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Running title: Overexpressing bHLH142 causes male sterility in rice 35 

 36 

Highlight: Overexpression of bHLH142 leads to male sterility in transgenic rice due to 37 

early onset of tapetal PCD. This study creates a new method to generate male sterility in 38 

rice.  39 

 40 

Abstract: 41 

Development of stable male sterility lines is essential for efficient hybrid seed 42 

production. We previously showed that knockout of bHLH142 in rice (Oryza sativa) 43 

causes pollen sterility by interrupting tapetal programmed cell death (PCD). In this study, 44 

we demonstrated that overexpression of bHLH142 (OE142) under the control of 45 

ubiquitin promoter also leads to male sterility in rice by triggering the premature onset 46 

of PCD. Protein of bHLH142 was found to accumulate specifically in the OE142 anthers. 47 

Overexpression of bHLH142 induced early expression of several key regulatory 48 
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transcription factors in pollen development. In particular, the upregulation of EAT1 at 49 

the early stage of pollen development promoted premature PCD in the OE142 anthers, 50 

while its downregulation at the late stage impaired pollen development by suppressing 51 

genes involved in pollen wall biosynthesis, ROS scavenging and PCD. Collectively, 52 

these events led to male sterility in OE142. Analyses of related mutants further revealed 53 

the hierarchy of these pollen development regulatory genes. Thus, the findings of this 54 

study create a new method to generate genic male sterility in rice. Exploitation of this 55 

novel functionality of bHLH142 would confer a big advantage to hybrid seed 56 

production.  57 

 58 

Key words: anther, bHLH, male sterility, pollen development, rice, tapetal PCD, 59 

transcription factor.  60 

 61 

  62 
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Introduction 64 

Rice (Oryza sativa) is one of the most important staple crops in the world, feeding 65 

almost half of the world’s population. Increase in rice production is urgently needed to 66 

keep pace with increasing population, especially in the face of drastic global climate 67 

change. Hybrid rice is considered the most promising strategy to increase grain yield 68 

increasing rice yields by 15-20% (Khush, 2013). By adopting hybrid technology, many 69 

countries have successfully increased per capita rice production (Zhang, 2011). 70 

Heterosis in the F1 plants not only increases grain yield but also produces superior 71 

phenotypes in comparison with the parents with vigor in growth, good agronomic traits 72 

and pest resistance, etc. (Liu et al., 2015). As rice is a self-pollinated crop, adoption of a 73 

stable male sterility female parent is critical to ensure the purity of F1 seeds. At present, 74 

two distinct hybrid systems, a three-line system and a two-line system, have been widely 75 

adopted in rice hybrid seed production. In the three-line system, cytoplasmic male 76 

sterility (CMS, A line) is the stable line. However, to maintain CMS seed stock, it is 77 

necessary to cross with a maintainer line (B line), which increases the production cost. 78 

In the two line system, genic male sterility using photoperiod- or temperature-inducible 79 

male sterility mutant has the advantages of easy maintenance of seed stock and lower 80 

production cost, but it has the disadvantage of producing hybrid seeds of less uniformity 81 

due to environment fluctuation. Therefore, a better understanding of the mechanism 82 

underlying pollen development is important for developing new genic male sterility 83 

lines.   84 

Rice anthers comprise four lobes and each lobe contains four layers of anther walls. 85 

The tapetum layer is in the innermost layer, providing nutrients and sporopollenin 86 

precursors for pollen development. Tapetal programmed cell death (PCD) at the right 87 

time is important for normal pollen development. In the anther, PCD is first detectable at 88 
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meiosis (stage 8, S8), strong PCD signals occur at the young microspore stage (S9) (Li 89 

et al., 2006; Zhang and Wilson, 2009), and reduced PCD signals occur at the vacuolated 90 

pollen stage (S10) (Hu et al., 2011). Functioning as polar secretory cells, the tapetum 91 

undergoes cellular degradation. Tapetal PCD subsequently triggers cytoplasmic 92 

shrinkage, breakdown of the nuclear membrane, oligonucleosomal cleavage of DNA, 93 

vacuole rupture, and swelling of the endoplasmic reticulum for release of mature pollen 94 

grains (Papini et al., 1999). Thus, tapetal PCD is an essential process for pollen 95 

maturation.  96 

Pollen development involves a complex regulatory network. So far, several basic 97 

helix-loop-helix (bHLH) transcription factors (TFs) have been identified to play 98 

important roles in regulating tapetal PCD and pollen development. The roles of UDT1 99 

(bHLH164) (Jung et al., 2005), bHLH142 (TIP2) (Fu et al., 2014; Ko et al., 2014), 100 

TDR1 (bHLH5) (Li et al., 2006), and EAT1 (DTD1, bHLH141) (Ji et al., 2013; Niu et al., 101 

2013) in rice pollen development have been characterized in the last decade. Similarly, 102 

DYT1, the homolog gene of UDT1 in Arabidopsis (Zhang et al., 2006) and AMS 103 

(Sorensen et al., 2003), the homolog of TDR1 in Arabidopsis, are functionally conserved 104 

in both dicots and monocots. In addition, the UDT1 homolog in tomato, ms1035 105 

(Solyc02g079810), was also recently reported to be involved in pollen development 106 

(Jeong et al., 2014). Another TF, GAMYB, is also known to play an important role in 107 

anther and aleurone layer development (Kaneko et al., 2004; Tsuji et al., 108 

2006). According to current understanding of the pollen development regulatory 109 

network, UDT1 and GAMYB work in parallel to regulate pollen development and 110 

TDR1 acts downstream of UDT1 and GAMYB (Liu et al., 2010). Our previous study 111 

showed that bHLH142 is located downstream of UDT1 and GAMYB and coordinates 112 

with TDR1 through protein-protein interaction to modulate EAT1 transcriptional activity. 113 
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In addition, EAT1 interacts with TDR1 at a similar binding site to bHLH142 (Ko et al., 114 

2014). So far, the biological role of TDR1 in interacting with EAT1 remains unknown (Ji 115 

et al., 2013; Ko et al., 2014; Niu et al., 2013). EAT1 directly regulates tapetal PCD via 116 

two aspartic proteases (AP37 & AP25) that activate cell death (Niu et al., 2013). 117 

AtTDF1 encodes a R2R3 MYB TF, which functions in callose dissolution (Zhu et al., 118 

2008). Similarly, the rice ortholog, OsTDF1 (MYB35), acts downstream of UDT1 and 119 

upstream of TDR, EAT1, OsMYB103 and Persistent Tapetal Cell 1 (PTC1) and it is 120 

essential for tapetal PCD (Cai et al., 2015). PTC1 encodes a PHD-finger TF and controls 121 

tapetal PCD and pollen development and acts downstream of GAMYB (Li et al., 2011) 122 

and TIP2 (bHLH142) (Fu et al., 2014). 123 

During anther development, ROS acts as a signal to promote tapetal PCD (Hu et al., 124 

2011; Yi et al., 2016). The cellular ROS level is determined by the interplay between 125 

ROS-producing and ROS-scavenging mechanisms (Gapper and Dolan, 2006; Miller et 126 

al., 2008). MADS3, a floral homeostatic C-class gene required for stamen identity, also 127 

regulates ROS scavenging during rice anther development. MADS3 modulates ROS 128 

levels through positive transcriptional regulation of the promoter of metallothionein 129 

gene MT-1-4b (Hu et al., 2011). The anthers of mads3 mutant showed a strong ROS 130 

signal and a defect in pollen fertility (Hu et al., 2011). On the other hand, defective 131 

