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Background. The phenomenon of male sterility widely occurs in Prunus sibirica and has seriously
affected the production yield. We identified the key stage and cause of male sterility and found
differentially expressed genes related to male sterility in Prunus sibirica, and we analyzed the expression
pattern of these genes. This work aimed to provide valuable reference and theoretical basis for the study
of reproductive development and the mechanisms of male sterility in Prunus sibirica.

Method. The microstructures of male sterile flower buds and male fertile flower buds were observed by
paraffin section. Transcriptome sequencing was used to screen genes related to male sterility in Prunus
sibirica. Quantitative real-time PCR analysis was performed to verify the transcriptome data.

Results. Anther development was divided into the sporogenous cell stage, tetrad stage, microspore
stage, and pollen maturity stage. Compared with male fertile flower buds, in the microspore stage, the
pollen sac wall tissue in the male sterile flower buds showed no signs of degeneration. In the pollen
maturity stage, the tapetum and middle layer were not fully degraded, and the anther development
stopped. Therefore, the microspore stage was the key stage of anther abortion, and the pollen maturity
stage was the post-abortion stage. A total of 4108 differentially expressed genes were screened out by
transcriptome analysis. Among them, 1899 were up-regulated, and 2209 were down-regulated in the
transcript of male sterile flower buds. We found that “protein kinase activity”, “apoptosis process”,
“calcium binding”, “cell death”, “cytochrome c oxidase activity”, “aspartate peptidase activity”,
“cysteine peptidase activity” and other biological pathways such as “starch and sucrose metabolism”
and “proteasome” were closely related to male sterility in Prunus sibirica. A total of 332 key genes were
preliminarily screened.

Conclusion. The occurrence of male sterility in Prunus sibirica involved many biological processes and
metabolic pathways. According to the results of microstructure observations, related physiological
indexes determination and transcriptome analysis, we inferred that the occurrence of male sterility in
Prunus sibirica may be caused by abnormal metabolic processes such as cytochrome c in the male sterile
flower buds, the imbalance of the antioxidant system was destroyed, and inability of macromolecular
substances such as starch to be converted into soluble small molecules in time, resulting in energy loss.
The tapetum cannot be fully degraded, thereby blocking anther development, which eventually led to the
formation of male sterility.
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15 Abstract

16 Background. The phenomenon of male sterility widely occurs in Prunus sibirica and has 

17 seriously affected the production yield. We identified the key stage and cause of male sterility 

18 and found differentially expressed genes related to male sterility in Prunus sibirica, and we 

19 analyzed the expression pattern of these genes. This work aimed to provide valuable reference 

20 and theoretical basis for the study of reproductive development and the mechanisms of male 

21 sterility in Prunus sibirica. 

22 Method. The microstructures of male sterile flower buds and male fertile flower buds were 

23 observed by paraffin section. Transcriptome sequencing was used to screen genes related to male 

24 sterility in Prunus sibirica. Quantitative real-time PCR analysis was performed to verify the 

25 transcriptome data. 

26 Results. Anther development was divided into the sporogenous cell stage, tetrad stage, 

27 microspore stage, and pollen maturity stage. Compared with male fertile flower buds, in the 

28 microspore stage, the pollen sac wall tissue in the male sterile flower buds showed no signs of 

29 degeneration. In the pollen maturity stage, the tapetum and middle layer were not fully degraded, 

30 and the anther development stopped. Therefore, the microspore stage was the key stage of anther 

31 abortion, and the pollen maturity stage was the post-abortion stage. A total of 4108 differentially 

32 expressed genes were screened out by transcriptome analysis. Among them, 1899 were up-

33 regulated, and 2209 were down-regulated in the transcript of male sterile flower buds. We found 

34 that “protein kinase activity”, “apoptosis process”, “calcium binding”, “cell death”, “cytochrome 

35 c oxidase activity”, “aspartate peptidase activity”, “cysteine peptidase activity” and other 

36 biological pathways such as “starch and sucrose metabolism” and “proteasome” were closely 

37 related to male sterility in Prunus sibirica. A total of 332 key genes were preliminarily screened. 

