
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genes involved in other pathways. It would be interesting to target 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 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. 
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4 VALIDATION OF TARGETS FROM ANTHERNET 

4.1 INTRODUCTION 

According to RiceAntherNet in Chapter 3, 53 genes of unknown functions 

were predicted involving in rice pollen development regulation (section 3.2.6). 

A validation of the functions of those candidates is required to prove the 

reliability of RiceAntherNet, as well as to deepen the understanding of rice 

pollen development. Forward genetics (traditional genetics) is a main way for 

identifying gene functions based on the characterization of mutants. In rice 

reproduction research, almost all gene functions revealed to date have been 

studied by forward genetics (section 1.1), which required a mutant with an 

identified phenotype as a starting point, followed by gene mapping and 

cloning. A large part of the gene regulation network associated with plant 

reproduction could however be missed as a consequence of the lack of mutants 

with clear phenotype (as some phenotypes are hard to observe by mass 

screening). The identification and functional analysis of redundant genes, 

where the mutation of a single locus does not lead to obvious phenotypes, 

would also be outside the scope of forward genetics approaches. In recent 

years, the CRISPR/Cas9 system has been developed for targeted gene editing 

by employing a Cas9 endonuclease which binds to a guide RNA complex 

(Zhang et al., 2014). As the CRISPR/Cas9 system is developing rapidly, it 

becomes more and more convenient to obtain mutations in target genes in rice 
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(Zhang et al., 2014). With the usage of this efficient gene-editing tool, reverse 

genetics has the potential to be a productive way to discovery genes with 

unknown functions (Shah et al., 2015). In this chapter, 9 targets predicted by 

RiceAntherNet were selected for gene function study. Mutaions in these genes 

were obtained using the CRISPR/Cas9 system (see method in section 2.5) in 

the 9522 genetic background for further investigation. 

4.2 RESULTS 

Among total 53 genes predicted by RiceAntherNet involving in rice pollen 

development, more attention is paid to those genes which might effect tapetum 

formation and degredation because normal tapetum behaviors are essential for 

both microspore development and pollen wall formation (section 1.1.2). As 

described in section 1.2, Ca2+ signal and lipid synthesis can regulate the 

tapetum PCD process. In 53 candidates, calmodulin like 41 (CML41) is 

annotated as a CML protein containing Ca2+ -binding sites which might related 

to Ca2+ signaling during pollen development. Meanwhile, 

Dihydroflavonol-4-reductase Like1 (OSDRL1), Dihydroflavonol-4-reductase 

Like2 (OSDRL2), Glucose-methanolcholine oxidoreductase (GMCO) and 

POLYKETIDESYNTHASEA (OsLAP6) are encode enzymes participate lipid 

synthesis pathways. In addition, two LRR family members, LRR1 and LRR5, 

were predicted as involved in cell differentiation for tapetum iniciation 

because their expressed in anther as well as in other tissues with strong cell 
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division and differentiation, such as root, SAM and inflorescence. 

The annotations and predicted functions of these 7 genes from clade1 are listed 

in Table 4-1. All of them showed significantly changed expression in male 

sterile mutants according to microarray data and have been highlighted as 

genes of interest in RiceAntherNet (Section 3.2.5) (Table 4-2). 

Table 4-1 Annotations of candidate genes 

Gene RAPID Annotation Predicted Function 

CML41 Os03g0769500 EF-Hand type domain containing protein Ca2+ signaling 

GMCO Os02g0678300 Similar to protein HOTHEAD Lipids Synthesis 

OSDRL1 Os08g0515900 TKPR, flavonoid biosynthesis Lipids Synthesis 

OSDRL2 Os01g0127500 TKPR, flavonoid biosynthesis Lipids Synthesis 

OsLAP6 Os10g0484800 Polyketide synthase, type III domain 

containing protein. 

Lipids Synthesis 

LRR1 Os01g0170300 Serine/threonine protein kinase domain 

containing protein 

Cell Differentiation 

LRR5 Os05g0169600 Serine/threonine protein kinase domain 

containing protein 

Cell Differentiation 

 

Table 4-2 Fold change of candidate genes in male sterile mutants. S = 
Anther Stage. See full table of all DEGs in Appendix III.  

Gene 
eat1-1 

S10 

gamyb-2 

S9 

tdr 

S8b 

tip2 

S7 

udt1-1 

S9 

ptc1 

S9 

mads3-4 

S9 

osdex1 

S9 

CML41 -4.2 -14.6 -58.2 

 

-2.6 

  

-35.2 

GMCO -15.5 

 

-194.5 -3 -73.4 

   OSDRL1 

  

-115.1 -4.3 -52.9 

 

21.9 

 OSDRL2 

 

-12.3 -105.2 

 

-11.5 

   OSLAP6 

 

-24.5 -266.6 

   

6.9 

 LRR1 -11.2 -57.1 -5.9 

 

-4.3 -22.4 

  LRR5 -18.7 -56.9 -12.4     -104.3 2.6   
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Figure 4-1 shows the expression patterns of 7 candidate genes in rice anther as 

well as in other tissues. Figure 4-1A shows that all of them are highly 

expressed specifically in anther at stage 8 and 9; Figure 4-1B shows that a 

number of these genes (CML41, GMCO, OSDRL1, OSDRL2 and OSLAP6), 

which are predicted to be associated with tapetum PCD and lipid synthesis, 

had tissue specific expression in the anther, while others, LRR1 and LRR5, 

predicted as involved in cell differentiation, are expressed not only in anther 

but also in root, SAM and inflorescence. All the information regarding these 

genes, including gene annotations, expression patterns and gene performance 

in mutants, supports the hypothesis that these candidates might play a role in 

rice anther development and therefore they were selected for further study. 
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Figure 4-1 Expression patterns of 7 candidate genes in rice anther and other 
tissues. A: heatmap of candidate genes in anther tissues (dataset GSE14304); 
B: heatmap of candidate genes in other tissues. Stages in A: 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 B: 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 DAP (Days After 
Pollination); S2 = Seed, 3 - 4 DAP; S3 = Seed, 5 - 10 DAP; S4 = Seed, 11 - 20 
DAP; S5 = Seed, 21 - 29 DAP. 

In addition, the MYB transcription factor (GAMYB Like 2) GAMYBL2 

(Os03g0578900) (section 4.2.4) was selected as important gene to look at 

because of the high co-expression with both LRR1 (PCC = 0.90538) and LRR5 
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(PCC = 0.92529).  

In summary, seven candidate genes (CML41 (Os03g0769500) (section 4.2.1), 

GMCO (Os02g0678300) (section 4.2.2), OSDRL1 (Os08g0515900) (section 

4.2.3), OSDRL2 (Os01g0127500) (section 4.2.3), OsLAP6 (Os10g0484800) 

(section 4.2.5), LRR1 (Os01g0170300) (section 4.2.5) and LRR5 

(Os05g0169600) (section 4.2.5)) in RiceAntherNet clade 1 were chosen for 

further study of their functions during anther and pollen development in rice.  

In addition, the function of LOB DOMAIN 2 (LBD2) (At1g06280), the 

ortholog of candidate gene Os01g0242400 in RiceAntherNet clade1 was 

studied in Arabidopsis (section 4.2.6). 

4.2.1 Calmodulin like 41 (CML41) 

CML41 is an anther-specific expressed gene which encodes a CML protein. 

According to RiceAntherNet, CML41 is one of the members in Clade 1.1, 

which is co-expressed with lipid synthesis and transport genes OsABCG15, 

OsLAP5, CYP703A3 and DPW. It is significantly down regulated in male 

sterile mutants tdr, eat1-1 and osdex1 (Table 4-2).  

4.2.1.1 Molecular Identification of CML41 

The molecular structure of CML41 was investigated to provide a better 

understanding of this gene. CML41 encodes a 185-amino acid peptide which 

contains 2 D-x-D-x-D-G loops as Ca2+ -binding sites (Rigden & Galperin, 

2004) (Figure 4-2A). As CML41 is largely down regulated in mutants of 
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bHLH transcription factor family, including eat1 and tdr, the 3487 

bp-upstream promoter sequence of CML41 was screened for the presence of 

the conserved binding motif of the bHLH family, E-box (5’-CANNTG-3’) (Li 

et al., 2015) . Figure 4-2B shows that in the 3487 bp promoter sequence of 

CML41, 28 E-boxes (only 13.6 E-boxes were expected in a random nucleotide 

sequence of 3487 bp) were found and 9 of them were particularly clustered in 

the last 900 bp before the transcriptional start site. Based on the molecular 

identification results and the presence of the E-box motifs, it was hypothesized 

that CML41 might control Ca2+ homeostasis under the regulation of these 

bHLH family proteins. 

 

Figure 4-2 Molecular Identification of CML41. A: peptide structure with the 
2 D-x-D-x-D-G loops; B: promoter structure with 28 E-boxes. Numbers and 
positions of E-boxes are labeled under the sequence map. 

4.2.1.2 Expression analysis of CML41 

An expression plot from RiceAntherNet indicated that CML41 is expressed 

only in anther stage 8 and 9 (Figure 4-3A). Quantitative reverse transcriptase 

PCR (qRT-PCR) (Section 2.6.3) of wild type (9522) anther tissues at stage 8 to 
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stage 10, was performed to check the expression of CML41 using the primers 

CML41_RT_F and CML41_RT_R (Appendix II and Figure 4-6). The results 

confirmed that CML41 was highly expressed at anther stage 8b and decreased 

rapidly at stage 9 (Figure 4-3B). No expression of CML41 was detected at 

stage 8a and stage 10.  

 

Figure 4-3 The expression of CML41 in WT anther. A: expression plot of 
CML41 (RiceAntherNet: https://www.cpib.ac.uk/anther/riceindex.html); B: 
qRT-PCR of CML41. Error bar: standard error. Data was normalized to the 
reference gene OsACTIN. 

As discussed in the introduction (section 1.2.3), 33 CMLs have been identified 

in rice. Among them, the expression patterns of 24 CMLs were available in 
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RiceAntherNet (Figure 4-4). 7 CMLs (Os05g0223000, Os01g0949500, 

Os03g0331700, Os08g0117400, Os01g0135700, Os05g0380900 and 

Os01g0955100) are expressed in anther through out all anther stages (Figure 

4-4A), as well as widely expressed in root, leaf, inflorescence and seed (Figure 

4-4B). These 7 genes may have redundant functions in rice pollen 

development alongside CML41. However, among all of the CML genes in rice, 

CML41 is the only anther-specific and anther stage 9-specific expressed gene 

in the rice CML family members. The very specific expression of CML41 in 

rice anther suggests that it may play and important role in regulating Ca2+ 

homeostasis in tapetum cells.  
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Figure 4-4 Expression patterns of 24 CML genes in rice anther and other 
tissues. A: heatmap of candidate genes in anther tissues (dataset GSE14304); 
B: heatmap of candidate genes in other tissues. Stages in A: 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 B: 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 DAP (Days After 
Pollination); S2 = Seed, 3 - 4 DAP; S3 = Seed, 5 - 10 DAP; S4 = Seed, 11 - 20 
DAP; S5 = Seed, 21 - 29 DAP. Expression patterns of CML41 are highlighted 
in the red frame. 
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4.2.1.3 CML41 may be regulated directly by bHLH family proteins 

Previous promoter analysis of CML41 shows that the promoter of CML41 is 

enriched in the bHLH family protein binding site, the E-box. CML41 was also 

significantly down regulated in the tapetum bHLH family mutants eat1 and tdr 

(Table 4-2). Therefore, the Dual-Luciferase Reporter Assay (section 2.7) was 

performed to explore the regulatory relationship between CML41 and the 

bHLH family proteins (Figure 4-5).  