Tapetum Cell Death 1 (DTC1) encodes a protein that contains a development and cell 132 

death (DCD) domain and KELCH repeats and acts as a key regulator of tapetum PCD 133 

by inhibiting ROS-scavenging activity through its interaction with metallothionein 134 

protein MT2b (Yi et al., 2016). Both MT-1-4b and MT2b act as ROS scavengers. 135 

Decreased expression of MT2b or MT-1-4b reduces scavenging activity and causes the 136 

accumulation of ROS molecules in rice roots (Steffens and Sauter, 2009) and anthers 137 

(Hu et al., 2011). Therefore, a timely buildup of ROS to trigger tapetal PCD during 138 
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pollen development is vital.  139 

The pollen wall is composed of three layers: pollen coat, outer exine layer, and 140 

inner intine layer (Zhang et al., 2016). Biosynthesis, secretion, and translocation of 141 

sporopollenin precursors are essential for pollen wall development. Synthesis of 142 

sporopollenin precursors is conducted in the tapetum, and ACOS5, CYP703A, CYP704B, 143 

MS2, etc., play major roles in this process. Ubish bodies transport tapetum-derived 144 

sporopollenin precursors to developing exine. Lipidic pollen exine is made of 145 

sporopollenin that is derived from the polymerization of fatty acid metabolites and 146 

phenolic acid (Ariizumi and Toriyama, 2011). In addition, MYB80/MYB103 is required 147 

for anther development in both Arabidopsis and rice (Higginson et al., 2003; Zhang et 148 

al., 2007). Male Sterility1 (MS1), a homeodomain (PHD) finger motif TF, regulates 149 

biosynthesis and secretion of pollen wall components in Arabidopsis (Wilson et al., 150 

2001; Yang et al., 2007). A subsequent study by Li et al. (2011) found that PTC1, a MS1 151 

homolog in rice, is also essential for tapetal PCD and pollen development in rice (Li et 152 

al., 2011). Several genes associated with rice pollen wall development have been 153 

identified by microarray analysis; these include Cys protease (CP1; Lee et al., 2004), a 154 

fatty acyl-CoA reductase homologous to Arabidopsis MS2 (Aarts et al., 1997), lipid 155 

transfer proteins such as C4 (Tsuchiya et al., 1994), C6 (Zhang et al., 2010), YY1, BURP 156 

domain-containing proteins (RA8 and OsRAFTIN; Jeon et al., 1999), and a P450 family 157 

member CYP704B2 (Li et al., 2010). They were all down-regulated in the anther of the 158 

rice ptc1 mutant (Li et al., 2011). Moreover, mutagenesis studies suggest that 159 

CYP703A2 (Yang et al., 2014) and CYP704B2 (Li et al., 2010) are essential for pollen 160 

development, and their knockout lines exhibited impaired pollen development. MS2 is 161 

essential for pollen wall biosynthesis by mediating the production of the conserved 162 

plastidial pathway for the production of fatty alcohols that are essential for pollen wall 163 
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biosynthesis (Chen et al., 2011; Shi et al., 2011). Clearly, interruption of the functions of 164 

these genes resulted in abnormal pollen development.  165 

 In rice, bHLH142 is specifically expressed in the anther and regulates tapetal PCD 166 

and pollen wall development, and knockout of bHLH142 causes pollen sterility (Ko et 167 

al., 2014). To gain more insights into its functionality, in this study we generated 168 

transgenic lines overexpressing bHLH142 under the control of maize ubiquitin promoter. 169 

We demonstrated that constitutive overexpression of bHLH142 also leads to male 170 

sterility by triggering premature tapetal PCD. Our study provides a new method to 171 

generate genic male sterility in rice and possibly in other cereal crops too that may be 172 

suitable for agricultural application.  173 

 174 

Materials and Methods 175 

Constructs 176 

The bHLH142 (Os01g0293100) full length cDNA was PCR amplified using 177 

primers S80qPCR-F3_BamHI and S80FLcds-R2_BamHI (see online Supplementary 178 

Table 1) and the product is a 1373 bp BamHI fragment. This fragment was then digested 179 

with BamHI and ligated into pCAMBIA1390 backbone containing the maize ubiquitin 180 

promoter. Expression of the selection marker HptII gene that encodes hygromycin 181 

phosphotransferase was driven by cauliflower mosaic virus (CaMV) 35S promoter 182 

(Supplementary Fig. S1E). Another vector harboring fused bHLH142 and eGFP 183 

(Ubi::bHLH142- eGFP) was constructed to detect the tissue specificity of bHLH142 184 

protein using eGFP. All constructs were confirmed by sequencing. The plasmids were 185 

separately transformed and selected by antibiotic. Agrobaterium tumefaciens strain 186 

EHA105 was used for transfection to calli of TNG67 background following the method 187 

described previously (Chan et al., 1993).  188 
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 189 

Plant material and growth conditions  190 

Transformation of Japonica rice cultivar TNG67 was described previously (Ko et 191 

al., 2014). Primary transgenic lines were transplanted into soil and cultivated in the 192 

Academia Sinica-BCST greenhouse for genetically modified organisms, in Tainan, 193 

Taiwan.   194 

 195 

Southern blot analysis 196 

Genomic DNA was extracted from leaf tissues using the cetyltrimethylammonium 197 

bromide (CTAB) method (Lee et al., 2015). The genomic DNA was used for PCR and 198 

Southern blot analysis. Twenty micrograms of DNA was digested with HindIII and 199 

electrophoretically fractionated on a 0.8% agarose gel. Southern hybridization and 200 

detection were carried out using a digoxigenin-labeled HptII probe following the 201 

manufacturer’s instructions (Roche, http://www.rocheapplied-science.com). 202 

 203 

Histochemical staining 204 

Transverse paraffin sections of anther were sectioned, deparaffined, rehydrated, and 205 

stained for starch with 2% I2/KI solution. Sudan Black B (0.3%, w/v; Sigma, 206 

Lot#MKBQ9075V) prepared in 70% ethyl alcohol was used to stain lipids, as described 207 

previously (Oliveira, 2015).  208 

 209 

TUNEL assay 210 

To investigate the breakdown of tapetal programmed cell death, TUNEL assay was 211 

performed using the DeadEnd Fluorometric TUNEL system (Promega) as described 212 

previously (Ko et al., 2014). Anther development stages from MMC (S7) to vacuolated 213 
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pollen (S10) were collected.  214 

  215 

ROS staining and activity assay  216 

Anthers of Wt and OE142 line #96 at various developmental stages were collected. 217 

Superoxide anion was quantified using a water-soluble tetrazolium salt reagent WST-1: 218 

Na,2-[4-iodophenyl] -3-[4-nitrophenyl]-5- [2,4-disulfophenyl]- 2H-tetrazolium), as 219 

described previously (Yi et al., 2016).  220 

 221 

RNA isolation and qrt-pcr analyses 222 

Rice (Oryza sativa) spikelets at different developmental stages, sporogenous cell 223 

(SC, S6), microspore mother cell (MMC, S7), meiosis (Mei, S8), young microspore 224 

(YM, S9), vacuolated pollen (VP, S10), pollen mitotic (PM, S11), and mature pollen at 225 

one day before anthesis (MP, S12), were collected for total RNA isolation, using LiCl2 226 

method (Wang and Vodkin, 1994). One microgram of RNA was used to synthesize the 227 

oligo(dT) primed first-strand cDNA using the M-MLV reverse transcriptase cDNA 228 

synthesis kit (Promega). One microliter of the reverse transcription products was used as 229 

a template in the qRT-PCR reactions following previous protocols (Ko et al., 2014). 230 