38 Conclusion. The occurrence of male sterility in Prunus sibirica involved many biological 

39 processes and metabolic pathways. According to the results of microstructure observations, 
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40 related physiological indexes determination and transcriptome analysis, we inferred that the 

41 occurrence of male sterility in Prunus sibirica may be caused by abnormal metabolic processes 

42 such as cytochrome c in the male sterile flower buds, the imbalance of the antioxidant system 

43 was destroyed, and inability of macromolecular substances such as starch to be converted into 

44 soluble small molecules in time, resulting in energy loss. The tapetum cannot be fully degraded, 

45 thereby blocking anther development, which eventually led to the formation of male sterility.

46 Introduction

47 Prunus sibirica is a shrub or small tree that belongs to the family Rosaceae. It is mostly found in 

48 the wild and semi-wild state, and most of them are self-incompatible. There is a common 

49 phenomenon of interspecific hybridization in Prunus sibirica, so the germplasm resources are 

50 abundant. Prunus sibirica is widely cultivated in China, and its economic benefits are generally 

51 recognized by the people in the production areas (Wan et al., 2015). However, the low and 

52 unstable yield, which is caused by many factors, such as frost damage during flowering stage, 

53 low fruit setting rate, self-incompatibility, male sterility and pistil abortion, has become the main 

54 bottleneck hindering the rapid development of the Prunus sibirica industry, (Wang et al., 2014). 

55 Among them, the differentiation of male organs directly affects the yield of Prunus sibirica. At 

56 present, the key stage and cause of male sterility in Prunus sibirica have not been determined. 

57 Plant male sterility is widespread in nature. At present, domestic and foreign scholars have 

58 conducted studies on different plants, such as apricot (Badenes et al., 2000), Prunus mume 

59 (Yaegaki et al., 2003), Prunus salicina (Radice et al., 2008), poplar (Liu et al., 2019), Camellia 

60 crassicolumna (Jiang et al., 2020), Brassica napus (Du et al., 2016), and tobacco (Liu et al., 

61 2020), from the aspects of cytology, physiology and biochemistry, and molecular biology to 

62 explore the mechanism of plant male sterility. The plant male sterility can usually be classified 

63 into several types such as abnormal meiosis of pollen mother cells (Nonomura et al., 2003; Zhou 

64 et al., 2011), abnormal metabolism of callose (Wan et al., 2011), early or late degeneration of 

65 tapetum cells (Jung et al., 2005; Li et al., 2006), abnormal development of pollen wall (Shi et al., 

66 2011), failure in anther dehiscence (Steiner-Lange et al., 2003). The tapetum plays an important 

67 role in pollen development, which provides nutrients for pollen development (Pacini 2010; 

68 Gómez et al., 2015). The middle layer cells are between tapetum and endothecium, and play an 

69 important role in the differentiation and function of tapetum cells (Ma et al., 2007; Roque et al., 

70 2007). In recent years, with the rapid development of high-throughput sequencing technology, 

71 transcriptome sequencing has been widely used in the study of male sterility in herbs such as 

72 Salvia miltiorrhiza Bunge (Yu et al., 2021), wheat (Liu et al., 2020), Cucumis melo (Dai et al., 

73 2019), onion (Yuan et al., 2018) and  woody plant such as Vernicia fordii (Liu et al., 2019), and 

74 Citrus suavissima (Zhang et al.,2018). However, to our knowledge, no study has used 

75 transcriptome sequencing technology to investigate male sterility in Prunus. 

76 By using paraffin section, transcriptome sequencing and quantitative real-time PCR(qRT-

77 PCR), this study clarified the critical stage and cause of male sterility in Prunus sibirica. The 

78 differentially expressed genes in male sterile flower buds and male fertile flower buds were 

79 analyzed, and the mechanism of male sterility was explored at the level of microstructure and 
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80 gene transcription level. This work aims to provide a scientific basis for the study of the 

81 mechanism of male sterility in Prunus sibirica, and also lays the foundation for the development 

82 of molecular markers to select sterile materials and create high-yield and stable product varieties 

83 through use of genetic engineering technology to.

