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Strawberry (Fragaria × ananassa) is an ideal plant for fruit development and ripening

research due to the rapid substantial changes in fruit color, aroma, taste and softening. To

gain deeper insights into the genes that play a central regulatory role in strawberry fruit

development and ripening characteristics, transcriptome profiling was performed for the

large green fruit, white fruit, turning fruit, and red fruit stages of strawberry. A total of

6,608 differentially expressed genes (DEGs) with 2,643 up-regulated and 3,965 down-

regulated genes were identified in the fruit development and ripening process. The DEGs

related to fruit flavonoid biosynthesis, starch and sucrose biosynthesis, the citrate cycle,

and cell-wall modification enzymes played important roles in the fruit development and

ripening process. Particularly, some candidate genes related to the ubiquitin mediated

proteolysis pathway and MADS-box were confirmed to be involved in fruit development

and ripening according to their possible regulatory functions. Five ubiquitin-conjugating

enzymes and ten MADS-box transcription factors were differentially expressed between

the four fruit ripening stages. The expression levels of DEGs relating to color, aroma, taste,

and softening of fruit were confirmed by quantitative real-time polymerase chain reaction.

Our study provides important insights into the complicated regulatory mechanism

underlying the fruit ripening characteristics in Fragaria × ananassa.
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11 Abstract

12 Strawberry (Fragaria × ananassa) is an ideal plant for fruit development and ripening research 

13 due to the rapid substantial changes in fruit color, aroma, taste and softening. To gain deeper 

14 insights into the genes that play a central regulatory role in strawberry fruit development and 

15 ripening characteristics, transcriptome profiling was performed for the large green fruit, white 

16 fruit, turning fruit, and red fruit stages of strawberry. A total of 6,608 differentially expressed 

17 genes (DEGs) with 2,643 up-regulated and 3,965 down-regulated genes were identified in the 

18 fruit development and ripening process. The DEGs related to fruit flavonoid biosynthesis, starch 

19 and sucrose biosynthesis, the citrate cycle, and cell-wall modification enzymes played important 

20 roles in the fruit development and ripening process. Particularly, some candidate genes related to 

21 the ubiquitin mediated proteolysis pathway and MADS-box were confirmed to be involved in 

22 fruit development and ripening according to their possible regulatory functions. Five ubiquitin-

23 conjugating enzymes and ten MADS-box transcription factors were differentially expressed 

24 between the four fruit ripening stages. The expression levels of DEGs relating to color, aroma, 

25 taste, and softening of fruit were confirmed by quantitative real-time polymerase chain reaction. 

26 Our study provides important insights into the complicated regulatory mechanism underlying the 

27 fruit ripening characteristics in Fragaria × ananassa.
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28

29 Introduction

30 The octoploid strawberry (Fragaria × ananassa) is the dominant cultivatedspecie of its high 

31 yield and nutritional value, including vitamin C, sugar and organic acid, and anthocyanin 

32 contents (Tanaka et al., 2008; Giampieri et al., 2012; Chen et al., 2016b). The strawberry fruit 

33 development and ripening process involves intricate metabolic event and is divided into four 

34 distinct phases: the green fruit, white fruit, turning fruit and red fruit stages (Fait et al., 2008). In 

35 the green fruit stage, fruits undergo cell division and cell expansion. In the white fruit stage, fruit 

36 growth is nearly complete, and fruits begin to enter the maturation process. Subsequently, fruit 

37 development enters the turning fruit stage, as indicated by slight coloration. During the red fruit 

38 stage, the characteristics of ripening such as color, aroma, taste and softening, increase rapidly 

39 along with a massive accumulation of pigments, amino acids, and organic acids, among other 

40 compounds. In addition, strawberry is an ideal model plant for studying the fruit development 

41 and ripening process in non-climacteric fruit (Giovannoni, 2004; Zhang et al., 2011).

42 Following the sequencing of the genome of diploid woodland strawberry (Fragaria vesca) 

43 (Shulaev et al., 2011; Edger et al., 2018), the sequence of the octoploid cultivated strawberry 

44 (Fragaria × ananassa) was also completed (Hirakawa et al., 2014). However, the sequence 

45 information of genes published on Fragaria × ananassa is insufficient and cannot be wholly 

46 used as an available reference genome for studies of the octoploid strawberry in at the molecular 

47 level.

48 The use of transcriptome sequencing technology for gene detection and markers in different 

49 strawberry tissues and in response to various environmental stresses has increased (Li et al., 2013; 

50 Hollender et al., 2014; Chen et al., 2016a; Wang et al., 2017a). To date, RNA-Seq has also been 

51 widely used to study gene expression in the strawberry fruit development and ripening process. 

52 The genome-scale transcriptomic analysis of hormone signaling in early strawberry fruit 

53 developmental stages from floral anthesis to enlarged fruit suggests that the biosynthesis genes 

54 for indole-3-acetic acid (IAA) and gibberellin (GA) are most highly and specifically expressed in 
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55 endosperm and seed coat and play a most prominent role for fruit set (Kang et al., 2013). 