Ubiquitin-like 5 (UBQ5, Os01g0328400) was used as an internal control for 231 

normalization of expression levels.  232 

 233 

Protein gel blot analysis 234 

Total protein was extracted from newly matured leaves with Culture Cell Lysis 235 

Reagent (CCLR) buffer (100 mM K2HPO4, 100 mM KH2PO4, pH 7.8, containing 1% 236 

Triton X-100, 10% glycerol, 1 mM EDTA, and 7 mM 2-mercaptoenthanol). Protein 237 

concentration was measured using the Bio-Rad Protein Assay Kit with bovine serum 238 
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albumin as a standard.  239 

For western blot analysis, 80 µg total protein from each sample was loaded and 240 

separated by SDS-PAGE with a 12% acryamide gel and transferred onto polyvinylidene 241 

fluoride (PVDF) membrane for antibody probing. Antibodies against the rice bHLH142 242 

and EAT1 were produced against the synthetic peptide (CSPTPRSGGGRKRSR) and 243 

(CELKILVEQKRHGNN), respectively. The following primary antibodies were used: 244 

Anti-bHLH142, rabbit polyclonal antibody (Genscript) at 1:4000 dilution, Anti-EAT1 245 

rabbit polyclonal antibody (Genscript) at 1:2000 dilution, and Anti-eGFP rabbit 246 

polyclonal antibody (Yao-Hong Biotechnology, Cat#YH-80005) at 1:10000 dilution. 247 

Anti-Actin mouse monoclonal antibody (Sigma, A0480) at 1:2500 dilution was used as 248 

equal loading control.  249 

 250 

GFP fluorescence microscopy  251 

Spikelet of the Wt, Ubi::bHLH142-eGFP and Ubi::GFP transgenic lines at the S9 to 252 

S10 stages were used for GFP florescence observation. GFP signal was recorded using a 253 

Zeiss LSM710 confocal microscope equipped with a T-PMT under an FITC filter at 254 

excitation of 488 nm and emission wavelength of 500-560 nm.   255 

 256 

RNA in-situ hybridization  257 

 Anthers of the non-transgenic Wt and OE142 at various developmental stages were 258 

collected and prepared in 10 µm thickness paraffin sections. Dig-labeled RNA probes of 259 

bHLH142 and EAT1 were cloned and prepared in advance. Hybridization protocols were 260 

as previously described (Ko et al., 2014).    261 

 262 

 263 
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Results 264 

bHLH142 overexpressing transgenic lines exhibit male sterility 265 

For functional genomics studies, we generated transgenic rice lines overexpressing 266 

bHLH142 under the control of the maize constitutive ubiquitin promoter in the japonica 267 

cultivar TNG67 (wild type, Wt) (Fig. 1A). More than 15 primary transgenic lines 268 

overexpressing bHLH142 (OE142) were obtained and none of them produced viable 269 

seeds at the maturation stage. Genomic PCR confirmed T-DNA insertion in the OE142 270 

lines (Supplementary Fig. S1F). With the exception of male sterility, the transgenic 271 

plants displayed Wt-like agronomic traits (Fig.1). All OE142 transgenic lines produced 272 

smaller anthers compared to the Wt (Fig. 1C and Supplementary Fig. S1B). Wt anthers 273 

dehisced normally during anthesis but OE142 anthers did not (Fig. 1D right panel). 274 

Also, Wt pollen stained strongly by I2/KI but weaker staining was observed in the pollen 275 

of OE142 lines, indicative of low starch content (Fig. 1E and Supplementary Fig. S2A). 276 

Finally, OE142 plants failed to produce viable seeds (Fig. 1B and Supplementary Fig. 277 

S1D).  278 

To elucidate the defect in pollen maturation in OE142, detailed histological assays 279 

were carried out. OE142 anther produced less viable pollen grains, as demonstrated by 280 

I2/KI staining (Fig. 1E and Supplementary Fig. S2A). Moreover, OE142 anther showed 281 

a very weak Sudan Black staining of lipids compared to the Wt (Supplementary Fig. 282 

S2B). Histochemical staining analysis suggests that defect in starch and lipid synthesis 283 

in the OE142 anther may be caused by overexpression of bHLH142. Transverse section 284 

examination showed that OE142 anther entered the meiosis stage and the microspores 285 

were released into anther locules (Supplementary Fig. S3). However, abnormal anther 286 

development in OE142 was observed at the vacuolated pollen stage (S10) where 287 

epidermal layer was not thickened. Degeneration of OE142 pollen was observed at the 288 
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pollen mitotic stage (S11) (Supplementary Fig. S3). At the anther maturation stage, Wt 289 

showed thickening of endothecial cell layers, ready for anther dehiscence 290 

(Supplementary Fig. S2C) but OE142 endothecial cell layers remained thin and no 291 

anther dehiscence took place (Supplementary Fig. S2C, S3). Finally, severely 292 

degenerated pollen grains were observed in OE142 at the anther maturation stage 293 

(Supplementary Fig. S2C, S3).  294 

 295 

OE142 has premature onset of tapetal PCD 296 

As defect in pollen development was observed in OE142 anther (Fig. 1, and 297 

Supplementary Fig. S1-S3), we suspected that overexpression of bHLH142 might have 298 

altered tapetal PCD, which is responsible for tapetum degeneration during maturation 299 

(Papini et al., 1999). Therefore, TUNEL assay was performed to detect DNA 300 

fragmentation in the anthers of OE142 line in comparison to Wt. As shown in Fig. 2, Wt 301 

exhibited a normal tapetal PCD signal starting from meiosis-II stage (S8b), which was 302 

increased at the young microspore stage (S9). However, premature onset of tapetal PCD 303 

was clearly observed in the OE142 anthers, which started at stage S8a with the highest 304 

DNA fragmentation signal occurring at S8b, but reduced PCD at S9 (Fig. 2). The 305 

corresponding TUNEL differential image contrast (DIC) images showing the anatomy 306 

of anther are presented in Supplementary Fig. S4. These data indicate that 307 

overexpression of bHLH142 triggered premature onset of tapetal PCD at S8a. However, 308 

OE142 lost timely tapetal PCD at S9 that is critical for releasing nutrients to nurture 309 

microspore development, leading to defected pollen maturation. 310 

  311 

Molecular changes in OE142 312 

Three OE142 lines with varying expression levels (#79, #82 and #96) were 313 
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propagated vegetatively for further molecular studies (Fig. 1C). Southern blot 314 

hybridization analysis with HptII probe indicated that T-DNA insert was integrated into 315 

the rice genome at 3, 1, and 3 copies in the OE142 lines #79, #82, and #96, respectively 316 

(Fig. 3A). Real time PCR analysis further showed that the bHLH142 transcript was 3.3, 317 

9.5 and 51.7 fold higher in the anthers of these respective lines, compared to that of Wt 318 

anther (Fig. 3B). The OE142 line #96 expressed most abundant bHLH142 mRNA and 319 

was therefore used for further molecular characterization, unless otherwise indicated. 320 

Irrespective of insertion copy number or bHLH142 transcript abundance, all three OE 321 

lines failed to produce fertile pollen grains as a result of defect in pollen viability. This 322 

result implies that a proper expression level of bHLH142 at the right stage is critical for 323 

maintaining normal pollen development in rice.  324 

 325 

bHLH142 protein is specifically expressed in the anther 326 

Previous RNA in situ hybridization (ISH) analysis indicated that bHLH142 is tissue 327 

specifically expressed in the anthers of Wt at S7 to S9 but not in the leaf (Fu et al., 2014; 328 