84 Materials & Methods

85 Plant materials

86 The eight-year-old Prunus sibirica clones were selected as the experimental material, which 

87 grow in the Prunus sibirica germplasm resource nursery of Shenyang Agricultural University 

88 (Beipiao, Liaoning, China). Based on our research team’s multi-year investigation in florescence, 

89 male sterile flower buds of clone No. 1 were selected as the experimental group, and male fertile 

90 flower buds of clone No. 60 were selected as the control group. The anthers clone No. 1 were 

91 aborted thoroughly, there was no phenomenon of pollen dispersal, and the sterility was stable. 

92 The stamens of clone No. 60 developed completely, they can release a lot of mature pollen after 

93 flowering, and they can pollinate and bear fruits well. Flower bud samples of male sterile clone 

94 and male fertile clone were collected from the end of July in 2018 to the beginning of April in 

95 2019. Samples were taken every 10 to 15 days. Each time, 10~20 complete flower buds without 

96 diseases and insect pests were selected from the upper part of the fruiting branches outside the 

97 canopy on the sunny side. They were collected and quickly stored in FAA fixative to create 

98 paraffin sections of flower buds. At the same time, three biological replicates of flower buds 

99 were collected and rapidly transferred into the liquid nitrogen (-196°C). The samples were taken 

100 back to the laboratory and stored in an ultra-low temperature freezer(-80°C) for RNA extraction. 

101 MSFB and MFFB were used to represent male sterile clone No. 1 and male fertile clone No. 60, 

102 respectively. MSFB_1, MSFB_2 and MSFB_3 were used to represent the experimental group, 

103 and MFFB_1, MFFB_2 and MFFB_3 were used to represent the control group.

104 Microstructure observation

105 Paraffin section technology was used to make sections (Xu et al., 2008). The microstructure of 

106 male sterile flower buds and male fertile flower buds in different sampling periods were 

107 observed and photographed with an inverted fluorescent microscope (Zeiss Axio Vert.A1).

108 Determination of physiological indicators

109 The anthrone colorimetric method was used to determine the contents of soluble sugar and starch 

110 (Gao, 2005). Coomassie Brilliant Blue G-250 staining was used to determine the contents of 

111 soluble protein (Qu, 2006).

112 RNA extraction and detection

113 Total RNA was extracted from male sterile flower buds and fertile flower buds by using an RNA 

114 extraction kit of (Tiangen Biotech Co., Ltd., Beijing). Then, 1% agarose gel electrophoresis was 

115 used to detect whether the extracted RNA was degraded or polluted. A NanoPhotometer 

116 spectrophotometer (IMPLEN, CA, USA) was used to detect the purity of RNA. An Agilent 

117 Bioanalyzer 2100 system (Agilent Technologies, CA, USA) was used to detect the concentration 

118 and integrity of RNA.

119 Construction of sequencing library and Illumina sequencing
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120 The sequencing library was constructed by using the NEBNext® Ultra™ RNA Library Prep Kit 

121 for Illumina® (NEB, USA). First of all, poly (A) mRNA was purified from total RNA with 

122 Oligo(dT) magnetic beads. Fragmentation was carried out using divalent cations in NEBNext 

123 First Strand Synthesis Reaction Buffer (5X). Fragmented mRNA was taken as a template. The 

124 first strand cDNA was synthesized using a random hexamer primer and M-MuLV Reverse 

125 Transcriptase (RNase H-). The second cDNA synthesis was subsequently performed using DNA 

126 polymerase I and RNase H. The obtained double-stranded cDNAs were end-repaired. A tail was 

127 added, and a sequencing connector was connected. In order to select cDNA fragments with 

128 250~300 bp in length, the library fragments were purified with AMPure XP beads (Beckman 

129 Coulter, Beverly, USA). The purified cDNA was amplified by PCR, the PCR products were 

130 purified again by AMPure XP beads, and finally the cDNA libraries were obtained. The 

131 constructed libraries were quantified by using a Qubit 2.0 Fluorometer, and then the library 

132 quality was detected by using an Agilent 2100 bioanalyzer. To ensure the quality of the libraries, 

133 qRT-PCR was used to accurately quantify the effective concentration of the libraries. 