Figure 4-5A shows the schematic diagrams of the reporter plasmid and 

effector plasmids used in the transient expression mediated by Agrobacterium 

in tobacco leaves (section 2.4). The reporter plasmid containing the CML41 

promoter sequence (3 kb) and the firefly luciferase gene (Luc) was transiently 

expressed by Agrobacterium infiltration in tobacco leaves with the effector 

plasmids, with TIP2, TDR and EAT1 genes under the control of the CaMV35S 

promoter. The primers for amplifying the CML41 promoter sequence are listed 

in Appendix II and the effector plasmids used in this work were obtained from 

Zhang’s lab (Fu et al., 2014). Four independent transient transformations were 

performed for each treatment. The data were analyzed according to method in 

section 2.7 The results show that the bHLH proteins EAT1 and TDR1 are 

positively regulating the transcription of CML41 individually, while TIP2 is 

not required for the regulation (Figure 4-5B). The interaction of TIP2, TDR 

and EAT1 does not appear to be required for activation of luciferase in the 



	
   109	
  

transient reporter system and therefore are not required for the regulation of 

CML41 transcription. These results are consistent with the hypothesis that 

CML41 expression is largely reduced in the tdr and eat1 mutants, but have no 

change in the tip2 mutant (Table 4-2). In summary, the E-box analysis, 

microarray data and Dual-Luciferase Reporter Assay supports the hypothesis 

that CML41 is a direct downstream target of TDR and EAT1.  
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Figure 4-5 Regulation of the CML41 Promoter by TIP2, TDR and EAT1. A: 
Schematic diagrams of the reporter plasmids and effector plasmids used in the 
transient expression in tobacco leaves; B: Transactivation of the Luc reporter 
gene by TIP2, TDR and EAT1. Error bar: standard deviation. Specific 
promoter regions of CML41 show significant activation (highlight by asterisk) 
by TDR and EAT1. Four repeats were performed for each treatment. Wilcoxon 
test was performed to show the significant of the regulation. 

4.2.1.4 Mutants of CML41 were obtained from CRISPR/Cas9 system 

Two targets for CML41 mutagenesis were designed for editing CML41 by the 

CRISPR/Cas9 system (Figure 4-6). Transgenic plants were obtained according 

to the method in section 2.5. Mutation sites were amplified by PCR with 
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primers CML41_CriGT_F1 / CML41_CriGT_R1 and then sequenced. The 

PCR products were then sequenced to confirm the genotypes of the plants. 58 

plants were genotyped and 56 of them were detected as WT (genotyping 

details are given in Appendix V). Two mutants of the same genotype with one 

base insertion at 23 bp position were obtained and named cml41-1 and 

cml41-2. The cml41-1 mutant (labeled in Figure 4-6) was backcrossed with 

wild type (9522) to obtain a stable mutant without the introduced Cas9 gene in 

the next generation.  

 

Figure 4-6 Schematic representation of CML41 with CRISPR targets, 
genotyping primers and sequencing information of cml41-1 mutant. 

4.2.1.5 cml41-1 was fertile 

Anther and pollen development was analysed in the homozygous cml41 

mutant lines; iodine staining (section 2.8.1) followed by SEM (section 2.8.2) 

were performed to check the fertility of cml41-1. Figure 4-7 shows that pollen 

viability of cml41-1 was normal at the mature pollen stage with about 80% 

pollen grains darkly stained by potassium iodide indicating a high level of 

viability; the pollen fertility rate in WT was about 90%.  
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Figure 4-7 Pollen viability staining, using potassium iodine, of cml41-1 at 
mature pollen stage. A: pollen from wild type (9522); B: pollen from the 
homozygous mutant cml41-1. 

The morphology of anthers and pollen at anther stage 12 were observed by 

SEM (Figure 4-8). At stage 12, the anther of cml41-1 was full and the pollen 

grains were round and of an equivalent size to the wild type (Figure 4-8A, B, 

G, H). The anther wall of cml41-1 appeared similar to that of the wild type 

9522 (Figure 4-8C, D); the surface of the wild type pollen was covered by 

evenly distributed material likely to be lipidic biopolymers (Figure 4-8I, J), 

however this appeared reduced in the mutant. Ubish bodies of both 9522 and 

cml41-1 appeared similar, and were distributed intensively on the inner surface 

of the tapetum layer (Figure 4-8E, F).  
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Figure 4-8 SEM pictures of anthers and pollen grains in WT and cml41-1 at 
stage 12. A, B: anthers; C, D: anther wall; E, F: Ubisch bodies; G, H: pollen 
grains; I, J: pollen exine; left: wild type (9522); right: cml41-1 mutant. 
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The phenotyping of cml41-1 shows that although CML41 is likely to be a 

direct downstream gene regulated by EAT1 and TDR, it does not effect the 

fertility of plant as well as the patterning of anther and pollen wall. This might 

be because there are 33 CMLs in rice with at least 9 of them expressed in 

anther at stage 8b as CML41 (Figure 4-4A) and these CMLs might play a 

redundant role with CML41 in rice. Mutation of multiple family members 

would therefore potentially be required to identify a clear phenotype. 

4.2.2 Glucose-methanol-choline oxidoreductase (GMCO) 

GMCO encodes a putative glucose–methanol–choline oxidoreductase in rice 

(Liu et al., 2017). A reported ortholog in rice, OsNP1 is required for tapetum 

degradation and male fertility (Chang et al., 2016; Liu et al., 2017). GMCO 

was co-expressed with OsNP1 in rice anther according to RiceAntherNet 

(section 3.2.6). Based upon the outputs from the RiceAntherNet it was 

predicted that GMCO might involved in anther and pollen wall formation by 

regulating lipid metabolism (Table 4-1).  

4.2.2.1 Promoter of GMCO is enriched in bHLH family protein binding 

sites 

Expression of GMCO was severely reduced in the male sterile mutants eat1 

(15.5 fold), tdr (194.5 fold) and udt1-1 (73.4 fold) (Table 4-2). EAT1, TDR 

and UDR1 are all transcription factors in the bHLH family. Therefore, the 

distribution of E-box binding motifs was checked in the upstream 
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region/promoter of GMCO to evaluate the possibility of GMCO being directly 

regulated by these bHLH transcription factors. The 3000 bp-upstream 

promoter sequence of GMCO was scanned and Figure 4-9 shows that 22 

E-boxes were identified as distributed in the 3000 bp promoter of GMCO; 12 

E-boxes were identified in the 1000 up-stream sequence compared to the 

expected number of 3.9 in a random DNA sequence. This suggested that the 

expression of GMCO might be directly regulated by these bHLH 

transcriptional factors. 

 

Figure 4-9 The 3000 bp Promoter/Upstream region of GMCO. Numbers and 
positions of E-boxes were labeled under the map of the promoter sequence. 

4.2.2.2 Mutants of GMCO were obtained using the CRISPR/Cas9 system 

Two targets were designed for GMCO for gene knocking out by CRISPR/Cas9 

system (Figure 4-10). The targets were transformed into both wild type (9522) 

and osnp1-4 backgrounds. Primers GMCO_CriGT_F1 / GMCO_CriGT_R1 

(Figure 4-10) were used for genotyping by PCR. Ten plants were detected but 

unfortunately no transgenic plants in the wild type (9522) background were 

identified. However, one heterozygote and five mutants were identified and 

characterized in the osnp1-4 background, which served to generate five double 

mutant alleles (mutants details in Appendix V). The gmco-1osnp1-4 double 
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mutant was used for the following phenotype investigation. gmco-1osnp1-4, 

gmco-2osnp1-4 and gmco-3osnp1-4 (Figure 4-10) were backcrossed with 9522 

to get both single mutants of GMCO and stable double mutants without the 

Cas9 gene in the next generation. 

 

Figure 4-10 Schematic representations of GMCO with CRISPR targets, 
genotyping primers and sequencing information of gmco-1osnp1-4, 
gmco-2osnp1-4 and gmco-3osnp1-4 mutants. 

4.2.2.3 gmco-1 osnp1-4 double mutant partially recovered the phenotype 

of osnp1-4 

OsNP1 has been previously reported as involved in biosynthesis of lipid 

components, and mutation of OsNP1 lead to a reduction of some cutin 

monomers (Liu et al., 2017). SEM was used to compare the morphology of 

lipidic biopolymers in the anthers of 9522 WT, osnp1-4 mutant and the 

gmco-1osnp1-4 double mutant (Figure 4-11). It was observed that, osnp1-4 

have small anthers (Figure 4-11B), collapsed pollen grains covered by big 

granules (Figure 4-11E), smooth epidermal surface (Figure 4-11H) and 



	
   117	
  

cumulated bead- shaped Ubisch bodies (Figure 4-11K). Similar to osnp1-4, 

gmco-1 osnp1-4 had small anthers and just a few shriveled pollen grains were 

found in anthers. However, compared with osnp1-4, the gmco-1 osnp1-4 

double mutant had smaller granules covering the surface of the microspores 

and less cumulated Ubisch bodies on the inner surface of tapetum layer. The 

patterns of anther cuticle were distinct between 9522, osnp1-4 and gmco1 

osnp1-4: typical continuous spaghetti-like cuticle surface was observed in the 

wild type, whereas a smooth surface without cutin was seen in osnp1-4 and a 

loosely organized cuticle surface in gmco-1osnp1-4. It was reported that in 

osnp1-4 mutant, along with the defect of cuticle development, less cutin and 

wax amounts were detected by gas chromatography-mass spectrometry 

(GC-MS) and gas chromatography-flame ionization detection (GC-FID) (Liu 

et al., 2017). Taken together, it may be possible that compared with osnp1-4, 

the lipidic biopolymers were reduced in gmco-1osnp1-4, which lead to a 

reduction in the accumulation of bead-shaped Ubisch bodies and smaller 

granules over the microspores in the double mutant; however the cuticle 

components were increased in gmco-1osnp1-4 and appear to provide a 

partially recoved cuticle surface in the double mutant. These phenotypes 

suggest that GMCO might produce metabolites that are important for Ubisch 

body formation as well as pollen wall and anther wall development. The single 

mutant of GMCO is requirement to help provide deeper understanding of the 

function of GMCO and the relationship between GMCO and OsNP1. 
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Figure 4-11 SEM analysis of WT, osnp1-4 and gmco-1osnp1-4 at stage 12. A, 
B, C: anthers; D, E, F: pollen grains; G, H, I: anther wall; J, K, L: Ubisch 
bodies. 

4.2.3 Dihydroflavonol-4-reductase Like1 (OSDRL1) and 

Dihydroflavonol-4-reductase Like2 (OSDRL2) 

OsDRL1 and OsDRL2 were predicted as important genes involved in anther 

and pollen wall formation using RiceAntherNet (section 3.2.6.1). Both of these 

genes are expressed specifically in anthers at stage 8 and stage 9 (Figure 4-1). 

OsDRL1 and OsDRL2 are currently uncharacterized proteins which encode 

proteins similar to Dihydroflavonol-4-reductase. The orthologs of OsDRL1 
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and OsDRL2 in Arabidopsis are TKPR1 and TKPR2 respectively as mentioned 

in section 3.2.6.1 (see Phylogenetic tree in Figure 3-13A).  

4.2.3.1 Mutants of OSDRL1 and OSDRL2 were obtained from 

CRISPR/Cas9 system 

Two targets were designed for both OsDRL1 and OsDRL2 respectively for 

mutagenesis using the CRISPR/Cas9 system (Figure 4-6). Genotypes of the 

transgenic plants were confirmed using PCR with primers 

OsDRL1_CriGT_F1 / OsDRL1_CriGT_R1 for OsDRL1 and 

OsDRL2_CriGT_F1 / OsDRL2_CriGT_R1 for OsDRL2 (Figure 4-12). The 

genotypes of mutants were confirmed by PCR products sequencing. 49 plants 

were detected for OsDRL1, among them seventeen were wild type, 8 were 

heterozygotes and 24 mutants of OsDRL1 were obtained. 16 plants were 

detected for OsDRL2. Among them 9 were wild type, 4 were heterozygotes 

and 3 mutants of OsDRL2 was obtained (details of mutants in Appendix V). 