Ko et al., 2014). RNA ISH data indicated that bHLH142 transcript was localized 329 

specifically in the tapetum, middle layer, and meiocytes of the Wt (Fig. 3C). However, 330 

in OE142 transgenic line, bHLH142 transcript was detected in leaf tissue (Fig. 3E) and 331 

anther (Fig. 3B). Moreover, RNA ISH analysis further indicated that bHLH142 332 

transcript is constitutively expressed in the hulls, anther walls, vascular bundle, and 333 

meiocytes of OE142 (Fig. 3D). Surprisingly, western blot analysis using anti-bHLH142 334 

antibody showed that bHLH142 protein is only present in the anther but absent in the 335 

leaf of OE142 (Fig. 3E), suggesting post-transcriptional regulation of its expression. In 336 

addition, using Ubi::bHLH142-GFP transgenic plants generated in this study we 337 

demonstrated that GFP fluorescent signal was detected only in the anther but not in the 338 
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hull of the transgenic line (Fig. 4). Consistently, western blot analysis of various tissues 339 

from Ubi::GFP and Ubi::bHLH142-GFP plants further demonstrated that GFP protein is 340 

only present in the anther but not in the leaf, hull or seed of Ubi::bHLH142-GFP 341 

transgenic line (Fig. 4C, right panel). Transgenic line overexpressing Ubi::GFP served 342 

as a good positive control showing constitutive expression of GFP protein in all tested 343 

organs (Fig. 4C, left panel). These results show that both Ubi::bHLH142 (OE142) and 344 

Ubi::bHLH142-GFP constructs drove the expression of bHLH142 protein specifically in 345 

the anther. Clearly, bHLH142 is expressed in an anther specific manner in OE142. 346 

Moreover, both Ubi::bHLH142 (OE142) and Ubi::bHLH142-GFP transgenic lines 347 

showed a similar male sterility phenotype, presumably due to the overexpression of 348 

bHLH142.    349 

 350 

Overexpression of bHLH142 alters transcriptional regulation of several known genes 351 

related to pollen development   352 

To understand whether the pollen development regulatory network in OE142 was 353 

altered, qRT-PCR analysis of several of the known regulatory TFs that are involved in 354 

pollen development was carried out. As the expression of bHLH142 in the OE142 lines 355 

was driven by the strong constitutive ubiquitin promoter, its mRNA expression in the 356 

OE142 lines was consistently upregulated throughout all stages of anther development 357 

(Fig. 5A). Interestingly, the expression of GAMYB, UDT1 (bHLH164), and MYB35 358 

(TDF1) was also upregulated in the OE142 anthers (Fig. 5). TDR1 (bHLH5) was 359 

upregulated at the early stage but then downregulated at the meiosis stage (S8) in OE142 360 

(Fig. 5E). Similarly, EAT1 was upregulated at the early meiosis stages from S6 to S8 but 361 

strongly suppressed after reaching the young microspore stage (S9) in the anthers of 362 

OE142 (Fig. 5F). In addition, the expression of MYB80 was found downregulated at 363 
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meiosis onwards (Fig. 5G). Similar to MYB80, PTC1, a key regulator of tapetal PCD 364 

and pollen wall biosynthesis (Li et al., 2011), declined significantly to a negligible 365 

amount at S9 in the OE142 anthers (Fig. 5H). Clearly, constitutively overexpressing 366 

bHLH142 alters the expression of the key regulatory TFs associated with pollen 367 

development.    368 

  369 

Overexpression of bHLH142 downregulates PCD related functional genes 370 

EAT1 is known to trigger tapetal PCD by regulating the expression of two Aspartic 371 

Proteases (AP37, AP25) at the young microspore stage (Niu et al., 2013). In OE142 372 

anthers, EAT1 was significantly downregulated at S9 (Fig. 5F). TUNEL assay indicated 373 

premature onset of tapetal PCD in OE142 anthers (Fig. 2), which was correlated with 374 

the upregulation of EAT1 before the meiosis stage (Fig. 5F). Slightly higher expression 375 

of AP37 and AP25 at the early stages of OE142 anther development was observed (Fig. 376 

6). Normally, Wt rice exhibits the strongest expression of EAT1, AP37, AP25, and CP1 377 

at S9 to turn on timely tapetal PCD (Fig. 5F, 6). Thus, the negligible expression levels of 378 

these marker genes associated with PCD at S9 in the anthers of OE142 further supports 379 

the notion that decreased expression of these tapetal functional genes might disrupt 380 

timely tapetal PCD (Fig. 2). Consistently, reduced expression of these two proteases 381 

(AP37 and AP25) coincided with the reduction of EAT1 mRNA in OE142 at S9 (Fig. 5F, 382 

6). Thus, collectively these results further supported the previous finding that EAT1 383 

regulates AP37 and AP25 (Niu et al., 2013).  384 

 385 

OE142 has altered ROS metabolism in the anther 386 

Timely accumulation of ROS is essential to induce PCD during tapetum degeneration 387 

(Hu et al., 2011; Yi et al., 2016). The premature onset of tapetal PCD as shown in Fig. 2 388 
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prompted us to hypothesize that OE142 may have altered ROS metabolism in the 389 

anthers. Therefore, quantitative measurement of superoxide ion using WST-1 was 390 

performed in the anthers of the Wt and OE142 line at various developmental stages. 391 

Normally, ROS accumulates more at S8 to S9 to trigger tapetal PCD (Xie et al., 2014). 392 

Our results showed that the Wt anthers accumulated the highest level of superoxide 393 

anions during the meiosis stage; however, OE142 had significantly lower level of 394 

superoxide anions compared to the Wt. In addition, the anthers of OE142 accumulated 395 

more superoxide anions at the later stage of anther development (Fig. 7A) that might be 396 

toxic for OE142 anther development. A previous study suggested that tapetal PCD 397 

requires timely and precise control of ROS levels (Xie et al., 2014). We therefore 398 

compared the expression of rice ROS scavenging associate genes in OE142 at various 399 

stages of anther development. Our qRT-PCR analysis indicated that OE142 reduced the 400 

expression of MADS3 and MT2b (Fig. 7). Earlier studies suggest that MADS3 involved 401 

in ROS metabolism to trigger PCD (Hu et al., 2011). Our qRT-PCR results indicated that 402 

MADS3, and MT2b were significantly downregulated in the anthers of OE142 (Fig.7B, 403 

C), which is consistent with the higher ROS accumulation in OE142 as compared to the 404 

Wt (Fig. 7A). Taken together, these results suggest that decreased ROS scavenging 405 

activity in OE142 anthers affects ROS metabolism and initiation of synchronized PCD, 406 

resulting in defective pollen grains (Fig. 1E). Based on the fact that EAT1 expression is 407 

downregulated at the S9 stage in OE142 anthers, we contemplated whether EAT1 may 408 

play an important regulatory role in ROS metabolism. To verify the possible gene 409 

hierarchy in this regulatory process, qRT-PCR analyses of the expression of ROS marker 410 

genes in eat1 (Tos17 mutant) anthers were carried out. The results indicated that MADS3 411 

and MT2b were downregulated in eat1 mutant (Fig. 7D, E), implies that MADS3 and 412 