134 Meanwhile, the clustering of the samples was performed on a cBot Cluster Generation System 

135 using TruSeq PE Cluster Kit v3-cBot-HS. After cluster generation, the library preparations were 

136 sequenced on an Illumina HiSeq platform and 150 bp paired-end reads were generated.

137 Transcriptome sequencing data analysis

138 The raw image data obtained from sequencing were converted to sequence reads using 

139 CASAVA. Then, the raw data were filtered by R language, and finally the clean reads for 

140 subsequent analysis were obtained. Trinity v2.4.0 program was used to stitch and assemble clean 

141 reads of all samples (Grabherr et al., 2011). Redundancy was removed by clustering with Corset 

142 hierarchy. The longest transcript of each gene was selected as unigene for subsequent analysis. 

143 The transcript sequence obtained by splicing with Trinity was used as a reference sequence. 

144 RSEM software (version v1.2.15) (bowtie2, mismatch=0) was used to compare clean reads of 

145 each repeated sample with reference sequences (Li & Dewey, 2011), and the readcount of each 

146 gene was counted and compared. Fragments per kilobase of exon per million mapped fragments 

147 ( FPKM ) was used to standardize the readcount of genes.

148 Differentially expressed gene analysis

149 The DEGseq R package (1.12.0) was used for differential expression analyses. The P-value was 

150 calculated on the basis of a negative binomial distribution model. P-values were adjusted using 

151 the Benjamini-Hochberg method. Genes with an adjusted P-value < 0.05 and log2(Fold 

152 change) > 1 were considered as differentially expressed.

153 Gene Ontology (GO)  and KEGG enrichment analysis

154 Based on the hypergeometric distribution, GOseq R package (1.10.0) was used for GO 

155 enrichment analysis, and KOBAS (v2.0.12) was used for KEGG pathway enrichment analysis.

156 Quantitative Real Time PCR (qRT-PCR) analysis

157 RNA was extracted as described above. The first-strand cDNA was synthesized using EasyScript 

158 One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, China). The 

159 18SrRNA gene was used as an internal reference gene (Table S1). qRT-PCR was performed with 
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160 SYBR Green I method. The reaction system was 20 μL, including 10 μL of 2 × SuperReal 

161 PreMix Plus, 6 μL of 0.3 μmol/L upstream primers, 6 μL of 0.3 μmol/L downstream primers, 1 

162 μL of cDNA template, 2 μL of 50×ROX Reference Dye, and ddH2O to reach 20 µL. The qRT-

163 PCR was performed on the Applied Biosystems Step One Plus system, and the experiments were 

164 carried out in three replications. The PCR program was as follows: pre-denaturation at 95°C for 

165 15 min, denaturation at 95 °C for 10 s, annealing at 60 °C for 32 s and extension at 60°C for 32 s, 

166 for 40 cycles. The 2-ΔΔCt method was used to calculate the relative expression. The correlation 

167 coefficient between transcriptome sequencing and qRT-PCR was analyzed using SPSS 22.0 

168 software.

169 Results

170 Microstructural characteristics of male sterile flower buds and male fertile flower buds of 

171 Prunus sibirica

172 To identify the key period and characteristics of male sterility in Prunus sibirica, the 

173 microstructures of male sterile flower buds and male fertile flower buds at different 

174 developmental periods were observed by paraffin section (Fig. 1). The results showed that anther 

175 development can be divided into four stages, namely sporogenous cell stage, tetrad stage, 

176 microspore stage, and pollen maturity stage. At the sporogenous cell stage (Fig. 1A, E) and 

177 tetrad stage (Fig. 1B, F), no significant difference was observed in anther development between 

178 male sterile flower buds and male fertile flower buds of Prunus sibirica. The sporogenous cells 

179 located in the four corners of the anther differentiate into multiple microspore mother cells. 