56 FaTCP11, FaPCL1-like and FaSCL8 modulate the metabolism of strawberry flavonoids by 

57 regulating the expression of flavonoid pathway genes based on a transcriptome correlation 

58 network analysis of ripe strawberry fruits (Pillet et al., 2015). Another application of 

59 transcriptome analysis in the strawberry anthocyanin biosynthesis pathway reveals that 

60 exogenous hematin promotes fruit coloring through multiple related metabolic pathways 

61 including anthocyanin biosynthesis and hormone signaling transduction, among others (Li et al., 

62 2016). In red-fruited and natural white-fruited strawberry varieties, transcriptome analysis 

63 showed that the genes related to the polyphenol biosynthesis pathway may interact with 

64 anthocyanin biosynthesis, flavor formation and fruit softening to regulate the fruit ripening 

65 process (Hartl et al., 2017). For postharvest strawberry fruit, transcriptome profiling showed that 

66 exogenous IAA delays the fruit ripening process, whereas abscisic acid (ABA) promotes the 

67 postharvest ripening by regulating the expressions of genes related to receptor-like kinases, 

68 ubiquitin ligases, and IAA and ABA hormone signaling pathways (Chen et al., 2016b). 

69 Transcriptomic analysis of strawberry endogenous IAA suggests that the candidate genes of 

70 FaTAA1, FaTAR2, FaAux/IAA11 and FaARF6a are involved in active IAA biosynthesis in the 

71 strawberry ripe receptacle (Estrada-Johnson et al., 2017). RNA-Seq is also used to study the 

72 polymorphisms of the octoploid strawberry. According to transcriptional analyses of the FaERF 

73 family in ripening strawberry fruits, FaERF3, FaERF6 and FaERF71a as candidates were 

74 identified to play a primary role in the ripening receptacle (Sanchez-Sevilla et al., 2017). A 

75 recent study suggests that the down regulation of the key gene PDHE1³ of the pyruvate 

76 dehydrogenase for glycolysis derived oxidative phosphorylation inhibits respiration and ATP 

77 biosynthesis but promotes the accumulation of sugar, ABA, ethylene (ETH) and polyamines, and 

78 ultimately accelerates the strawberry fruit ripening (Wang et al., 2017b). 

79 The functions of the ubiquitin mediated proteolysis pathway in the regulation of fruit 

80 ripening have been studied in banana, tomato, papaya and barbarum, and these studies confirm 

81 the regulatory role of the ubiquitin proteasome in the fruit ripening process (Liu et al., 2013; 
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82 Wang et al., 2014; Bi et al., 2015; Zeng et al., 2015). Research on the regulatory mechanism of 

83 fruit ripening indicates that MADS-box transcription factors have a pivotal effect on fruit 

84 ripening by regulating carotenoid synthesis, the ETH signaling pathway, cell wall metabolism, 

85 flavonoid and lignin biosynthesis, and cuticle development in apple, banana, tomato and peach 

86 (Youssef et al., 2012; Ireland et al., 2013; Liu et al., 2013; Feng et al., 2016; Garceau et al., 

87 2017; Yin et al., 2017; Hu et al., 2017). 

88 In this study, based on the characteristics changes in fruit development and ripening, a 

89 global expression analysis by RNA-Seq at four stages of strawberry fruit ripening was performed 

90 to discover additional candidate genes in ubiquitin mediated proteolysis for MADS-box 

91 transcription factors and for other aspects. In this paper, the different expression patterns of 

92 DEGs related to coloring, aroma, taste, softening, and other aspects among different fruit 

93 ripening stages in strawberry are outlined. The purpose of this study was to understand the 

94 molecular mechanisms controlling the characteristics of strawberry fruit ripening according to 

95 transcriptome profiling analysis and to provide a theoretical foundation for the cultivation of 

96 strawberry varieties.

97

98 Materials and methods

99 Plant materials

100 The fruits used in this study were obtained from the strawberry cultivar 8Toyonoka9 cultivated in 

101 the greenhouse (8-28°C, relative humidity 55-70%, and without supplemental lighting) in 

102 Zhengzhou, Henan, China. Fruits of large green fruit (l-GF), white fruit (WF), turning fruit (TF), 

103 and red fruit (RF) stages were selected as the sequencing materials (Fig. 1). Ten uniformly sized 

104 fruits were sampled at each stage. For quantitative real-time polymerase chain reaction (qRT-

105 PCR), the green fruit stage was subdivided into small green fruit (s-GF), middle green fruit (m-

106 GF), and l-GF stages. In total, fruits of six different ripening stages (s-GF, m-GF, l-GF, WF, TF 

107 and RF) were prepared for qRT-PCR. Three uniform fruits were sampled at each of the six 

108 stages for RNA isolation and cDNA synthesis (three replicates). The experimental materials 
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109 were placed immediately in liquid N2 and stored at -80°C for RNA extraction.