Two mutants of OsDRL1 and three mutants of OsDRL2 were backcrossed with 

wild type to generate stable lines in next generation (see details in Figure 

4-12).  
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Figure 4-12 Schematic representations of OsDRL1 and OsDRL2. A: OsDRL1 
shows the CRISPR targets, genotyping primers and sequencing information of 
drl1-1 mutant; B: OsDRL2 indicates with CRISPR targets, genotyping primers 
and sequencing information of drl2-1, drl2-2 and drl2-3 mutants. 

4.2.3.2  osdrl1-1 and osdrl2-1 were defective in pollen wall patterning 

and pollen grain release 

Mutants osdrl1-1 and osdrl2-1 were used for further genotyping. Potassium 

iodine staining shows that pollen viability was normal in both osdrl1-1 and 

osdrl2-1, however the amount of pollen was significantly reduced in osdrl1-1 

(Figure 4-13). This result suggests that osdrl1-1 might produce less pollen, or 
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have defect in pollen grain releasing.  

 

Figure 4-13 Pollen iodine viability staining of osdrl1-1 and osdrl2-1 at mature 
pollen stage. A: pollen of wild type 9522; B: pollen of osdrl1-1; C: pollens of 
osdrl2-1. 

SEM was then performed to check the morphology of anthers and pollens at 

anther stage 12 in osdrl1-1 and osdrl2-1 (Figure 4-14). It was observed that, 

compared with 9522, the anthers of osdrl1-1 and osdrl2-1 mutants were 

smaller (Figure 4-14 A, D, G), however with normal shape and well patterned 

pollen wall.  

The anthers of osdrl1-1 and osdrl2-1 were opened under a stereomicroscope to 

expose the inner surface of the tapetum layer. When WT anthers were opened, 

well-developed pollen grains were densely packed and observed to readily pop 

out of the anthers. However, when osdrl1-1 anthers were opened, very few 

pollen grains came out.  

After opening the anthers, the inner face was observed by SEM (Figure 4-14B, 

E, H). It could clearly see that the Ubisch bodies were on the tapetum layer in 

WT and osdrl2-1. However, neither the inner surface, nor Ubisch bodies, 

could be observed in the osdrl1-1 mutant because pollen grains were closely 
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arranged and tightly attached to the tapetum layer (Figure 4-14E). What is 

more, it was found that among all pollen grains in osdrl1-1, no germ pore 

could be observed (Figure 4-14E). It seems that all germ pores were facing to 

the tapetum layer. In Arabidopsis, INP1 (INAPERTURATE POLLEN1) has 

been reported not only affect the specification of aperture positions but also 

involved in global exine patterning (Dobritsa & Coerper, 2012). The osdrl1-1 

may therefore be a good mutant for studying how pollen grains are arranged 

and facing into anther before releasing since this has not been reported in rice 

to date.  

The morphology of pollen wall was also checked in osdrl1 and osdrl2. Both 

mutants show abnormal pattering on the pollen cuticle surface. In osdrl1-1, 

pollen exine was covered by an extra layer of unknown materials (Figure 

4-14F). This extra layer might be the reason why pollen grains were sticking to 

tapetum layer in the mutant osdrl1-1. In osdrl2-1, the pollen exine also looked 

more densely distributed with a cone-shape compared to wild type (Figure 

4-14I). 

Both osdrl1-1 and osdrl2-1 plants were fertile. Although the pollen of osdrl1-1 

were attached to the inner surface of anther so tightly that they could not easily 

be released, the pistil might still obtain a few pollen after anther dehiscence. 

The cross between osdrl1-1 and osdrl2-1 was performed to generate double 

mutants. However it was not successful when osdrl1-1 as male parent because 
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the pollen of osdrl1-1 could not be released by manually shaking the panicle.  

These results supported the previous prediction that OSDRL1 and OSDRL2 

play important role in pollen wall formation through the lipid synthesis 

pathway.  

 

Figure 4-14 SEM pictures of anthers and pollen grains in WT, and the 
osdrl1-1 and osdrl2-1 CRISPR/CAS9 mutants at anther stage 12. A, D, G: 
anthers; B, H: Ubisch bodies; E: inner surface of anther wall; C, F, I: pollen 
exine; A, B, C: 9522 WT; D, E, F: osdrl1-1; G, H, I: osdrl2-1. 

4.2.4 GAMYB Like 2 (GAMYBL2) 

As mentioned in section 1.2.2.1, MYB transcriptional factors such as MYB33 

and MYB65 in Arabidopsis as well as GAMYB in rice have been reported to 

regulate tapetum cell death and exine formation. GAMYBL2 is a member of 
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MYB family proteins which is the ortholog of GAMYB. However the 

expression of GAMYBL2 is different from GAMYB. Previous research shows 

GAMYB is expressed from early anther stages and is highest in rice anthers at 

the tetrad and young microspore stages (stage 7 to stage 9) (Aya et al., 2009), 

while GAMYBL2 expression is shorter and is highest in rice anthers at anther 

stage 8 and stage 9 (Figure 4-15A). GAMYBL2 show very high co-expressed 

with candidate genes LRR1 and LRR5 in RiceAntherNet (Figure 4-15B) and 

was predicted as an important gene in pollen development. 

 
Figure 4-15 The expression of GAMYBL2 in WT anther (RiceAntherNet: 
https://www.cpib.ac.uk/anther/riceindex.html). A: the expression of 
GAMYBL2; B: co-expression pattern of GAMYBL2, LRR1 and LRR5.  
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4.2.4.1 Mutants of GAMYBL2 were obtained using the CRISPR/Cas9 

system 

Four mutant lines of GAMYBL2 were obtained using the CRISPR/Cas9 system 

after detecting fifteen plants (details in Appendix V). Primers 

GAMYBL2_CriGT_F1 / GAMYBL2_CriGT_R1 and GAMYBL2_CriGT_F2 

/ GAMYBL2_CriGT_R2 were designed for transgenic plants genotyping 

(Appendix II). All these four mutant lines (Figure 4-16) were backcrossed with 

9522 to get stable mutants in the next generation. Mutant gamybl2-3 line with 

one bp insertion at 121 bp of GAMYBL2 was used for the phenotyping. 

 

Figure 4-16 Schematic representations of GAMYBL2 with CRISPR targets, 
genotyping primers and sequencing information of gamybl2-1, gamybl2-2, 
gamybl2-3 and gamybl2-4 mutants. 

4.2.4.2 GAMBYL2 was required for pollen wall formation 

To further characterize the gamybl2 mutant pollen viability and patterning of 
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the pollen exine, SEM was performed on WT and the gamybl2-3 mutant. In 

gamybl2-3 mutant, about half of the pollen grains were shrunken and half were 

normal (Figure 4-17C, E, G). No differences in Ubisch bodies and the anther 

wall were observed between WT and gamybl2-3. However, it was observed 

that gamybl2-3 had diverse patterning of pollen exine (Figure 4-17D, F, H). 

Figure 4-17D shows the pollen exine was covered by an extra cobweb-shaped 

layer; Figure 4-17F shows that beads of a similar size were distributed on an 

uneven exine surface; Figure 4-17H shows the exine surface covered by 

bead-shaped materials so densely that some of them were connected to pieces. 

The abnormal pollen exine patterning indicates the potentially important role 

of GAMYBL2 in regulating pollen exine formation. 
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Figure 4-17 SEM pictures of pollen grains in WT and the gamybl2-3. A: WT 
pollen grain; B, E, G: gamybl2-3 pollen grain; B: WT pollen exine; D, F, H: 
gamybl2-3 pollen exine.  
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4.2.5 Other candidate genes that were investigated for their roles in 

pollen development  

Other candidates including OsLAP6, LRR1 and LRR5 were identified from 

RiceAntherNet as potentially involved in rice pollen development and worth 

further investigation. OsLAP6 encodes for a polyketide synthase involved in 

fatty acid modifications in rice. OsLAP6 loss-of-function mutant was 

previously identified from a male sterile mutant library in Prof Dabing 

Zhang’s laboratory (SJTU; unpublished data). Loss of function of OsLAP5, the 

ortholog of OsLAP6, has been published leading to a partial male sterile 

phenotype (Wang et al., 2013). To understand the relationship between 

OsLAP5 and OsLAP6 in regulating anther development, OsLAP6 mutagenesis 

by CRISPR/Cas9 system was performed both in 9522 and in the oslap5 mutant 

(Figure 4-18A). Two Leucine-rich receptor-like (LRR) protein kinases LRR1 

and LRR5 that are predicted as involved in tapetum cell differentiation were 

also knocked out by the CRISPR/Cas9 system (Figure 4-18B, C). Mutants for 

OsLAP6, LRR1 and LRR5 were generated (genotypes in Appendix V). Mutants 

including oslap6-1, lrr1-1, lrr1-2, lrr1-3, lrr1-4 and lrr5-1 were backcrossed 

with 9522 and used in analysis of rice pollen development (Figure 4-18).  
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Figure 4-18 Schematic representations of OsLAP6, LRR1 and LRR5 with 
CRISPR targets, genotyping primers and sequencing information of mutants. 
A: Schematic representations of OsLAP6; B: Schematic representations of 
LRR1; C: Schematic representations of LRR5. 

4.2.6 LOB DOMAIN 2 (LBD2) in Arabidopsis 

Os01g0242400 in RiceAntherNet clade 1, OsLBD2, is one member of the 

LATERAL ORGAN BOUNDARIES (LOB) DOMAIN (LBD) gene family, 

which plays a role in anther development, downstream of MYB80 in rice 

(Zhang et al., 2010b). The putative ortholog of LBD2 in Arabidopsis has a 
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similar expression pattern as OsLBD2 in rice (Figure 4-19). The expression 

pattern of LBD2 in Arabidopsis shows that LBD2 is highly expressed during 

anther stage 8 and 9. It also shows significantly down regulated in the ms1 

mutant (Figure 4-19B). An Arabidopsis T-DNA insertion line of LBD2 was 

obtained and showed a partially male sterile phenotype.  

 
Figure 4-19 The expression of LBD2 in rice and Arabidopsis. A: expression of 
OsLBD2 in rice; B: expression of LBD2 in Arabidopsis based on Arabidopsis 
FlowerNet (Pearce et al., 2015).  
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4.2.6.1 LBD2 T-DNA insertion line  

The SALK_149880, T-DNA insertion mutant of LBD2 was obtained (Figure 

4-20) and named lbd2-1. A 125bp T-DNA insertion was detected before the 

transcriptional start site (TSS) of LBD2 by PCR using three primers system 

(http://signal.salk.edu/tdnaprimers.2.html) provided by Salk Institute Genomic 

Analysis Laboratory (see primers in Appendix II). 

 

Figure 4-20 Schematic representations of LBD2 with qRT-PCR primers and 
T-DNA insertion line information. 

qRT-PCR was performed with primers LBD2_RT_F2 / LBD2_RT_R2 to 

confirm the expression of LBD2 in lbd2-1 (see primers in Figure 4-20). It was 

found that lbd2-1 was an overexpression line with LBD2 more than four fold 

higher expression than in WT Arabidopsis (Figure 4-21). 

!T#DNA!inser,on!line!
125bp!before!the!TSS!
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Figure 4-21 qRT-PCR of LBD2 in leaves of WT and lbd2-1. Error bar: 
standard error. Data was normalized to LBD2 in WT leaves. 