180 These cells produce microspores through meiosis, and they are surrounded by callose to form 

181 tetrads. When flower buds reach the microspore stage, microspores are released from tetrads 

182 with the degradation of the callose. In male fertile flower buds, the tapetum and middle layer 

183 cells in the pollen sac wall were degraded, and the border became blurred. At the pollen maturity 

184 stage, the tapetum and middle layer cells disappeared completely. Only the endothecium and 

185 epidermis were left in the pollen sac wall (Fig. 1G, H). In male sterile flower buds, the pollen sac 

186 wall tissue was complete at the microspore stage, and the degeneration phenomenon did not 

187 occur. At the pollen maturity stage, the tapetum and middle layer cells were not degraded 

188 sufficiently, and the development of pollen was blocked, which eventually led to male sterility 

189 (Fig. 1C, D). 

190 The above results showed that abnormal anther development was the cause of male sterility 

191 in Prunus sibirica. At the microspore stage, signs of degeneration of the pollen sac wall tissue 

192 were not observed in male sterile flower buds. When the flower buds reached the pollen maturity 

193 stage, the tapetum and middle layer cells were not degraded sufficiently, and anther development 

194 was suspended. Therefore, the microspore stage was the key stage of anther abortion, and the 

195 pollen maturity stage was the post-abortion stage.

196 Total RNA extraction and detection

197 The total RNA concentrations of the six samples ranged from 452 ng·μL-1 to 670 ng·μL-1. The 

198 RNA integrity number values were all close to 10 (Table S2). These results indicated that the 
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199 extracted RNA had good integrity, high purity, and no obvious degradation, which met the 

200 quality requirements of sequencing library construction.

201 Six cDNA libraries of male sterile flower buds and male fertile flower buds at the 

202 microspore stage of abortion were sequenced on an Illumina sequencing platform using double-

203 ended sequencing. After filtering and quality control, a total of 40.03~61.83 clean reads were 

204 obtained, accounting for 98.02%~98.45%. The total number of clean reads was 45.8G, the 

205 sequencing quality represented by Q30 percentage was over 94%, and the GC content was 

206 between 45.65% and 45.88%. The transcripts assembled by Trinity were used as the reference 

207 transcriptome, and the clean reads of each sample were mapped to the reference sequences. The 

208 alignment proportion of each sample was greater than 80% (Table S3). All the above results 

209 showed that the quality and accuracy of the sequencing data were sufficient for further analysis.

210 Trinity software was used to assemble the clean reads and obtain non-redundant unigenes, 

211 and a total of 34,377 unigenes were obtained. The gene function of the obtained unigenes were 

212 annotated in seven databases (Nr, Nt, KEGG, SwissProt, Pfam, GO, and KOG), and it was found 

213 that a total of 27,798 unigenes were annotated, accounting for 80.86% of the total. The number 

214 of unigenes that were annotated successfully in all seven databases was 3283, accounting for 

215 9.54% of the total (Table S4).

216 Analysis of the differentially expressed genes

217 The expressed genes with false discovery rate (FDR) < 0.05 and fold change (FC) > 2 were 

218 designated as differentially expressed genes. Differences in gene expression in male sterile 

219 flower buds and male fertile flower buds were compared and analyzed. A total of 4108 genes 

220 were differentially expressed with 1899 up-regulated genes and 2209 down-regulated genes in 

221 male sterile flower buds (Fig. S1).

222 GO functional enrichment analysis of differentially expressed genes

223 GO functional classification analysis of the differentially expressed genes between male sterile 

224 flower buds and male fertile flower buds was conducted. The results are shown in Fig. 2. Among 

225 the biological processes, differential genes were mainly enriched in the processes of “cellular 

226 process”, “metabolic process”, and “single-organism process”. In cellular component category, 

227 the differential genes were mainly distributed in “cells”, “cell part”, “cell composition”. In the 

228 molecular function category, the differential genes were mainly enriched in “binding”, “catalytic 

229 activity”, and “heterocyclic compound binding”.