MT2b genes might be located downstream of the EAT1 regulatory network. Taken 413 
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together, these data suggest that overexpression of bHLH142 causes downregulation of 414 

EAT1 at the late stage of anther development, which in turn alters the expression of ROS 415 

scavenging genes with decreased scavenging activity and accumulation of ROS 416 

molecules, leading to defected male gametophyte development.    417 

 418 

Overexpression of bLHL142 impairs sporopollenin biosynthesis  419 

Lipidic exine synthesis is an important component of the pollen wall in rice and 420 

Arabidopsis (Yang et al., 2007). The anthers of OE142 were weakly stained by the lipid 421 

specific dye Sudan Black compared to that of Wt (Supplementary Fig. S2B). Moreover, 422 

the TF PTC1 was downregulated in OE142 (Fig. 5H). Several lipid transfer proteins 423 

were also downregulated in ptc1 anthers (Li et al., 2011). Therefore, the expression of 424 

these marker genes related to pollen sporopollenin biosynthesis was monitored by real 425 

time PCR during OE142 pollen development. The results demonstrated that 426 

overexpression of bHLH142 sharply reduced the expression of these genes related to 427 

sporopollenin and pollen wall biosynthesis. The transcripts of Cyp703A3, Cyp704B2, 428 

MS2, and C4 were almost not detectable in OE142. The expression of C6 was also 429 

down-regulated in the anthers of OE142 at the late stage of development (Fig. 8). Our 430 

analyses with rice tdr1 and eat1 mutants also indicated that MYB80 was downregulated 431 

at S9. Similarly, PTC1, a key regulator of sporopollenin biosynthesis, was significantly 432 

downregulated in the eat1 anther (Supplementary Fig. S5). Taken together, these 433 

results support the idea that both MYB80 and PTC1 regulate sporopollenin biosynthesis 434 

in both monocots and dicots. Thus, overexpressing bHLH142 caused downregulation of 435 

EAT1 at S9, which might severely inhibit MYB80 and PTC1 and reduce sporopollenin 436 

gene expression (Fig. 8) and interrupt normal sporopollenin biosynthesis with defected 437 

pollen wall in OE142 transgenic lines.   438 
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 439 

OE142 anther exhibits parallel changes in EAT1 transcript and protein 440 

In this study, we found that EAT1 was upregulated at stages S6 to S8 but then 441 

downregulated at S9 in the anthers of OE142 (Fig. 5F, 9A). To understand the spatial 442 

and temporal expression patterns of EAT1 in OE142, we carried out RNA ISH 443 

hybridized EAT1 Dig-labeling probe in the anthers of Wt vs. OE142 at S8a and S9. The 444 

results revealed that EAT1 mRNA was highly expressed in the tapetum, middle layer, 445 

meiocycte, microspore, vascular bundle, and hull of the Wt at S9 (Fig. 9B). However, 446 

ISH positive signal of EAT1 was strong in the anthers of OE142 at early meiosis (S8a), 447 

but significantly reduced to a negligible level at YM (S9). The ISH results support our 448 

EAT1 qRT-PCR data (Fig. 5F), providing a clear picture of the in vivo transcriptional 449 

map of EAT1.  450 

 Western blot analysis further revealed that bHLH142 protein was specifically 451 

accumulated in the OE142 anthers (Fig. 3F). EAT1 protein was not detectable at S8a but 452 

accumulated at a high level at S9 in the Wt (S9). However, OE142 anthers precociously 453 

expressed EAT1 protein at S8a but its expression was reduced to negligible level at S9 454 

(Fig. 9C). These data suggest that overexpression of bHLH142 prematurely upregulate 455 

EAT1 transcription (Fig. 5F, 9A) as well as its protein level (Fig. 9C) in the anthers of 456 

OE142. Thus, the decreased transcript abundance and protein amount of EAT1 at S9 457 

might interrupt the normal anther development in the OE142 transgenic lines.  458 

In our previous study, we demonstrated that bHLH142 interacts with TDR1 to 459 

co-modulate EAT1 transcriptional activity (Ko et al., 2014). Overexpression of 460 

bHLH142 increases bHLH142 protein level, which may in turn enhance 461 

bHLH142/TDR1 protein-protein interaction to increase EAT1 expression at the early 462 

stage of anther development. However, downregulation of TDR1 expression at S8 and 463 
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onward (Fig. 5E) might decrease TDR1 protein translation and then hamper 464 

TDR1/bHLH12 protein-protein interaction, therefore significantly reduce EAT1 465 

expression at later stages even though high bHLH142 protein is present in the anthers of 466 

OE142. In additions, a low EAT1 protein level at S9 (Fig. 9C) might further reduce 467 

TDR1/EAT1 interaction and subsequently influence the regulatory cascade of 468 

downstream target genes and result in defected pollen development in OE142 anthers.    469 

470 
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DISCUSSION 471 

 472 

Overexpression of bHLH142 causes male sterility by triggering premature PCD 473 

In an effort to provide greater insight into the functionality of bHLH142 in rice 474 

pollen development, we generated transgenic lines constitutively overexpressing 475 

bHLH142. To our surprise, overexpression of bHLH142 also leads to male sterility in 476 

rice, similar to the knockout mutant reported previously (Ko et al., 2014). Except for the 477 

defect in pollen development, OE142 transgenic lines maintain wild-type like vegetative 478 

growth (Fig. 1; Supplementary Fig. S1, S2).  479 

Our in-depth molecular characterization suggests that overexpression of bHLH142 480 

significantly alters in vivo homeostasis of the known key pollen development-related 481 

regulatory TFs in the OE142 anthers (Fig. 5). For example, UDT1, GAMYB, MYB35, 482 

TDR1, and EAT1 were upregulated in OE142 at the early stages of anther development 483 

(Fig. 5). Presumably, this triggers a premature onset of tapetal PCD in OE142 anthers 484 

before the maturation of pollen grains, as shown in the TUNEL assay (Fig. 2). The 485 

reduced expression of EAT1 at the young microspore stage (S9) and onward in OE142 486 

anthers (Fig. 5F) further impairs the normal development of pollen grains because of 487 

reduced expression of the downstream genes in the PCD pathway, such as AP37, AP25, 488 

and CP1 (Fig. 6) and pollen wall biosynthesis, such as MYB80, PTC1, MS2, Cyp704B2, 489 

C4, and C6 (Fig. 8). Obviously, interference with the timely expression of these pollen 490 

development associated genes leads to male sterility in OE142.  491 

 492 

Tightly regulated bHLH TFs are essential for pollen development 493 

Our study revealed that overexpression of bHLH142 causes significant changes in 494 
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the expression of known regulatory genes associated with tapetal PCD, ROS metabolism, 495 

and pollen wall development (Fig. 6-8), thus leading to male sterility in OE142 496 

transgenic plants. This may result from the interference in its protein interaction with 497 