4.2.6.2 lbd2-1 over expression line of LBD2 showed a partially male 

sterile phenotype 

Phenotypes of inflorescences and flowers of WT and lbd2-1 were examined 

(Figure 4-22). Figure 4-22B showed that lbd2-1 was partially sterile, with 

three kinds of siliques: siliques with no seeds (arrow 1 in Figure 4-22B), 

siliques with a few seeds (arrow 2 in Figure 4-22B) and siliques full of seeds 

as in WT (arrow 3 in Figure 4-22B). Figure 4-22D illustrates that lbd2-1 had 

shorter filaments but pistils of normal size, which meant that the anther could 

not reach to the stigmatic surface. Furthermore, the petals of lbd2-1 were 

shorter and meant that the stigma was outside the petals (Figure 4-22F) while 

in the WT the petals totally encased the reproductive organs (Figure 4-22E). 

The shorter filaments and petals probably both contributed to the failure of 

pollination and lead to the partial sterile phenotype of lbd2-1. From the 

phenotypes of lbd2-1, it could be concluded that LBD2 might regulated the 
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fertility of Arabidopsis by controlling the length of filaments and the size of 

petals.  

 
Figure 4-22 Phenotypes of lbd2-1. A: the inflorescence of WT; B: the 
inflorescence of lbd2-1 (arrows point to different phenotypes of siliques); C: 
reproductive organs of WT; D: reproductive organs of lbd2-1; E: flower of 
WT; F: flower of lbd2-1. 

4.3 DISCUSSION 

In this chapter, 9 candidate genes (CML41, OsDRL1, OsDRL2, GMCO, 

GAMYBL2, LBD2, OsLAP6, LRR1 and LRR5) predicted by reverse genetic 

methods (Chapter 3) to have a role in anther and pollen development were 

selected to verify their gene functions in rice and Arabidopsis. CML41 was 

shown to be a downstream target of bHLH family protein EAT1 and TDR in 

rice; GMCO, OsDRL1, OsDRL2 and GAMYBL2 were found be required for 

pollen wall development and cuticle surface patterning in rice; over expression 

of LBD2 in Arabidopsis revealed that LBD2 had a function in controlling the 
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development of stamens and petals; other candidate genes including OsLAP6, 

LRR1 and LRR5 were knocked out in 9522 WT for gene functional analysis.  

4.3.1 CML41 plays as downstream of EAT1 and TDR in regulating Ca2+ 

homeostasis during rice anther development 

Ca2+ homeostasis has been reported as a signal of tapetum PCD (section 

1.2.2.1). CML41 contains EF-hand motifs that bind Ca2+ to regulate Ca2+ 

homeostasis in rice anthers. It has been confirmed by qRT-PCR that CML41 is 

specifically expressed in anther at stage 8 when tapetum PCD starts (section 

4.2.1.2). Previous research revealed that the transcription factors TIP2, TDR 

and EAT1 could work together to regulate downstream genes (section 1.3). 

However, no cooperation of these three bHLH proteins were found in 

regulating the expression of CML41 (Figure 4-5). Results of a Dual-Luciferase 

Reporter Assay showed that the bHLH family proteins EAT1 and TDR could 

bind to the promoter of CML41 and positively regulate the expression of 

CML41 individually when transiently expressed in tobacco, but TIP2 showed 

no role in regulating CML41 (section 4.2.1.3). No male sterile phenotype was 

observed in cml41-1 mutant indicates the redundant functions on regulating 

Ca2+ homeostasis in rice, suggesting possible redundancy with other family 

members. 
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4.3.2 Lipid synthesis genes are involved in pollen wall formation by 

affecting lipid metabolism 

Lipid metabolism is important for normal tapetum PCD and pollen wall 

formation (section 1.2.5). 3 lipid synthesis genes (GMCO, OSDRL1 and 

OSDRL2) were predicted and studied in this research.  

4.3.2.1 Glucose-methanol-choline (GMC) oxidoreductase in rice pollen 

development 

GMCO and OSNP1 both encode Glucose-methanol-choline oxidoreductases in 

rice (section 4.2.2). Their ortholog in Arabidopsis, At1g12570 was reported to 

be involved in cutin biosynthesis (Kannangara et al., 2007). OsNP1 has been 

found essential for anther cuticle and pollen exine formation and knock out of 

OsNP1 lead to abortion of pollen development and failure of anther cuticle 

formation (Liu et al., 2017). The double mutant gmco-1osnp1-4 partially 

recovered the cuticle formation of anther wall (section 4.2.2.3), which 

indicates that GMCO loss-of-function could accumulate cuticle materials in 

the osnp1-4 mutant. It is possible that mutation of both GMCO and OsNP1 

may lead to a breakdown of the GMC oxido-reduction pathway but promotion 

of the accumulation of products in other pathways for cutin components. This 

hypothesis could be verified by further metabolites analysis of gmco-1 and 

osnp1-4. 
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4.3.2.2 DFR/TKPR (DIHYDROFLAVONOL 4-REDUCTASE) family in 

rice and Arabidopsis pollen development 

In Arabidopsis, TKPR1 and TKPR2 encode DIHYDROFLAVONOL 

4-REDUCTASE family protein. In rice, OsDRL1 and OsDRL2 are orthologs 

of TKPR1; OsDLR2 is the ortholog of TKPR2 (See Phylogenetic tree in Figure 

3-13A). TKPR1, TKPR2 (Grienenberger et al., 2010) in Arabidopsis and 

OsDFR2 (Shirasawa et al., 2013) in rice were reported to be involved in male 

fertility. In this research, the other two DFR family members in rice, OsDRL1 

and OsDRL2 were predicted to be important for pollen exine formation by 

reverse genetic method. The phenotypes of all DFRs in rice and Arabidopsis 

are shown in Table 4-3. All DFRs studied so far in rice and Arabidopsis have 

been associated with pollen exine formation (Table 4-3). Mutation of any of 

them leads to an abnormal pollen exine patterning. In the DFR family, genes in 

TKPR1 clade (TKPR1, OsDFR2 and OsDRL1) in phylogenetic tree (Figure 

3-13A) are more important for pollen exine formation. The loss-of-function of 

any gene in TKPR1 clade showed more serious phenotypes in pollen exine 

development and lead to sterile or partial sterility. Genes in TKPR2 clade 

(TKPR2 and OsDRL2) in phylogenetic tree (Figure 3-13A) however might 

slightly affect the composition of pollen exine with loss-of-function lines 

showing subtle defects in exine formation which do not effect for pollen 

viability and plant fertility. According to the phenotypes observed, this DFR 

pathway seems conserved in Arabidopsis and rice. 
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Table 4-3 Phenotypes of DIHYDROFLAVONOL 4-REDUCTASE (DFR) 
genes in rice and Arabidopsis 

Gene Species Fertility Phenotype of mutants 

TKPR1 Arabidopsis Sterile No reticulate exine pattern of pollen exine 

(Grienenberger et al., 2010) 

OsDFR2 Rice Sterile No pollen (Shirasawa et al., 2013) 

OsDRL1 Rice Partial 

Sterile 

Extra layer over pollen exine which make 

pollen grains cannot release (section 4.2.3.2) 

TKPR2 Arabidopsis Fertile A few spherical protrusions inside and outside 

pollen exine tecta (Grienenberger et al., 2010) 

OsDRL2 Rice Fertile More dense pattering of pollen exine (section 

4.2.3.2) 

4.3.3 GA regulated MYB family members in rice pollen development 

It has been reported that MYB transcriptional factor GAMYB in rice and the 

homologs MYB33 and MYB65 in Arabidopsis could be regulated by GA to 

play roles in anther development (section 1.2.2.1). GAMYBL2 is an ortholog of 

GAMYB which was coexpressed with LRR1 and LRR5 (Figure 4-15B). In 

gamybl2-3 mutant, a partial male sterile phenotype with various patternings of 

pollen exine was observed (section 4.2.4.2). These findings suggest that 

GAMYBL2 plays a crucial role in regulating pollen exine formation, however 

further analysis is needed to confirm this role.  

4.3.4 Other genes in RiceAntherNet would be good candidates for 

further study 

In RiceAntherNet (chapter 3), genes in clade1 were predicted relating to pollen 

wall formation. To date, the validation of CML41, GMCO, OsDRL1 and 



	
   138	
  

OsDRL2 suggests their functions in rice pollen development which is consist 

with the predictions of RiceAntherNet. LBD2 has been studied in Arabidopsis 

with a role in stamen and petal development. Mutants of LAP6, LRR1 and 

LRR5 in rice have been obtained and provide good materials for further gene 

functional study. In addition, other genes predicted in Clade 1 as being 

required for anther and pollen development would be good candidates to 

investigate. 
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5 TIP2 REGULATION NETWORK 

5.1 INTRODUCTION 

TIP2 encodes a bHLH transcription factor which regulates the differentiation 

of middle layer and tapetum layer, as well as the tapetum cell death (Fu et al., 

2014). Previous research shows that in early anther development stages, TIP2 

controls the tapetum cell death by regulating the expression of two bHLH 

genes TDR and EAT1, while GA also play as a signal for tapetum degradation 

through GAMYB (section 1.2.2.1). In addition, lipid metabolism and transport 

genes which are involved in the tapetum late function and are involed with 

pollen wall formation, including CYP703A3, CYP704B2 and C6, were found 

significantly down regulated in the tip2 mutant (section 5.2.1). However, 

whether TIP2 regulating tapetal cell death is dependent on GA regulatory 

pathway on tapetal cell death remain elusive. The molecular mechanism and 

downstream target genes of TIP2 regulating the lipid metabolism is unclear as 

well. To deepen the understanding of TIP2 regulation network, microarray 

data of tip2 anthers (unpublished data from Prof. Dabing Zhang’s lab, SJTU) 

were used for mining downstream genes of TIP2. 

5.2 RESULTS 

Differentially Expressed Gens (DEGs) in tip2 were found based on microarray 

data of tip2 anthers at anther stage 6 and stage 7 (section 5.2.1). After 
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bioinformatics analysis including expression pattern analysis, GO enrichment 

analysis and E-box analysis, 6 genes encode lipid transport protein family 

proteins were recognized as possible candidate downstream target genes of 

TIP2 (section 5.2.2). 

5.2.1 Bioinformatics investigation for prediction of downstream gene 

targets of TIP2 

To investigate the downstream genes of TIP2, 12 Affymetrix arrays (including 

9522 anther at stage 6, 9522 anther at stage 7, tip2 anther at stage 6, tip2 anther 

at stage 7; three biological repeats for each sample) were used to calculate the 

DEGs. Genes with relative expression level over 8 (log2 scale) were kept and 

genes with 2-fold change between tip2 and WT were recognized as DEGs. In 

total, 280 genes were found to be significantly down regulated in tip2 at anther 

stage 6 and the number was 62 in tip2 at anther stage 7 (Appendix II).  

All the DEGs were then clustered by hierarchical clustering (section 2.2.4) 

based upon gene expression pattern in WT (Figure 5-1A). Because TIP2 is 

highly expressed at anther stage 7 to stage 9, genes which are also highly and 

specifically expressed in anthers at the same stages were identified as they 

might be the downstream target genes of TIP2. Therefore, the clade with 31 

genes co-expressed during anther stage 7 to 9 (see gene details in Appendix III) 

highlighted in Figure 5-1A was recognized as candidates for the following GO 

enrichment analysis (section 2.2.6). 
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Figure 5-1 Gene expression analysis and E-box analysis of DEGs of tip2. A: 
DEGs expression pattern in WT. The clade highlighted by red frame was 
selected for a follow-up investigation. B: E-box analysis of LTPs. 

Table 5-1 shows the result of GO enrichment for these 31 downstream 



	
   142	
  

candidates of TIP2. In addition to GO terms shown in three example clades of 

RiceAntherNet (Table 3-2 in section 3.2.5), including pollen exine formation, 

spropollenin biosynthesis and pollen wall assembly，it is interesting to see that 

GO term of lipid metabolism, such as lipid localization and lipid transport 

were be enriched in TIP2 downstream candidates.  