230 Based on the results of GO enrichment analysis, eight GO functional subclasses with 

231 significant enrichment (corrected P-value <0.5) were selected (Fig. 3), including "DNA 

232 integration" in biological process and “ADP binding”, “heme binding”, “tetrapyrrole binding”, 

233 “iron ion binding”, “oxidoreductase activity”, “acting on paired donors with incorporation or 

234 reduction of molecular oxygen”, “oxidoreductase activity”, and “terpene synthase activity” in 

235 molecular function. The results indicated that these functional categories played a critical role in 

236 the occurrence of male sterility in Prunus sibirica.

237 According to microstructure observations, the insufficient degradation of tapetal cells at the 

238 pollen maturity stage was one of the causes of male sterility in Prunus sibirica. The degradation 
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239 process of tapetal cells belongs to programmed cell death. Therefore, the genes involved in the 

240 categories of “protein kinase activity”, “apoptosis process”, “calcium binding”, “cell death”, 

241 “cytochrome c oxidase activity”, “aspartate peptidase activity” and “cysteine peptidase activity” 

242 may be the key genes that regulate the male sterility of Prunus sibirica. Among them, a total of 

243 297 related genes were enriched, and the detailed information of the 297 genes were listed in 

244 Table S5.

245 Hierarchical clustering was performed on key differentially expressed genes of male 

246 sterility in Prunus sibirica, which were screened on the basis of GO function enrichment 

247 analysis, and the heat map was drawn (Fig. S2). The column represents the expression of the 

248 same gene in different samples, and the horizontal row represents the expression of different 

249 genes in the same sample. The differences between different samples at the transcriptome level 

250 can be preliminarily understood by using a cluster map, and the differentially expressed genes 

251 can be divided into four categories (Category 1, Category 2, Category 3 and Category 4). The 

252 detailed information of differentially expressed genes in GO functional enrichment analysis were 

253 listed in Table S5. 

254 KEGG pathway enrichment analysis of differentially expressed genes

255 To explore the main metabolic pathways involved in differentially expressed genes, KEGG 

256 pathway cluster analysis was conducted on differentially expressed genes between male sterile 

257 flower buds and male fertile flower buds of Prunus sibirica. The differentially expressed genes 

258 were mapped to 215 biological pathways, and 20 of them were significantly enriched (Fig. 4). 

259 They mainly included “plant-pathogen interaction”, “monoterpenoid biosynthesis”, “protein 

260 processing in endoplasmic reticulum”, “flavonoid biosynthesis”, “Stilbenoid, diarylheptanoid 

261 and gingerol biosynthesis”, “phenylpropanoid biosynthesis”, “Vitamin B6 metabolism”, 

262 “glycolysis / gluconeogenesis”, and “diterpenoid biosynthesis”, etc. These pathways might play 

263 an important role played a key role in regulating the formation of male sterility in Prunus 

264 sibirica.

265 The metabolism of macromolecular nutrients plays a key role in the formation of male 

266 sterility in plants. In this study, the differences of soluble sugar content, starch content, and 

267 soluble protein content between male sterile flower buds and male fertile flower buds were 

268 analyzed. The results showed that during the critical stage of anther abortion, the soluble sugar 

269 content, starch content and soluble protein content in male sterile flower buds were significantly 

270 lower than those in male fertile flower buds at the same stage. During the post-abortion stage, the 

271 soluble sugar content and soluble protein content in male sterile flower buds were significantly 

272 lower than those in male fertile flower buds, whereas the starch content was significantly higher 

273 than that of male fertile flower buds (Fig. 5).