TDR1 in activational transcription of EAT1 (Ko et al., 2014). This study advances our 498 

knowledge of the molecular mechanism underlying the bHLH142 and EAT1 499 

transcriptional circuits controlling pollen development in rice and possibly in other 500 

plants as well. Timely expression and maintenance of proper expression levels of these 501 

bHLH TFs must be tightly regulated developmentally for normal pollen maturation. The 502 

hierarchy of several known regulatory network genes associated with pollen 503 

development is therefore clarified in this study.  504 

Based on this and previous studies, we propose a mechanistic model of genic male 505 

sterility in rice as caused by overexpressing bHLH142 (Fig. 10). According to the model, 506 

overexpressing bHLH142 causes upregulation of UDT1, GAMYB, TDR1, and EAT1 at 507 

the early stage of anther development. This consequently leads to premature onset of 508 

tapetal PCD. However, EAT1 is downregulated at the young microspore stage (YM, S9) 509 

in OE142 anthers, which in turn further reduces the expression of the downstream 510 

functional genes involved in PCD (AP37, AP25, and CP1), ROS scavenging (MADS3 511 

and MT2b), and pollen wall biosynthesis (MYB80, PTC1, Cyp704B2, MS2, and C4) and 512 

impairs normal pollen grain maturation. Thus, increased ROS accumulation, defect in 513 

timely tapetal PCD at the YM stage, and defect in pollen wall development, eventually 514 

lead to male sterility in the OE142 plants. The alterations in homeostasis of key TFs in 515 

pollen development or protein-protein interaction between bHLH142/TDR1 or 516 

TDR1/EAT1 may account for the decreased expression of downstream pollen 517 

development marker genes regulated by EAT1 (Ko et al., 2014). 518 

 519 
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Potential of establishing a male sterility line by overexpressing key TFs 520 

Our finding that overexpression of bHLH142 (TIP2) causes male sterility by 521 

triggering premature PCD in rice is similar to previous results obtained by 522 

overexpressing several pollen development related transcription factors in other species. 523 

A total of 148 out of 196 Arabidopsis transformants overexpressing AMS (rice homolog 524 

of TDR1) produced sterile pollen, mimicking the ams mutant phenotype (Sorensen et al., 525 

2003). It is claimed that the resulting male sterility might be due to co-suppression of 526 

AMS, but our results tend to suggest that altered homeostasis of the related TFs may be 527 

the major cause. Moreover, overexpressing MS1 as driven by the CaMV35S promoter 528 

also caused stunted plants with sterile pollen in Arabidopsis (Yang et al., 2007). 529 

Recently, the ortholog of MS1 in barley (HvMS1) was cloned and its expression was 530 

altered to be either overexpressed or suppressed (Fernandez Gomez and Wilson, 2014). 531 

Both RNAi and overexpression of HvMS1 full-length cDNA under the control of the 532 

maize ubiquitin promoter caused male sterile phenotype in the transgenic barley plants. 533 

Also, knockout of AtCEP1, which encodes a papain-like cysteine protease involved in 534 

tapetal PCD, delayed tapetal PCD, while its overexpression caused premature tapetal 535 

PCD (Zhang et al., 2014). Thus, we hypothesize that overexpression of other key TFs in 536 

the pollen development regulatory network, such as GAMYB, UDT1, TDR1, or EAT1 537 

(DTD1, bHLH141) may also cause male sterile phenotype in rice due to alteration in the 538 

homeostasis of the regulatory cascades in pollen development. 539 

 540 

Advantages of using OE142 in hybrid seed production  541 

In this study, overexpression of bHLH142, an anther-specific TF gene, by a strong 542 

constitutive promoter led to its ubiquitous transcription in leaves, hulls, as well as in the 543 

anther of OE142, as expected (Fig. 3). However, bHLH142 protein expression was not 544 
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constitutively expressed. Rather, its expression was maintained in a tissue specific 545 

manner in the anthers (Fig. 3F and 4). The ubiquitin promoter is expected to drive 546 

ubiquitous gene expression. However, protein expression level is determined by the rate 547 

of transcription and by post-transcriptional processes that lead to changes in mRNA 548 

transport, stability, and translational efficiency. The nuclear localization sequence (NLS) 549 

mediates the transport of nuclear proteins into the nucleus. bHLH142 contains two NLS 550 

and targeted protein is localized in the nucleus (Ko et al., 2014). The basis for the 551 

specific expression of bHLH142 in anthers, as driven by the ubiquitous promoter,  552 

requires further study. Some unknown posttranscriptional factor(s) specifically in the 553 

anthers may be required for its translation. In fact, overexpressing target genes in an 554 

anther-specific manner is desirable from the perspective of GMO food biosafety because 555 

anther-specific expression will avoid any unintended expression in other tissues, 556 

especially in the edible part of the seed (Fig. 4). This may be more acceptable to 557 

consumers. 558 

 559 

Future prospects 560 

Cytoplasmic male sterility (CMS) is widely used in F1 seed production in rice. 561 

Wild abortive (WA) CMS gene encodes a tapetal mitochondrial protein, WA352, which 562 

interacts with the nucleus encoded mitochondrial protein COX11 to inhibit ROS- 563 

scavenging activity, thus triggering premature tapetal PCD and pollen abortion (Luo et 564 

al., 2013). Whereas CMS guarantees a high degree of purity of hybrid seeds it increases 565 

production cost. Therefore, there is a great demand for the generation of new male 566 

sterility lines for production of hybrid crops, such as rice, maize and wheat, etc. Here, 567 

we showed that overexpression of bHLH142 may provide a novel and simple way to 568 

generate genic male sterility lines in rice. Normally, genetic engineering using the 569 
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overexpression approach is preferred to RNAi by the biotech industry. However, one 570 

major concern with this technology is the maintenance of the genic male sterility line as 571 

it fails to produce viable seeds as stock. A strategy to generate inducible male sterility 572 

and restorer hybrid seed production has been demonstrated in Arabidopsis (Li et al., 573 

2007). In this system, a complete male sterility transgenic line was generated using 574 

AtMYB103EAR chimeric repressor construct under the control of the native 575 

AtMYB103 promoter, whereas the restorer containing the AtMYB103 gene under the 576 

control of a stronger anther-specific promoter (p39) was introduced into the pollen 577 

parent (Li et al., 2007). Fertility is restored when the restorer line is crossed with the 578 

male sterile plant. Another possible solution to alleviate this problem is to employ an 579 

inducible promoter to drive its expression. GM male sterility plants generated by 580 

overexpression of a MYC5-SRDX chimeric repressor under the control of an inducible 581 

promoter have been demonstrated in Arabidopsis (Figueroa and Browse, 2015). Other 582 

promoters inducible by chemicals, temperature or light can also be considered and 583 

tested.   584 
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Figure legends 605 

 606 

Fig. 1. Overexpression of bHLH142 (OE142) caused male sterility in rice. 607 

(A) Plant phenotype of wild-type (TNG67, Wt) and OE142 line #96 at seed maturation stage. (B) 608 

Panicles of Wt and OE142 at seed maturation stage. (C) Spikelets of Wt (in left) and several 609 

OE142 T0 lines at one day before anthesis. (D) Anthers dehiscence in the Wt but not in OE142 610 

transgenic line. (E) Staining of pollen grains by 2% I2/KI solution in the Wt and OE142 line #96. 611 

Arrows show the dehisce anther (D). Arrowhead show infertile pollens (E). Scale bars: 20 cm 612 

(A), 3 cm (B), 2 mm (C), 20 µm (D, E). 613 

 614 

Fig. 2. TUNEL assay showing premature onset of tapetal programmed cell death in the OE142 615 

anther.  616 

DNA fragmentation signals (yellow fluorescence) started at the meiosis II stage (S8b) and 617 

exhibited obvious positive TUNEL signals at the young microspore stage (S9) in the Wt (upper 618 

panel). Early DNA fragmentation signal was observed in the tapetum of OE142 at meiosis I 619 

(S8a), and increased TUNEL positive signals occurred at the meiosis II (S8b) stage (lower panel). 620 

The red signal exhibits propidium iodide staining, and the yellow fluorescence is the merged 621 

signal from TUNEL (green) and propidium iodide staining (red). Scale bars: 50 µm. 622 