Table 5-1 GO enrichment analysis for 31 putative downstream genes of 
TIP2 

GO.ID Term p-value 

GO:0010876 Lipid localization 5.20E-06 

GO:0010584 Pollen exine formation 1.60E-05 

GO:0080110 Sporopollenin biosynthetic process 1.60E-05 

GO:0010208 Pollen wall assembly 1.90E-05 

GO:0010927 Cellular component assembly involved in morphogenesis 1.90E-05 

GO:0006869 Lipid transport 2.40E-05 

Upon close observation of those candidates, it was found that, among 31 

candidates, 8 of them were related to lipid metabolism pathways (Table 5-2), 

including 2 reported lipid synthesis proteins CYP703A3 (Yang et al., 2014) 

and CYP704B2 (Li et al., 2010), as well as 6 Lipid Transfer Protein precursors 

(LTP) LTPL18, LTPL44, LTPL45, LTPL150, LTPL97 and LTPL1. All of 

them were largely down-regulated in tip2 (Table 5-2). This indicates that TIP2 

could regulate rice anther development by effecting the expression of lipid 

transfer related genes. No GA related MYB family members were found in 

this candidate clade, as well as no GA synthesis genes show expression 

changes in the tip2 mutant. This suggests that TIP2 does not the regulate 

tapetum PCD through the GA pathway. 
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Table 5-2 Candidate genes in lipid metabolism pathway that show altered 
expression in the tip2 mutant. Fold changes of gene expressions between tip2 
mutant and WT at anther stage 6 and anther stage 7 are listed. Value =Log2 
(Fold Change). 

RAP ID Gene tip2 S6 tip2 S7 

Os01g0219500 LTPL18 

 

-5.26 

Os08g0546300 LTPL44 

 

-3.40 

Os09g0525500 LTPL45 -2.83 -6.44 

Os01g0691300 LTPL150 -3.14 -6.79 

Os08g0545800 LTPL97 -2.39 -6.60 

Os03g0357500 LTPL1 -1.44 -5.16 

Os08g0131100 CYP703A3 

 

-0.93 

Os03g0168600 CYP704B2 

 

-0.78 

 

5.2.2 LTPs were regulated by TIP2, TDR and GAMYB 

As mentioned before (section 5.1) TIP2 could interact with other bHLH 

proteins, for example TDR and EAT1, to regulate tapetum differentiation and 

cell death. GAMYB has similar function as TIP2 in regulating tapetum 

degradation (section 5.1). However, it is still unclear whether TIP2 regulates 

Lipid Transfer Protein genes through the typical TIP2-mediated transcription 

cascade (section 1.3) and whether GAMYB and TIP2 could both regulate 

lipids metabolism pathway. To answer these questions, the expression patterns 

of these 8 lipid metabolism related genes (section 5.2.1) were checked in tdr, 

eat-1 and gamyb-2 (data from Rice AntherNet, fold change details in 

Appendix II). Figure 5-2 shows that all LTPs which are putative downstream 

of TIP2 were also significantly down-regulated in mutants of TDR and 

GAMYB, but no expression changes were seen in eat1-1. These data indicate 
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that TIP2 might interact with TDR to affect lipid transfer while EAT1 is not 

involved in this process. In addition, the overlap of LTPs which show altered 

expression in both TIP2 and GAMYB suggest that TIP2 and GAMYB might 

cooperate to regulate lipid metabolism in rice anthers.  

 
Figure 5-2 Heatmap of fold changes of LTPs in tip2, eat1-1 and gamyb-2 
mutants. S= Anther stage. Value =Log2 (Fold Change). 

5.2.3 LTPs were indirect downstream genes of TIP2 

To further confirm that whether TIP2 and TDR could regulate those LTPs 

directly during rice anther development, E-box analysis was performed on the 

3K promoters of 6 LTPs, including LTPL18, LTPL44, LTPL45, LTPL150, 

LTPL97 and LTPL1 (Figure 5-1B). However only LTP1 and LTP18 were 

found to have E-boxes accumulated near the transcriptional start site (Figure 
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5-1B).  

Therefore, the Dual-Luciferase Reporter Assay was performed on the 3k 

promoter regions of LTPL1 and LTPL18 to explore the regulatory relationship 

between LTPs and the TIP2 protein (Figure 5-3). The reporter plasmid with 3k 

promoter of LTPL1 and LTPL18, as well as the effector plasmids with cDNA 

of TIP2 and TDR used in the transient expression mediated by Agrobacterium 

in tobacco leaves were shown in Figure 5-3A. The primers for amplifying the 

promoter sequence of LTPL1 and LTPL18 are listed in Appendix II. The 

effector plasmids were obtained from the Zhang lab, SJTU (Fu et al., 2014). 

Four independent transient transformations were performed for each treatment, 

and data of each treatment were normalized to mock (empty pGreen0229 

vector) inoculations (Figure 5-3B, C).  

No significant induction of expression, as detected by the luciferase assay in 

transient assays, was observed for the LTPL1 and LTPL18 promoters under 

regulatory control by the TIP2 and TDR proteins (Figure 5-3B, C). The results 

suggest that the bHLH proteins TIP2 and TDR do not directly regulate the 

expression of LTPL1 or LTP18 by binding to their promoter regions. The 

combination of TIP2 and TDR also do not show regulation of LTPL1 or 

LTP18 expression (Figure 5-3B, C).  
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Figure 5-3 Regulation of the LTPL1 and LTPL2 Promoters by TIP2. A: 
Schematic diagrams of the reporter plasmids and effector plasmids used in the 
transient expression in tobacco leaves; B: Transactivation of the Luc reporter 
gene with LTPL1 promoter by TIP2 and TDR; C: Transactivation of the Luc 
reporter gene with LTPL18 promoter by TIP2 and TDR. Error bar: standard 
deviation. 

5.3 DISCUSSION 

In this study, by comparing microarray data of the wild type 9522 and tip2 

mutant at anther stage 6 and stage 7, it is indicates that TIP2 not only could 

regulate genes involved in pollen exine formation and sporopollenin 

biosynthetic process but also the lipid transfer process (Table 5-1).  

In plants, Lipid Transfer Proteins (LTPs) are synthesized as precursors with a 

N-terminal peptide and they are assumed to facilitate the transfer of fatty acids 
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phospholipids and steroids between membranes (LIN et al., 2017). The 

expression of 6 unknown LTPs regulated by TIP2 were also found 

significantly changed in tdr and gamyb-2. According to results from the 

Dual-Luciferase Reporter Assay, this regulation by TIP2 is not by direct 

regulation and there are likely to be other regulators through which TIP2 and 

TDR regulate lipid metabolism.  

GAMYB is required for expression of CYP703A3 and other genes involved in 

the synthesis of sporopollenin and also some GA-up regulated genes to effect 

cell death in tapetum (section 1.2.2.1). Mutantion of GAMYB shows defects in 

PCD of tapetum cells as well as formation of exine and Ubish bodies, which is 

similar to the tip2 mutant (section 1.2.2.1). However GAMYB is regulated by 

GA while TIP2 show no upstream or downstream relationship with GA since 

no GA-related genes were found in the DEGs in the tip2 mutant (section 5.2.1). 

It is evident that GAMYB and TIP2 share a large number of downstream LTPs, 

which indicates their cooperation in an unknown way to regulate lipid 

metabolism in anther.  
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6 GENERAL DISCUSSION 

Rice is an important food crop for the world’s food security. Hybrid rice 

contributes a lot to the food supply all over the world because of its high yield 

and high quality (Chang et al., 2016). However, studies on rice reproductive 

development, especially gene regulatory relationships during anther 

development are needed to address the challenges of future rice breeding.  

In this work, a rice global co-expression network (RiceAntherNet) was 

generated from public microarray data for studying gene regulations during 

rice anther and pollen development (chapter 3). Not only were gene expression 

patterns of annotated 24,462 genes in the anther provided, the expression 

profiles of these genes in nine male sterile mutants, as well as the expression 

relationships between paired genes were also provided for future scientific 

research references. In addition, genes taking part in the early differentiation 

stage, the tapetum PCD stage and later pollen wall formation stage were 

predicted to show interconnected relationships in the rice anther regulatory 

networks. Gene functions of nine predicted genes were investigated by 

molecular genetic approaches to deepen understanding on rice anther 

development (chapter 4). 

Microarray dataset of tip2 mutant were further analyzed to mine the 

downstream genes regulated by TIP2 or TIP2-mediated transcription cascade 

(chapter 5). The expression of six unknown LTPs involved in lipid transfer 
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were found to be dependent upon TIP2.  

Based upon the outcomes of this work, the combination of gene function 

predictions by reverse genetic approaches followed by gene function 

characterization by molecular genetic approaches is a reliable and efficient 

way for gene function studies in rice anther development. 

6.1 GENERATION OF GENE EXPRESSION DATA FROM PUBLIC 

MICROARRAY DATASETS FOR REFERENCE 

As biological technology develops, large amount of plant biology data have 

been produced in recent decades (Popescu et al., 2016). The increase of 

biological data opens the door for improving the understanding of plant 

biology by data gathering, analysis and sharing. Large numbers of public gene 

expression datasets of rice facilitate the rice gene expression study in anther 

(section 1.4.2). In this work microarray datasets of wild type rice anther which 

were publicly available on the Gene Expression Omnibus (GEO) (Barrett et al., 

2013) were used for gene expression study in rice. 

6.1.1 Gene expression profiles in rice anther were generated 

57 Affymetrix arrays from anther tissues of wild type rice and 45 Affymetrix 

arrays on other tissues of wild type rice were downloaded from GEO (array 

information in Appendix III). 57 anther-specific arrays were used to give rice 

anther gene expression profiles during anther development (Appendix III). 45 

arrays from other tissues were also analyzed to provide a rice global gene 
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expression profile in other rice tissues (Appendix III). Expression patterns of 

24,462 genes both in different stages of anther and other tissues were available 

from the website (https://www.cpib.ac.uk/anther/riceindex.html) and can be 

seen in the attached CD. This expression data includes the gene expression 

pattern, but also the gene annotation and putative ortholog in Arabidopsis, 

which make it a good source for rice gene expression profile screening. 

6.1.2 Gene fold changes in male sterile mutants  

Gene expression patterns in nine male sterile mutants including msp1-4, 

ostdl1a, gamyb-2, tip2, udt1-1, tdr, eat1-1, ptc1 and mads3-4 were analysed 

using microarray datasets from these mutants (Table 3-1). The fold change of 

all DEGs which significantly changed in male sterile mutants are listed in 

Appendix III. This is a convenient source for querying genes of interest in 

these nine mutants and gives valuable information for anther development 

research. DEGs followed by GO enrichment analysis are a good way for 

studying downstream genes and corresponding gene functions (section 3.2.5).  

6.1.3 Gene co-expression network during pollen and anther development 

were generated 

Gene co-expression analysis has been used widely for gene function prediction. 

Genes with similar expression pattern possibly have the same function or 

involved in the same biological pathway. In this work, a gene co-expression 

network (RiceAntherNet) was generated including 3422 well-connected 
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clusters with 9358 nodes (genes) and 75853 edges (co-relations). This is 

available on website (https://www.cpib.ac.uk/anther/riceindex.html) for 

querying the correlations between of genes of interest.  

6.2 REVERSE GENETIC APPROACHES FOR GENE FUNCTION 

PREDICTION 

Rice anther development includes lots of important biological process and 

complex gene regulation networks with a lot of regulators involved in this 

process (section 1.1). To date, a large part of this regulation network remains 

unknown and almost all genes have been reported in this process were found 

by forward genetic approaches. In this work, reverse genetics show the power 

of such approaches to speed up novel gene function study. 

6.2.1 Forward genetics in plant biology 

Although forward genetics is widely used for identifying gene functions, it has 

limitations. First of all, the analysis of forward genetic approaches based on 

the characterization of mutants, requires the identification of clear phenotypes. 