274 Combined with the results of KEGG pathway enrichment analysis, we found that “starch 

275 and sucrose metabolism” and “proteasome” pathways were enriched separately, and a total of 35 

276 differentially expressed genes were involved (Fig. S3). The result suggested that these 

277 differentially expressed genes played an important regulatory role in the occurrence of male 
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278 sterility in Prunus sibirica. The detailed information of differentially expressed genes in KEGG 

279 pathway enrichment analysis were listed in Table S6.

280 qRT-PCR analysis

281 To verify the accuracy of the transcriptome sequencing data, 14 differentially expressed genes 

282 were selected and used for qRT-PCR verification (Table S7). The qRT-PCR results were 

283 basically consistent with the transcriptome data (Fig. 6), and the correlation coefficient was 

284 0.964. The results showed that the accuracy of transcriptome sequencing was high, which can be 

285 used to analyze the dynamic changes of related genes in male sterile flowers of Prunus sibirica, 

286 thus revealing the molecular mechanism of male sterility.

287 Discussion

288 In the studies of male sterility of Prunus, Lillecrapp et al. (1999) found that the anthers of 

289 `Trevatt Blue' apricot contained degenerated microspores, with some failure in tapetal 

290 breakdown. Badenes et al. (2000) found a marker (M4-650) linked to male fertility traits in 

291 apricot using RAPD markers combined with the BSA method. ere either all male-fertile or 

292 mixed. Yaegaki et al. (2003) found that genes related to the male sterility of Prunus mume 

293 belong to the cytoplasmic type.

294 According to the microstructural characteristics of male sterile flower buds and fertile 

295 flower buds at different development stages of Prunus sibirica, anther development can be 

296 divided into four stages, namely sporogenous cell stage, tetrad stage, microspore stage and pollen 

297 maturity stage. This was similar to the results of Zhang et al. (2018). The reason for the male 

298 sterility in Prunus sibirica was because the tapetum and middle layer cells failed to degrade 

299 sufficiently. The microspore stage was the key stage of anther abortion, whereas the pollen 

300 maturity stage was the post-abortion stage.

301 The soluble sugar content in male sterile flower buds of Prunus sibirica was significantly 

302 lower than that in fertile flower buds during the key stage of anther abortion and post-abortion 

303 stage, and the difference reached the maximum at the post-abortion stage. The result indicated 

304 that the intensity of carbohydrate metabolism in male sterile flower buds was lower, which led to 

305 energy deficiency and anther abortion (Han et al., 2020). The content of soluble protein in male 

306 sterile flower buds of Prunus sibirica was significantly lower than that of fertile flower buds 

307 during the key stage of abortion and post-abortion stage, and the difference reached the 

308 maximum during the key stage of abortion. The starch content in male sterile flower buds was 

309 significantly higher than that in fertile flower buds during the key stage of abortion, and 

310 significantly lower than that in fertile flower buds during the post-abortion stage. The result 

311 indicated that anther abortion was closely related to the inability of macromolecular nutrients to 

312 produce soluble small molecular substances in time, which was consistent with the results of Liu 

313 et al. (2014) on male sterility in sesame.

314 In recent years, many studies have used transcriptome sequencing to investigate male 

315 sterility via in pepper (Lv et al., 2020), Catalpa bungei (Mao et al., 2017), maize (Xue et al., 

316 2019), soybean (Li et al., 2019) and other plants. However, no study has investigated male 

317 sterility of Prunus sibirica using transcriptome sequencing. The filtered clean reads account for 
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318 more than 80% of raw reads (Ge et al., 2014). The GC content can reflect the structure of nucleic 

319 acid sequence within a certain range and can be used as an important feature of transcriptome 

320 sequence (Xu et al., 2020). In our study, the proportion of clean reads obtained from each 

321 repeated sample was more than 98%, and the GC content was between 45.65% and 45.88%. The 

322 results showed that the reliability of the sequencing data was high.