 623 

Fig. 3. Expression patterns of bHLH142 mRNA and protein in the OE142 transgenic line.  624 

(A) Southern blot indicated T-DNA insertion number in the OE142 transgenic lines. Twenty 625 

micrograms of DNA from each line was digested with HindIII and fractionated on 0.8% agarose 626 

gel. Southern blot was carried out using a digoxigenin-labeled HptII probe. (B) qRT-PCR 627 

showed up-regulation of bHLH142 transcript in the anther of OE lines at young microspore 628 

stage. (C) RNA ISH of bHLH142 antisense probe hybridization in the Wt anther at meiosis stage 629 

(S8). (D) RNA ISH of bHLH142 antisense probe hybridization in OE142 anther at meiosis stage 630 

(S8). (E) Overexpression of bHLH142 significantly increased bHLH142 transcripts in the leaves 631 

of OE142 as analyzed by qRT-PCR. (F) Protein of bHLH142 was not expressed in the leaves of 632 

OE142 as analyzed by western blot analysis. It was specifically expressed in the anthers. KO 633 

mutant, ms142, was included as a negative control for western blotting of bHLH142. Error bars 634 

indicate SD of mean from three replicates (B, E). Arrows indicated ISH positive signals in the 635 

anther walls (C); ISH positive signals in the hulls, vascular bundle, and anther walls of OE142 636 

(E). The arrowhead indicates no ISH signal in the hull of Wt. Scale bars: 20 um (C, D). 637 

 638 

Fig. 4. Protein of bHLH142 is specifically expressed in the anther.  639 

GFP signals observed under fluorescence microcopy for spikelet (A) and anthers (B). Upper 640 

panel shows bright field and lower panel shows GFP signals. Arrowheads show GFP signals in 641 
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the spikelets and anthers of transgenic lines. Scale bars: 50 µm (A), 20 µm (B). (C) Western 642 

blotting using anti-eGFP antibody indicated bHLH142 protein is tissue specifically expressed in 643 

the anther of Ubi::bHLH142-GFP plant only. Transgenic rice overexpressing GFP as driven by 644 

ubiquitin promoter was included as a control. Anthers at vacuolated pollen stage were collected 645 

for protein isolation. 646 

 647 

Fig. 5. Overexpression of bHLH142 altered expression in some transcription factors involved in 648 

pollen development.  649 

SC, sporogenous cell, S6; MMC, microspore mother cell, S7; Mei, meiosis, S8; YM, young 650 

microspore, S9. Error bars indicate the SD of mean from three replicates. 651 

 652 

Fig. 6. Overexpression of bHLH142 altered expression patterns in tapetal PCD associated genes.   653 

(A) Gene expression of AP37. Red area is magnification. (B) Gene expression of AP25. (C) 654 

Gene expression of CP1. Abbreviations are as described in the legend for Fig. 5. 655 

 656 

Fig. 7. Overexpression of bHLH142 altered superoxide anion accumulation and the expression 657 

of ROS-associated genes.  658 

(A) Alter superoxide anion levels in the anthers of OE142. (B) Comparison of Wt and OE142 659 

using qRT-PCR to analyze gene expression patterns of MADS3 and MT2b (C). (D-E) 660 

Mutagenesis analysis indicated gene hierarchy of MADS3 and MT2b locate downstream of EAT1. 661 

Wild type for eat1 is in Hitomebore background. Abbreviations are as described in the legend of 662 

Fig. 5. 663 

 664 

Fig. 8. Overexpression of bHLH142 altered the expression of genes associated with pollen wall 665 

biosynthesis.  666 

Comparison of Wt and OE142 using qRT-PCR to analyze gene expression patterns of Cyp703A3 667 

(A), MS2 (B), Cyp704B2 (C), C4 (D), and C6 (E). Abbreviations are as described in the legend 668 

of Fig. 5. 669 

 670 

Fig. 9. Transcript and protein levels of EAT1 were upregulated at the early stage and then 671 

downregulated at later stage of anther development in OE142.    672 

(A) qRT-PCR revealed upregulation of EAT1 at (S7) and downregulation at YM (S9). (B) RNA 673 

ISH hybridization to EAT1-antisense probe in the Wt and OE142 anthers at stages S8 to S10. (C) 674 

Western blotting showed premature expression of EAT1 protein at MMC and downregulation at 675 

YM in OE142. The knockout mutant eat1 was used as a negative control. Abbreviations are as 676 

described in the legend of Fig. 5. Scale bars: 20 µm. 677 

 678 

Fig.10. Proposed mechanistic model of male sterility in rice caused by overexpressing 679 
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bHLH142.   680 

Overexpression of bHLH142 upregulates UDT1, GAMYB, TDR1, and EAT1 at an early stage of 681 

anther development cause premature onset of tapetal PCD at meiosis-I (S8a). However, EAT1 is 682 

downregulated at the young microspore stage (YM, S9), which in turn reduces the expression of 683 

the downstream genes involved in ROS scavenging (MADS3, MT2b). Moreover, OE142 684 

downregulated PCD marker genes (AP37, AP25, CP1), and sporopollenin biosynthesis genes 685 

(MYB80, PTC1, MS2, CYP704B2, C4, C6). Thus, defected tapetal PCD at YM stage (S9) and 686 

defected pollen wall development together leads to male sterility in the overexpression line. 687 

Genes marked in red or green denote upregulation or downregulation, respectively. Solid arrow 688 

lines indicate direct regulation, while dotted arrow lines indicate indirect regulation. Double 689 

arrows represent protein-protein interaction. SC, sporogenous cell; MMC, microspore mother 690 

cell; YM, young microspore stage (S9). 691 

 692 

Supplementary data 693 

 694 

Supplementary Table S1. Primers used in this study.  695 

 696 

Supplementary Fig. S1. bHLH142 overexpressing transgenic lines.  697 

(A) Panicles of wild-type (Wt) and different OE142 T0 lines at the mature stage. (B) Spikelets of 698 

Wt (left) and several OE142 T0 lines at one day before anthesis. (C) Grains of Wt (filled) and 699 

several OE142 T0 lines at the harvest stage. (D) De-hulled seeds of Wt (filled) and several 700 

OE142 T0 lines showing inviable seeds at the harvest stage. (E) Construct map and primer 701 

design for genomic PCR to confirm T-DNA insertion. (F) Genomic PCR confirmed T-DNA 702 

insertion in different OE142 lines. 703 

 704 

Supplementary Fig. S2. Overexpression of bHLH142 (OE142) resulted in defect in anther 705 

development in rice.  706 

(A) Staining of anther and pollen grains by 2% I2/KI solution in the wild-type (Wt) and OE142 707 

line #96 at 1 day before anthesis (DBA). (B) Weak staining of Sudan Black in the transverse 708 

anther section of OE142 (right panel) compared to the Wt (left panel) at 1 DBA. (C) Transverse 709 

anatomical comparison of anther of the wild-type (Wt) and OE142 at 1 DBA using DIC. Arrows 710 

show the fertile pollen (B, C) and the thickening of endothelial cell layers, prior to anther 711 

dehiscence (C). Arrowheads show degenerated pollens (C, right panel). Scale bars: 100 um (A), 712 