The mutants with clear phenotypes are easily selected from mutant libraries as 

research materials, while mutants without obvious phenotypes might be 

ignored. Secondly, gene mapping and positional cloning are essential for the 

identification of genes from a mutant, but gene identification is not always 

successful due to technical limitations. Thirdly, the single mutation of genes 

that have redundant functions in plant development do not always show 

phenotypes and multiple gene family knockouts are needed. In these cases 
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above, the functional analysis of those genes would be impossible to 

investigate by forward genetics. 

6.2.2 Reverse genetics in plant biology 

Recently, the development of next generation sequencing has made it possible 

to study gene sequences genome-wide (Shah et al., 2015). In addition, the age 

of biological big data opens the door for data mining by a series of 

bioinformatics methods (Popescu et al., 2016). These make reverse genetics a 

powerful approach for novel gene function prediction and characterization. 

Recently the development of CRISPR/Cas9 system for targeted gene editing in 

rice (Zhang et al., 2014) is providing a great benefit for the application of 

reverse genetics in plants. Novel genes predicted by reverse genetic 

approaches can be easily mutated by the CRISPR/Cas9 system enabling 

further mutant phenotype characterization and gene function investigation.  

In this work, gene expression pattern analysis, gene co-expression analysis, 

GO enrichment analysis, Phylogenetic tree, binding motif analysis and paper 

mining were all used as reverse genetic approaches for gene function 

prediction.  

6.2.3 RiceAntherNet for prediction of genes involved in anther and 

pollen development 

A rice gene co-expression network for anther development (RiceAntherNet) 

was developed for prediction of gene regulatory relationships during pollen 
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development (section 3.2.4). Three clades showing differential expression 

patterns were constructed by mapping the DEGs in male sterile mutants to 

RiceantherNet (Figure 3-10). Genes in Clade 1 was identified associated with 

pollen wall formation in late anther development stage (section 3.2.6); genes in 

Clade 2 may have a function during cell differentiation in early anther 

development stages (section 3.2.7); genes in clade 3 were predicted to be 

involved in the tapetum PCD process (section 3.2.8). Nine candidate genes 

predicted by RiceAntherNet were chose for further study which later proved 

the validation of RiceAntherNet. 

6.2.4 Exploration of downstream genes of TIP2 by using microarray 

data of tip2 

TIP2 is the only reported gene to date, which not only controls differentiation 

of the middle layer and tapetum layer, but also controls the tapetum PCD 

process (Fu et al., 2014; Ko et al., 2014). In this study, microarray data from 

the wild type 9522 and tip2 mutant at anther stage 6 and stage 7 were 

compared to find DEGs which might be the downstream targets of TIP2. The 

expression patterns of these DEGs were filtered and 31 DEGs expressed at 

anther stage 7 to stage 9 identified, that were predicted as downstream targets 

of TIP2 (chapter 5). GO enrichment analysis of these 31 candidates indicated 

that TIP2 may not only regulate genes involved in pollen exine formation and 

sporopollenin biosynthetic process, but also the lipid transfer process, since 
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two Cytochrome P450 family member (CYP703A3 (Yang et al., 2014)and 

CYP704B2 (Li et al., 2010)) and six Lipid Transfer Protein precursors 

(LTPL18, LTPL44, LTPL45, LTPL150, LTPL97 and LTPL1) were identified as 

potential targets (Table 5-1). CYP703A3 and CYP704B2 have been shown to 

be essential for pollen wall formation (Li et al., 2010; Yang et al., 2014) and 

the expression of CYP704A3 is activates by GAMYB (Aya et al., 2009). LTPs 

have been shown to be involved in various biological processes, such as cutin 

biosynthesis, defense response, plant signaling and seed maturation (LIN et al., 

2017). Motif analysis and Dual-luciferase reporter analysis suggests that TIP2 

and TDR are not directly regulating these targets (Figure 5-3). The additional 

microarray analysis of tdr and gamyb-2 (Figure 5-2) shows all LTPs were also 

down regulated in tdr and gamyb-2 as they were in tip2. The overlap of 

downstream genes in these three mutants suggests that the bHLH family 

proteins TIP2 and TDR may be working together in the tapetum to regulate the 

lipid transfer pathway and that GAMYB may interact with TIP2, in an as yet 

uncharacterized way, to regulate lipid metabolism in the anther. 

The mutation of these candidate LTPs by CRISPR/Cas9 system is on going 

(primers shown in Appendix II). The further phenotyping of these mutant lines 

will give more evidence for their function in sporopollenin transfer and pollen 

wall formation. 



	
   155	
  

6.3 GENE FUNCTION INVESTIGATION FOR NOVEL GENES 

PREDICTED FROM THE CORRELATION NETWORK 

Nine genes (CML41, OsDRL1, OsDRL2, GMCO, GAMYBL2, LBD2, OsLAP6, 

LRR1 and LRR5) were predicted as candidates that might be involved in rice 

pollen wall formation. Mutations of these genes were manipulated by 

CRISPR-Cas9 editing and mutants were obtained for all of these candidates. 

To investigate the gene functions of these candidates on pollen wall formation, 

phenotyping of mutants of five candidates (CML41, OsDRL1, OsDRL2, 

GMCO and GAMYBL2) were performed by SEM to check the anther wall 

formation and pollen wall patterning.  

6.3.1 The function of DFR/TKPR (DIHYDROFLAVONOL 

4-REDUCTASE) family in pollen development is conserved in rice 

and Arabidopsis 

OsDRL1 and OsDRL2 are predicted to function in pollen wall formation by 

affecting lipid synthesis (section 4.1). Phylogenetic analysis (Figure 3-13A) 

shows that TKPR1 and TKPR2 in Arabidopsis are putative orthologs of 

OsDRL1 and OsDRL2. TKPR1 and TKPR2 function as oxidoreductases 

involved in sporopollenin formation, which are able to reduce the carbonyl of 

the tetraketide α-pyrone to a secondary alcohol (Grienenberger et al., 2010). 

Mutations of TKPR1 and TKPR2 result in defect in pollen exine patterning in 

Arabidopsis (Grienenberger et al., 2010). Previously, only OsDFR2 was found 

as an ortholog of TKPR1 in rice, and no pollen was observed in the mutant of 
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OsDFR2 (Shirasawa et al., 2013). However by reverse genetic approaches, 

OsDRL1 and OsDRL2 were identified in this work as additional orthologs of 

the Arabidopsis TKPR1 and TKPR2 genes. The mutants of OsDRL1 and 

OsDRL2 both show pollen exine patterning defects indicating the conserved 

function of the DFR/TKPR family in pollen exine formation (Figure 4-14, 

Table 4-3). However the phenotype of mutants of TKPR2 clade (TKPR2 in 

Arabidopsis and OsDRL2 in rice) in the phylogenetic tree (Figure 3-14A) 

show more subtle phenotypes in pollen exine compared with the TKPR1 clade. 

This finding suggests that the functions of TKPR1 clade and TKPR2 clade as 

reductases are not fully redundant in vivo. Nevertheless despite exine 

formation defects, both mutants of OsDRL1 and OsDRL2 were fertile, which 

means they would not have been identified by forward genetic approaches. 

The prediction of their roles by reverse genetic approaches deepens the 

understanding of how DFR/TKPR family may work together in sporopollenin 

biosynthesis as partial redundant genes in regulating pollen wall formation. 

Further work could be conducted to determine the enzymatic activity of 

OsDRL1 and OsDRL2 proteins by expression in E.coli, which would further 

confirm the function of OsDRL1 and OsDRL2. The double mutant of 

drl1-1drl2-1 will be obtained in the next generation by cross drl1-1 and drl2-1 

mutants. Comparison of the exine formation pattering among the drl1-1, 

drl2-1 single and drl1-1drl2-1 double mutants will provide more clues as to 

the function of the DFR family in sporopollenin synthesis in rice. 
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6.3.2 GMCO (Glucose-methanol-choline oxidoreductase) may be involved 

in cutin component biosynthesis 

GMCO is a functionally uncharacterized gene predicted by RiceantherNet as 

involved in lipid synthesis (section 4.1). It was reported that GMC 

oxidoreductase superfamily catalyse the oxidation of oxidate alcohol moiety to 

aldehyde using the cofactor flavin adenine dinucleotide (Wongnate & Chaiyen, 

2013). One GMC oxidoreductase OsNP1 gene has been reported essential for 

anther cuticle and pollen exine formation, with an absences of cuticle observed 

in osnp1 mutant (Liu et al., 2017). According to Liu et al., the measurement of 

cuticular wax in osnp1-4 shows that cuticular wax, particularly hydroxylated 

components for aliphatic cutin monomers were reduced in osnp1-4, which is 

consist with the lack of cuticle phenotype in osnp1-4 (Liu et al., 2017). A 

double mutant gmco-1osnp1-4 was obtained in this work and SEM showed 

that mutation of GMCO in osnp1-4 partially recovered the cuticle formation 

(Figure 4-14).  

As reported previously, GMC enzymes have differences in the mechanism of 

catalyzing substrate oxidation, despite having similar protein structures 

(Wongnate & Chaiyen, 2013). The partial recovery of cuticle formation in the 

gmco-1osnp1-4 double mutant may be because when there is a loss of function 

of both GMCO and OsNP1, other cutin components may be directed towards 

pollen exine production and accumulation for cutin patterning.  
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The single mutant line of GMCO will be obtained in the next generation by 

backcrossing gmco-1osnp1-4 with wild type. Measuring cuticular wax and 

cutin constituents in anthers of gmco-1, osnp1-4, gmco-1osnp1-4 and wild type 

will help to understand the enzyme activity of GMCO and OsNP1 as well as 

the cutin components in rice anthers. The finding that GMCO is associated 

with pollen exine formation further validates the advantages of using reverse 

genetic approaches for gene functional analysis. 

6.3.3 GAMYBL2 may play important role in pollen exine formation      

A MYB transcription factor, GAMYBL2, was predicted as an important gene in 

pollen (section 4.1). Mutation of GAMYBL2 showed partial male sterility and 

abnormal pollen exine patterning (Figure 4-17), which suggest it plays a 

crucial role in pollen development. According to DEGs in RiceAntherNet (.cys 

file in attached CD), No significant expression changes of GAMYBL2 were 

observed in gamyb-2, udt1-1 and tdr mutants, but a 224-fold down regulation 

was seen in the ptc1 mutant and a 14.7-fold down regulation in the eat1 mutant 

(Li et al., 2011a). As described in section 3.2.5, mutants of EAT1 and PTC1 

have very distinct morphological changes compared with other male sterile 

mutants. The udt1-1, gamyb-2 and tdr mutants have enlarged tapetum cells 

during the later stages of anther development (Aya et al., 2009; Hu et al., 2011; 

Li et al., 2006b); while ptc1 and eat1-1 mutants show darkly stained materials, 

with a high density of organelles in the tapetum in later stages (Li et al., 2011a; 
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Niu et al., 2013). The expression changes of GAMYBL2 in these persistent 

tapetum mutants (eat1-1 and ptc1) and tapetum enlarged mutants (udt1-1, 

gamyb-2 and tdr) indicates that tapetum cell structure are still under control of 

unknown factors even if the tapetum cannot undergo normal PCD process. It is 

thought that the mutant of GAMYBL2 may have a similar tapetum form to ptc1 

and eat1-1. To further investigate the tapetum behavior in the GAMYBL2 

mutant during rice anther development, TEM materials of anther at stage 7 to 

stage 12 have been collected for future TEM analysis. 

6.3.4 Study of CML41 (calmodulin like 41) may help with understanding 

Ca2+ signalling during tapetum PCD 

CML41 encodes a CML protein which regulates Ca2+ homeostasis in plants 

(Mohanta et al., 2017). In this work, CML41 was found to be significantly 

down regulated in the eat1, tdr and osdex1 mutants according to the 

microarray analysis (section 4.1). Results of the Dual-Luciferase Reporter 

Assay show that EAT1 and TDR could positively regulate the CML41 

promoter individually (Figure 4-5).  