323 Male sterility is regulated by a series of genes related to fertility in time and space, which 

324 can be broadly divided into abnormal meiosis genes (Nonomura et al., 2004), abnormal tapetum 

325 development genes (Li et al., 2006), abnormal callose metabolism genes (Wan et al., 2011), 

326 abnormal pollen wall formation genes (Shi et al., 2011) and abnormal anther cracking genes 

327 (Steiner-Lange et al., 2003). The development of the tapetum is closely related to male sterility, 

328 and the tapetum is the innermost tissue of pollen sac wall, which secretes enzymes needed to 

329 degrade the callose wall (Cui et al., 2017). Furthermore, the tapetum provides essential nutrients 

330 for the development of microspore mother cells (Li et al., 2020), and it is important for normal 

331 pollen development. Through the enrichment analysis of differentially expressed genes, the 

332 biological functions and metabolic pathways related to male sterility of Prunus sibirica were 

333 screened. We found that “protein kinases activity” (Mizuno et al., 2007), “apoptotic process” 

334 (Love et al., 2008), “calcium ion binding” (Cao et al., 2012), “cell death” (Zhu et al., 2006), 

335 “cytochrome c oxidase activity” (Luo et al., 2013), “aspartic peptidase activity” (Li et al., 2006) 

336 and “cysteine- peptidase activity” (Niu et al., 2013) and other terms are closely related to 

337 insufficient degradation of tapetum. Biological pathways such as “starch and sucrose 

338 metabolism” and “proteasome” also participate in the formation of male sterility of Prunus 

339 sibirica. These analyses provided ideas and clues for elucidating the regulatory pathways of male 

340 sterility in Prunus sibirica.

341 Conclusions

342 The occurrence of male sterility in Prunus sibirica was closely related to the incomplete 

343 degeneration of tapetum cells in the pollen sac wall, which was different at the microspore stage 

344 and significantly different at the pollen maturity stage. Through enrichment analysis of 

345 differentially expressed genes, we found that functional items such as “protein kinase activity”, 

346 “apoptosis process”, “calcium binding”, “cell death”, “cytochrome c oxidase activity”, “aspartate 

347 peptidase activity”, and “cysteine peptidase activity”  and biological pathways such as “starch 

348 and sucrose metabolism”  and “proteasome” were closely related to the male sterility of Prunus 

349 sibirica. We inferred that during the anther development of Prunus sibirica, starch and other 

350 macromolecular substances cannot be converted into soluble small molecules in time due to 

351 abnormal metabolic process such as cytochrome c, resulting in the abnormal development of 

352 tapetum cells and abnormal pollen development to form male sterility. The stage, characteristics 

353 and related metabolic pathways of male sterility in Prunus sibirica were analyzed at the 

354 microscopic and transcriptome level in our study, which has important reference value for the 

355 study of reproductive development and the mechanism of male sterility in Prunus sibirica. At the 

356 same time, this study provides scientific reference for breeding male sterile germplasms with 

357 better comprehensive traits, and the selected germplasms can be used as a worthful female parent 
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358 in the hybridization breeding. It is of great significance for giving full play to heterosis and 

359 utilizing reasonably the Prunus sibirica germplasm resources in future hybrid breeding.
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Figure 1
The microstructure of male sterile flower buds (A-D) and male fertile flower buds (E-H)
at different developmental stages in Prunus sibirica

A, E: sporogenous cell stage; B, F: tetrad stage; C, G: microspore stage; D, H: anther maturity
stage. Sp: sporogenous cells; Ps: pollen sac; T: tapetum; Tds: tetrads; Ep: epidermis; En:
endothecium; ML: middle layer; MSp: microspores; A, D: sporogenous cell stage; B, F:
tapetum stage.
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Figure 2
Figure 2 GO functional classification of differentially expressed genes
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Figure 3
Figure 3 GO significant enrichment analysis of differentially expressed genes
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Figure 4
Figure 4 KEGG pathway significant enrichment analysis of differentially expressed genes
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Figure 5
Figure 5 Analysis of related physiological indexes between MSFBs and MFFBs in Prunus
sibirica
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Figure 6
Figure 6 qRT-PCR verification for transcriptome sequencing results
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