20 um (B, C). 713 

 714 
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Supplementary Fig. S3. Transverse sections showing defect of anther development in OE142 715 

line. 716 

Arrows indicate the thin epidermal layer in OE142 anther. Arrowheads show the degenerated 717 

pollens. Scale bars: 20 µm. 718 

 719 

Supplementary Fig. S4. Differential interference contrast (DIC) images of anther cross sections 720 

corresponding to TUNEL assay. 721 

Upper panel: wild type, lower panel: OE142. Scale bars: 50 µm. 722 

 723 

Supplementary Fig. S5. Mutagenesis analysis indicated gene hierarchy of MYB80 and PTC1.  724 

Wild type for tdr1 is Dongjin, eat1 is in Hitomebore background. Abbreviations are as described 725 

in the legend of Fig. 5. 726 

 727 

Supplementary Fig. S6. RNA ISH to EAT1- sense probe to anthers at various developmental 728 

stages of the Wt and OE142.   729 

Scale bars: 20 µm.  730 

 731 

 732 

  733 
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Fig. 1. Overexpression of bHLH142 (OE142) caused male sterility in rice. 
(A) Plant phenotype of wild-type (TNG67, Wt) and OE142 line #96 at seed maturation 
stage. (B) Panicles of Wt and OE142 at seed maturation stage. (C) Spikelets of Wt (in left) 
and several OE142 T0 lines at one day before anthesis. (D) Anthers dehiscence in the Wt 
but not in OE142 transgenic line. (E) Staining of pollen grains by 2% I2/KI solution in the 
Wt and OE142 line #96. Arrows show the dehisce anther (D). Arrowhead show infertile 
pollens (E). Scale bars: 20 cm (A), 3 cm (B), 2 mm (C), 20 µm (D, E). 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 15, 2017. ; https://doi.org/10.1101/116996doi: bioRxiv preprint 

https://doi.org/10.1101/116996
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 2. TUNEL assay showing premature onset of tapetal programmed cell death in the OE142 
anther.  
DNA fragmentation signals (yellow fluorescence) started at the meiosis II stage (S8b) and 
exhibited obvious positive TUNEL signals at the young microspore stage (S9) in the Wt (upper 
panel). Early DNA fragmentation signal was observed in the tapetum of OE142 at meiosis I 
(S8a), and increased TUNEL positive signals occurred at the meiosis II (S8b) stage (lower 
panel). The red signal exhibits propidium iodide staining, and the yellow fluorescence is the 
merged signal from TUNEL (green) and propidium iodide staining (red). Scale bars: 50 µm. 
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Fig. 3. Expression patterns of bHLH142 mRNA and protein in the OE142 transgenic line.  
(A) Southern blot indicated T-DNA insertion number in the OE142 transgenic lines. Twenty micrograms of DNA from each line 
was digested with HindIII and fractionated on 0.8% agarose gel. Southern blot was carried out using a digoxigenin-labeled HptII 
probe. (B) qRT-PCR showed up-regulation of bHLH142 transcript in the anther of OE lines at young microspore stage. (C) RNA 
ISH of bHLH142 antisense probe hybridization in the Wt anther at meiosis stage (S8).  (D) RNA ISH of bHLH142 antisense probe 
hybridization in OE142 anther at meiosis stage (S8). (E) Overexpression of bHLH142 significantly increased bHLH142 transcripts 
in the leaves of OE142 as analyzed by qRT-PCR. (F) Protein of bHLH142 was not expressed in the leaves of OE142 as analyzed by 
western blot analysis. It was specifically expressed in the anthers. KO mutant, ms142, was included as a negative control for 
western blotting of bHLH142. Error bars indicate SD of mean from three replicates (B, E). Arrows indicated ISH positive signals in 
the anther walls (C); ISH positive signals in the hulls, vascular bundle, and anther walls of OE142 (E). The arrowhead indicates no 
ISH signal in the hull of Wt. Scale bars: 20 um (C, D). 
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Fig. 4. Protein of bHLH142 is specifically expressed in the anther.  
GFP signals observed under fluorescence microcopy for spikelet (A) and anthers (B). Upper panel 
shows bright field and lower panel shows GFP signals. Arrowheads show GFP signals in the 
spikelets and anthers of transgenic lines. Scale bars: 50 µm (A), 20 µm (B). (C) Western blotting 
using anti-eGFP antibody indicated bHLH142 protein is tissue specifically expressed in the anther 
of Ubi::bHLH142-GFP plant only. Transgenic rice overexpressing GFP as driven by ubiquitin 
promoter was included as a control. Anthers at vacuolated pollen stage were collected for 
protein isolation. 
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Fig. 5. Overexpression of bHLH142 altered expression in some transcription factors 
involved in pollen development.  
SC, sporogenous cell, S6; MMC, microspore mother cell, S7; Mei, meiosis, S8; YM, young 
microspore, S9. Error bars indicate the SD of mean from three replicates. 
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Fig. 6. Overexpression of bHLH142 altered expression patterns in tapetal PCD 
associated genes.   
(A) Gene expression of AP37. Red area is magnification. (B) Gene expression of 
AP25. (C) Gene expression of CP1. Abbreviations are as described in the 
legend for Fig. 5. 
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Fig. 7. Overexpression of bHLH142 altered superoxide anion accumulation and the 
expression of ROS-associated genes.  
(A) Alter superoxide anion levels in the anthers of OE142. (B) Comparison of Wt and 
OE142 using qRT-PCR to analyze gene expression patterns of MADS3  and MT2b (C). 
(D-E) Mutagenesis analysis indicated gene hierarchy of MADS3 and  MT2b locate 
downstream of EAT1. Wild type for eat1 is in Hitomebore background. 
Abbreviations are as described in the legend of Fig. 5. 
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Fig. 8. Overexpression of bHLH142 altered the expression of genes associated 
with pollen wall biosynthesis.  
Comparison of Wt and OE142 using qRT-PCR to analyze gene expression patterns 
of Cyp703A3 (A), MS2 (B), Cyp704B2 (C), C4 (D), and C6 (E). Abbreviations are as 
described in the legend of Fig. 5. 
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Fig. 9. Transcript and protein levels of EAT1 were upregulated at the early stage and then 
downregulated at later stage of anther development in OE142.    
(A) qRT-PCR revealed upregulation of EAT1 at  (S7) and downregulation at YM (S9). (B) RNA ISH 
hybridization to EAT1-antisense probe in the Wt and OE142 anthers at stages S8 to S10. (C) 
Western blotting showed premature expression of EAT1 protein at MMC and downregulation at 
YM in OE142. The knockout mutant eat1 was used as a negative control. Abbreviations are as 
described in the legend of Fig. 5. Scale bars: 20 µm. 
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Fig.10. Proposed mechanistic model of male sterility in rice caused by overexpressing bHLH142.   
Overexpression of bHLH142 upregulates UDT1, GAMYB, TDR1, and EAT1 at an early stage of 
anther development. However, EAT1 is downregulated at the young microspore stage (YM, S9), 
which in turn reduces the expression of the downstream genes involved in ROS scavenging 
(MADS3, MT2b), leading to premature onset of tapetal PCD at meiosis-I (S8a). Moreoer, OE142 
downregulated  PCD (AP37, AP25, CP1), and sporopollenin biosynthesis (MYB80, PTC1, MS2, 
CYP704B2, C4, C6). Thus, defected tapetal PCD at YM stage (S9) and defected pollen wall 
development together leads to male sterility in the overexpression line. Genes marked in red or 
green denote upregulation or downregulation, respectively. Solid arrow lines indicate direct 
regulation, while dotted arrow lines indicate indirect regulation. Double arrows represent 
protein-protein interaction. SC, sporogenous cell; MMC, microspore mother cell; YM, young 
microspore stage (S9). 
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