Previous work reported a CaM protein, OsDEX1, that controlled tapetum PCD, 

which might be via regulating Ca2+ homeostasis in tapetal cells (Yu et al., 

2016). However, the signaling pathway and molecular mechanism behind this 

regulation currently remains elusive. It has been reported in animals, that the 

Ca2+ content of the Endoplasmic Reticulum (ER) act as cell death signals to 
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affect the apoptosis process (Giorgi et al., 2008). It would therefore be 

interesting to investigate the concentration of Ca2+ in tapetum cells at different 

stages to understand signaling and regulating mechanism of tapetum PCD. 

Further study on CML41 would potentially help to establish the dynamics of 

Ca2+ homeostasis in tapetum cells. Mutants of OsDEX1 and CML41 would 

potentially be good material to reveal the regulatory network of OsDEX1, as 

well as find out the function and molecular mechanism of Ca2+ signaling 

during tapetum PCD. SEM shows no phenotype in both anthers and pollen of 

the cml41-1 mutant which indicates potential redundancy of CML41 with other 

family members. Multiple mutations of other putative redundant genes should 

be performed for further functional study of CMLs family in rice. 

6.3.5 LBD2 in Arabidopsis affect stamen and petal development 

OsLBD2 has a similar expression pattern in rice to that of its Arabidopsis 

ortholog, LBD2 (Figure 4-19). Over expression of LBD2 in Arabidopsis 

caused a partially male sterile phenotype with shorter filaments and shorter 

petals (Figure 4-22). It is possible that LBD2 controls the length of filaments 

and the size of petals and thus lead to partial sterility in Arabidopsis. It would 

be interesting to knock out LBD2 both in Arabidopsis and in rice to learn more 

about LBD2 function and whether the role of LBD2 is conserved in both 

species.  
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6.3.6 Other candidates would be good targets for deepening 

understanding of gene regulation network during pollen 

development in rice                    

Mutants of other candidates (section 4.1) from RiceAntherNet, including LAP6, 

LRR1 and LRR5 were obtained in the Wild type (9522) background (details in 

Appendix V). Future work is needed in the genotyping and phenotyping of 

these mutants by SEM and TEM to understand their function in rice pollen 

development. Previous functional validation of candidate genes indicates the 

high efficiency of functional studies by reverse genetic approaches. Therefore 

other genes predicted in RiceAntherNet also provide good candidate for 

further investigation in the future.  

6.4 CONCLUSIONS 

This work is an example of using reverse genetic approaches to explore novel, 

uncharacterized genes involved in rice anther development. The ongoing 

increase of biological data and development of CRISPR/Cas9 system in rice 

provides powerful tools to capitalize upon the data generated for target 

identification from the RiceAntherNet correlation network.  

By using public microarray data, a website 

(https://www.cpib.ac.uk/anther/riceindex.html) which provide global 

expression pattern in rice anther of 24, 462 genes has been provided for user’s 

queries. Gene expression changes in 9 rice male sterile mutants (msp1-4, 
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ostdl1a, gamyb-2, tip2, udt1-1, tdr, eat1-1, ptc1 and mads3-4) are also 

available. These reference files are valuable for rice anther development 

research by gene expression pattern screening. 

A co-expression network was generated to predict genes involved in pollen 

wall formation. This offers a much quicker approach than forward genetics to 

explore the functions of candidate genes in pollen and anther development. 

Among the candidates predicted as genes required for rice anther pollen 

development, OsDRL1, OsDRL2, GMCO and GAMYBL2 have been 

characterized as essential for anther and pollen exine formation. The 

investigation of other candidates such as OsLAP6, LRR1 and LRR5 are on 

going. These findings indicate the successful application of co-expression 

network analysis to predict genes involved in rice pollen development process.  

In addition, a study on TIP2 downstream pathways by tip2 microarray datasets 

indicates that TIP2 may interact EAT1, as well as cooperate with GAMYB to 

regulate lipid metabolism during anther development. 

The using of reverse genetic approaches to explore genes required for rice 

anther development furthers our understanding of gene regulation during this 

process. Reverse genetic approaches combined with genotyping of mutants 

provide an efficient and reliable way for gene regulation study in the future.  
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APPENDIX 

Appendix I. VECTORS 

Map of pBin-sgR-Cas9-p1300 (CH) 
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Map of pGreen0800 
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Map of pGreen0229 
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Map of pSoup  
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Appendix II. Primers 

CRISPR Primers 

Name Sequence (5’…3’) RAP_ID 

LAP6_Cri_F1 TGGCGCAGGAGCCAATGCTCCAGG Os10g0484800 

LAP6_Cri_R1 AAACCCTGGAGCATTGGCTCCTGC Os10g0484800 

LAP6_Cri_F2 TGGCGGAGGCGAAAGGATACCGGG Os10g0484800 

LAP6_Cri_R2 AAACCCCGGTATCCTTTCGCCTCC Os10g0484800 

GAMYBL2_Cri_F1 TGGC GGACAGCCATGTACTGCCCT Os06g0604000 

GAMYBL2_Cri_R1 AAACAGGGCAGTACATGGCTGTCC Os06g0604000 

GAMYBL2_Cri_F2 TGGCGGAGAGGACATTGCTCCCCG Os06g0604000 

GAMYBL2_Cri_R2 AAACCGGGGAGCAATGTCCTCTCC Os06g0604000 

LRR5_Cri_F1 TGGCGTCGGTCGATCCTCAGGTCG Os05g0169600 

LRR5_Cri_R1 AAACCGACCTGAGGATCGACCGAC Os05g0169600 

LRR5_Cri_F2 TGGCGGTCTCGCTTCCGGCAAAGG Os05g0169600 

LRR5_Cri_R2 AAACCCTTTGCCGGAAGCGAGACC Os05g0169600 

LRR1_Cri_F1 TGGCGTGCCCTGGAAAAGTCCCGG Os01g0170300 

LRR1_Cri_R1 AAACCCGGGACTTTTCCAGGGCAC Os01g0170300 

LRR1_Cri_F2 TGGCGTACCCATTGCACCACAGTT Os01g0170300 

LRR1_Cri_R2 AAACAACTGTGGTGCAATGGGTAC Os01g0170300 

CML41_Cri_F1 TGGCGAACGCGAGTGTTCCTAAGC Os03g0769500 

CML41_Cri_R1 AAACGCTTAGGAACACTCGCGTTC Os03g0769500 

CML41_Cri_F2 TGGCGGATCTTCCAGCACTTCGAC Os03g0769500 

CML41_Cri_R2 AAACGTCGAAGTGCTGGAAGATCC Os03g0769500 

DRL1_Cri_F1 TGGCGGGCACCTGTGGAATTTAAC Os08g0515900 

DRL1_Cri_R1 AAACGTTAAATTCCACAGGTGCCC Os08g0515900 

DRL1_Cri_F2 TGGCGGAAGCGACTTCTTGAGTCA Os08g0515900 

DRL1_Cri_R2 AAACTGACTCAAGAAGTCGCTTCC Os08g0515900 

DRL2_Cri_F1 TGGCGTTACCTGGGTCTCTGACGG Os01g0127500 

DRL2_Cri_R1 AAACCCGTCAGAGACCCAGGTAAC Os01g0127500 

DRL2_Cri_F2 TGGCGTCCCATAGGAACCCCACCT Os01g0127500 

DRL2_Cri_R2 AAACAGGTGGGGTTCCTATGGGAC Os01g0127500 
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GMCO_Cri_F1 TGGCGTACGTGAGGGCCCTCGGGT Os02g0678300 

GMCO_Cri_R1 AAACACCCGAGGGCCCTCACGTAC Os02g0678300 

GMCO_Cri_F2 TGGCGCCAAACAGAAACAGGGTCG Os02g0678300 

GMCO_Cri_R2 AAACCGACCCTGTTTCTGTTTGGC Os02g0678300 

LTPL1_Cri_F1 TGGCGCTCGTCGGGGGGACTAGGC Os03g0357500 

LTPL1_Cri_R1 AAACGCCTAGTCCCCCCGACGAGC Os03g0357500 

LTPL1_Cri_F2 TGGCGTTGATTACCGAGCTGAGTT Os03g0357500 

LTPL1_Cri_R2 AAACAACTCAGCTCGGTAATCAAC Os03g0357500 

LTPL150_Cri_F1 TGGCGAAGACCCTCTTGGTGCGAT Os01g0691300 

LTPL150_Cri_R1 AAACATCGCACCAAGAGGGTCTTC Os01g0691300 

LTPL150_Cri_F2 TGGCGTCGCACGAAGCCTTCTTCG Os01g0691300 

LTPL150_Cri_R2 AAACCGAAGAAGGCTTCGTGCGAC Os01g0691300 

LTPL18_Cri_F1 TGGCGTCACCGTATAGTAGAGATC Os01g0219500 

LTPL18_Cri_R1 AAACGATCTCTACTATACGGTGAC Os01g0219500 

LTPL18_Cri_F2 TGGCGCACAGATCGATGGCCTCTC Os01g0219500 

LTPL18_Cri_R2 AAACGAGAGGCCATCGATCTGTGC Os01g0219500 
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Genotyping Primers 

Name Sequence RAP_ID 

LAP6_CriGT_F1 CGTCCCCTGCAATCCTGAAT Os10g0484800 

LAP6_CriGT_R1 CACACAGTGATGCAGCCAAG Os10g0484800 

LRR5_CriGT_F1 CGGATCCTACGGCTACATCG Os05g0169600 

LRR5_CriGT_R1 AGGAACCGGAATTAGCACGG Os05g0169600 

LRR1_CriGT_F1 CTGCTCATCGACAACACCCT Os01g0170300 

LRR1_CriGT_R1 GTACGAGATGTTGAGCGCGA Os01g0170300 

LRR1_CriGT_F2 TGGTTACAAGGAGCACCGTC Os01g0170300 

LRR1_CriGT_R2 CGGTTGTTGAGTAGGCCAGT Os01g0170300 

GAMYBL2_CriGT_F1 TCCGTGCTTACTGGTGTGAC Os03g0733600 

GAMYBL2_CriGT_R1 CCGGAGAAAGAATCGGTGGT Os03g0733600 

GAMYBL2_CriGT_F2 AAAGCCCCAAATCTCCGGTT Os03g0733600 

GAMYBL2_CriGT_R2 GCAATTGGCTTGAAGGGAGC Os03g0733600 

CML41_CriGT_F1 GATGGCACTGTCTGTTGGGA Os03g0769500 

CML41_CriGT_R1 TCCATCAGGGCAACGAATCC Os03g0769500 

DRL1_CriGT_F1 CACAGGCCGTTGTGAAATCT Os08g0515900 

DRL1_CriGT_R1 TGCAGGGTGAAAGTGGTCTT Os08g0515900 

DRL2_CriGT_F1 CGGCCAACGGAGTTTCTTTC Os01g0127500 

DRL2_CriGT_R1 CTCCAGTGCGACTCGTTCAG Os01g0127500 

GMCO_CriGT_F1 ACACGACGCACATTCCTGAT Os02g0678300 

GMCO_CriGT_R1 GTCAAAGATGGAGCCACCGA Os02g0678300 

LBD2_LP ATTACCATGCATGGATCTTGC AT1g06280 

LBD2_RP AGAGAGCTTGGTACGGTCCTC AT1g06280 

LTPL1_CriGT_F1 GCCTTCTGCATCAGCCAGTT Os03g0357500 

LTPL1_CriGT_R1 AGCTCGGTAATCAACCACGA Os03g0357500 

LTPL1_CriGT_F2 CAGGAGGTGTCCAAGGACTG Os03g0357500 

LTPL1_CriGT_R2 GTCTCCTACTCTCGGTTCGC Os03g0357500 

LTPL150_CriGT_F1 GCAAGAGATCCATCAAGCCG Os01g0691300 

LTPL150_CriGT_R1 GCAGCAAGGTTGGAATGGTT Os01g0691300 

LTPL18_CriGT_F1 GCAGGGTTACAGAGGAACTGA Os01g0219500 

LTPL18_CriGT_R1 TCTGGGTCATCGGCTACAAG Os01g0219500 
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LTPL18_CriGT_F2 AGATAGTTAACGCGGCCCAC Os01g0219500 

LTPL18_CriGT_R2 CTGGTTGCAGTCCATGTTGG Os01g0219500 
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qRT-PCR Primers 

Name Sequence RAP_ID 

OsActin_F CCTTCAACACCCCTGCTATG Os03g0718100 

OsActin_R CAATGCCAGGGAACATAGTG Os03g0718100 

CML41_RT_F GGATTCGTTGCCCTGATGGA Os03g0769500 

CML41_RT_R CTGATCATGGCCTCGCAGT Os03g0769500 

LBD2_RT_F AACCAGCCTCTCATTGGTTG AT1G06280 

LBD2_RT_R CACTGCATAACATTGTTGCC AT1G06280 
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Primers for Dual-Luciferase Reporter Assay 

Name Sequence RAP_ID 

CMLPro_0800F TATAGGGCGAATTGGGTACCTCGCTAGCTT

AGCTTCTCC Os03g0769500 

CMLPro_0800R TAGAACTAGTGGATCCTCAAGAAACCCAAG

AAAATG Os03g0769500 

LTPL1_0800F TATAGGGCGAATTGGGTACCAAGATCGGCA

AGCATGCAGC Os03g0357500 

LTPL1_0800R TAGAACTAGTGGATCCGGCCTCACTCTCTG

GCTAAG Os03g0357500 

LTPL18_0800F TATAGGGCGAATTGGGTACCGCCATGGCGA

TGGCGAGCGA Os01g0219500 

LTPL18_0800R TAGAACTAGTGGATCCATGATTCGGTATTT

GATTTG Os01g0219500 
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Appendix III. Microarray datasets 

5 wild type datasets (57 arrays) from GEO used for generating RiceAntherNet 

Array Experiment Sample ID Sample name Anther Stage Stage Name 

1 GSE7951 GSM195227 Anther An12 MP (Mature Pollen) 

2 GSE14304 GSM351427 An1.1 An2 PM (Premeiosis) 

3 GSE14304 GSM351428 An1.2 An2 PM (Premeiosis) 

4 GSE14304 GSM351429 An1.3 An2 PM (Premeiosis) 

5 GSE14304 GSM351430 Mei1.1 An4-7 M (Meiosis) 

6 GSE14304 GSM351431 Mei1.2 An4-7 M (Meiosis) 

7 GSE14304 GSM351432 Mei1.3 An4-7 M (Meiosis) 

8 GSE14304 GSM351433 M1.1 An7-8a M (Meiosis) 

9 GSE14304 GSM351434 M1.2 An7-8a M (Meiosis) 

10 GSE14304 GSM351435 M1.3 An7-8a M (Meiosis) 

11 GSE14304 GSM351436 M1.4 An7-8a M (Meiosis) 

12 GSE14304 GSM351437 M2.1 An8a M (Meiosis) 

13 GSE14304 GSM351438 M2.2 An8a M (Meiosis) 

14 GSE14304 GSM351439 M2.3 An8a M (Meiosis) 

15 GSE14304 GSM351440 M3.1 An8 M (Meiosis) 

16 GSE14304 GSM351441 M3.2 An8 M (Meiosis) 

17 GSE14304 GSM351442 M3.3 An8 M (Meiosis) 

18 GSE14304 GSM351443 M3.4 An8 M (Meiosis) 

19 GSE14304 GSM351444 P1.1 An9-10 UM (Uninucleate Microspore) 

20 GSE14304 GSM351445 P1.2 An9-10 UM (Uninucleate Microspore) 

21 GSE14304 GSM351446 P1.3 An9-10 UM (Uninucleate Microspore) 

22 GSE14304 GSM351447 P2.1 An11 BP (Bicellula Pollen) 

23 GSE14304 GSM351448 P2.2 An11 BP (Bicellula Pollen) 

24 GSE14304 GSM351449 P2.3 An11 BP (Bicellula Pollen) 

25 GSE14304 GSM351450 P3.1 An12 TP (Tricellular Pollen) 

26 GSE14304 GSM351451 P3.2 An12 TP (Tricellular Pollen) 

27 GSE14304 GSM351452 P3.3 An12 TP (Tricellular Pollen) 
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28 GSE27726 GSM686458 PreMeio.1 An3-5 PM (Premeiosis) 

29 GSE27726 GSM686459 PreMeio.2 An3-5 PM (Premeiosis) 

30 GSE27726 GSM686460 PreMeio.3 An3-5 PM (Premeiosis) 

31 GSE27726 GSM686461 Meio.1 An6-8 M (Meiosis) 

32 GSE27726 GSM686462 Meio.2 An6-8 M (Meiosis) 

33 GSE27726 GSM686463 Meio.3 An6-8 M (Meiosis) 

34 GSE27726 GSM686464 AntherSCP.1 An9-10 UM (Uninucleate Microspore) 

35 GSE27726 GSM686465 AntherSCP.2 An9-10 UM (Uninucleate Microspore) 

36 GSE27726 GSM686466 AntherSCP.3 An9-10 UM (Uninucleate Microspore) 

37 GSE27726 GSM686467 AntherTCP.1 An12-14 TP (Tricellular Pollen) 

38 GSE27726 GSM686468 AntherTCP.2 An12-14 TP (Tricellular Pollen) 

39 GSE27726 GSM686469 AntherTCP.3 An12-14 TP (Tricellular Pollen) 

40 GSE27988 GSM692536 UNM.1 An9-10 UM (Uninucleate Microspore) 

41 GSE27988 GSM692537 UNM.2 An9-10 UM (Uninucleate Microspore) 

42 GSE27988 GSM692538 UNM.3 An9-10 UM (Uninucleate Microspore) 

43 GSE27988 GSM692539 BCP.1 An11 BP (Bicellula Pollen) 

44 GSE27988 GSM692540 BCP.2 An11 BP (Bicellula Pollen) 

45 GSE27988 GSM692541 BCP.3 An11 BP (Bicellula Pollen) 

46 GSE27988 GSM692542 TCP.1 An12 TP (Tricellular Pollen) 

47 GSE27988 GSM692543 TCP.2 An12 TP (Tricellular Pollen) 

48 GSE27988 GSM692544 TCP.3 An12 TP (Tricellular Pollen) 

49 GSE27988 GSM692545 MPG.1 An13-14 MP (Mature Pollen) 

50 GSE27988 GSM692546 MPG.2 An13-14 MP (Mature Pollen) 

51 GSE27988 GSM692547 MPG.3 An13-14 MP (Mature Pollen) 

52 GSE29080 GSM720598 PollenPa.1 An9-10 UM (Uninucleate Microspore) 

53 GSE29080 GSM720599 PollenPa.2 An9-10 UM (Uninucleate Microspore) 

54 GSE29080 GSM720600 PollenPb.1 An11 BP (Bicellula Pollen) 

55 GSE29080 GSM720601 PollenPb.2 An11 BP (Bicellula Pollen) 

56 GSE29080 GSM720602 PollenPc.1 An12 TP (Tricellular Pollen) 

57 GSE29080 GSM720603 PollenPc.2 An12 TP (Tricellular Pollen) 
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1 wild type dataset (45 arrays) from GEO used for global expression pattern 

analysis 

Array Experiment Sample Description Sample name 

1 GSE6893 GSM159177 Root, 1 R 

2 GSE6893 GSM159178 Root, 2 R 

3 GSE6893 GSM159179 Root, 3 R 

4 GSE6893 GSM159180 Mature leaf, 1 ML 

5 GSE6893 GSM159181 Mature leaf, 2 ML 

6 GSE6893 GSM159182 Mature leaf, 3 ML 

7 GSE6893 GSM159183 Young Leaf, 1 YL 

8 GSE6893 GSM159184 Young Leaf, 2 YL 

9 GSE6893 GSM159185 Young Leaf, 3 YL 

10 GSE6893 GSM159186 Shoot apical meristem (SAM, upto 0.5 mm), 1 SAM 

11 GSE6893 GSM159187 Shoot apical meristem (SAM, upto 0.5 mm), 2 SAM 

12 GSE6893 GSM159188 Shoot apical meristem (SAM, upto 0.5 mm), 3 SAM 

13 GSE6893 GSM159189 Inflorescence (P1, upto 3 cm), 1 P1 

14 GSE6893 GSM159190 Inflorescence (P1, upto 3 cm), 2 P2 

15 GSE6893 GSM159191 Inflorescence (P1, upto 3 cm), 3 P3 

16 GSE6893 GSM159192 Inflorescence (P2, 3 - 5 cm), 1 P2 

17 GSE6893 GSM159193 Inflorescence (P2, 3 - 5 cm), 2 P2 

18 GSE6893 GSM159194 Inflorescence (P2, 3 - 5 cm), 3 P2 

19 GSE6893 GSM159195 Inflorescence (P3, 5 - 10 cm),1 P3 

20 GSE6893 GSM159196 Inflorescence (P3, 5 - 10 cm), 2 P3 

21 GSE6893 GSM159197 Inflorescence (P3, 5 - 10 cm), 3 P3 

22 GSE6893 GSM159198 Inflorescence (P4, 10 - 15 cm), 1 P4 

23 GSE6893 GSM159199 Inflorescence (P4, 10 - 15 cm), 2 P4 

24 GSE6893 GSM159200 Inflorescence (P4, 10 - 15 cm), 3 P4 

25 GSE6893 GSM159201 Inflorescence (P5, 15 - 22 cm), 1 P5 

26 GSE6893 GSM159202 Inflorescence (P5, 15 - 22 cm), 2 P5 

27 GSE6893 GSM159203 Inflorescence (P5, 15 - 22 cm), 3 P5 

28 GSE6893 GSM159204 Inflorescence (P6, 22 - 30 cm), 1 P6 

29 GSE6893 GSM159205 Inflorescence (P6, 22 - 30 cm), 2 P6 
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30 GSE6893 GSM159206 Inflorescence (P6, 22 - 30 cm), 3 P6 

31 GSE6893 GSM159207 Seed (S1, 0 - 2 dap), 1 S1 

32 GSE6893 GSM159208 Seed (S1, 0 - 2 dap), 2 S1 

33 GSE6893 GSM159209 Seed (S1, 0 - 2 dap), 3 S1 

34 GSE6893 GSM159210 Seed (S2, 3 - 4 dap), 1 S2 

35 GSE6893 GSM159211 Seed (S2, 3 - 4 dap), 2 S2 

36 GSE6893 GSM159212 Seed (S2, 3 - 4 dap), 3 S2 

37 GSE6893 GSM159213 Seed (S3, 5 - 10 dap), 1 S3 

38 GSE6893 GSM159214 Seed (S3, 5 - 10 dap), 2 S3 

39 GSE6893 GSM159215 Seed (S3, 5 - 10 dap), 3 S3 

40 GSE6893 GSM159216 Seed (S4, 11 - 20 dap), 1 S4 

41 GSE6893 GSM159217 Seed (S4, 11 - 20 dap), 2 S4 

42 GSE6893 GSM159218 Seed (S4, 11 - 20 dap), 3 S4 

43 GSE6893 GSM159219 Seed (S5, 21 - 29 dap), 1 S5 

44 GSE6893 GSM159220 Seed (S5, 21 - 29 dap), 2 S5 

45 GSE6893 GSM159221 Seed (S5, 21 - 29 dap), 3 S5 
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