110

111 Total RNA extraction, library preparation, and transcriptome sequencing

112 Total RNA was extracted using a Spin Column Plant total RNA Purification Kit (Order No. 

113 B518661; Sangon Biotech, China) according to the manufacturer9s instructions. DNase digestion 

114 with Dnase I (Promega) was performed to remove contaminating DNA. Briefly, mRNA was 

115 purified from total RNA using poly-T oligo-attached magnetic beads (Novogene, Beijing, China) 

116 and then broken into short fragments. With these fragments as templates, cDNA were 

117 synthesized. To select cDNA fragments of 150 to 200 bp in length, the library fragments were 

118 purified with an AMPure XP system (Beckman Coulter, Beverly, USA). Then, those fragments 

119 were selected for PCR amplification as sequencing templates. The PCR products were purified 

120 and library quality was assessed on an Agilent Bioanalyzer 2100 system (Agilent Technologies, 

121 CA, USA). The clustering of the index-coded samples was performed on a cBot Cluster 

122 Generation System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the 

123 manufacturer9s instructions. After cluster generation, the library preparations were sequenced on 

124 an Illumina HiSeq 4000 platform (Novogene, Beijing, China) and paired-end reads were 

125 generated. Each RNA sample was ligated with a separate adapter and sequenced together in a 

126 single run. The whole transcriptome file was composed of separate RNA sample data for 

127 analyzing gene expression. Transcriptome assembly was accomplished based on the transcripts 

128 and unigenes using Trinity (Grabherr et al., 2011) with min_kmer_cov set to 2 by default and all 

129 other default parameters set.

130

131 Data analysis

132 The raw image data files from the Illumina HiSeq 4000 were transformed into the original 

133 sequenced reads (raw reads) by CASAVA 1.8 base calling analysis and processed through in-

134 house Perl scripts. A certain error rate is observed in the sequencing process. If e represents the 

135 sequencing error rate and Qphred represents the base quality, then Qphred = -10log10 (e). When 
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136 Qphred = Q20, the correct recognition rate of a base reaches 99%. Clean data (clean reads) were 

137 obtained by eliminating the low-quality reads (reads containing an adapter, reads containing 

138 ploy-N, and reads with Qphred f 20) from raw reads. All the downstream analyses were based 

139 on clean data with high quality. 

140 Gene functions were annotated based on the following seven databases (Table S1): NCBI 

141 non-redundant protein sequences (Nr), NCBI non-redundant nucleotide sequences (Nt), Protein 

142 family (Pfam), EuKaryotic Orthologous Groups (KOG), a manually annotated and reviewed 

143 section of the UniProt Knowledgebase database (Swiss-Prot), KEGG Ortholog (KO), and Gene 

144 Ontology (GO). The URLs, annotation methods and parameters of the seven databases are 

145 shown in Table S1, and the information of all software versions and parameters is shown in 

146 Table S2.

147

148 Differentialy expression analysis

149 Clean reads of each library were compared with transcriptome reference sequences. Gene 

150 expression levels were evaluated by RNA-Seq by Expectation Maximization (RSEM) with the 

151 bowtie2 parameters (Li & Dewey, 2011) for each sample (Table S2). The read_count for each 

152 gene was obtained from the mapping results of clean reads back onto the assembled 

153 transcriptome. The read_count of each gene was normalized data of the fragments per kilobaseof 

154 exon per million fragments mapped (FPKM) which is the most commonly used method of 

155 estimating gene expression levels (Trapnell et al., 2010). Those genes whose FPKM > 0.3 were 

156 considered to be expressed (Fig. S1, Table S3) (Mortazavi et al., 2008; Trapnell et al., 2010; Ho 

157 et al., 2012). For those samples with biological replicates, differential expression of unigenes 

158 was analyzed and calculated based on the read_count value using the DESeq R package (Anders 

159 & Huber, 2010). Based on the negative binomial distribution model, DESeq provided statistical 

160 routines for determining differential expression in digital gene expression data. The p-values in 

161 statistics were adjusted using Benjamini and Hochberg9s approach for controlling the false 

162 discovery rate (Benjamini & Hochberg, 1995). The thresholds for judging significant difference 
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163 of gene expression level between any two groups were padj < 0.05 and |log2 (fold change)| g 1. 

164 The p-adjusted (padj) was the corrected p-value, and a small padj value of DEG indicated high 

165 significance of the differential expression. 

166

167 qRT-PCR analysis

168 Total RNA extraction and reverse transcription PCR were performed as previously described for 

169 RNA extraction and library preparation of RNA-Seq. All qRT-PCR samples were run on a Light 

170 Cycler 480 system (Roche, Switzerland). Each reaction was performed with a total volume of 20 

171 ¿L that contained 5 ¿L of first-strand cDNA as a template, with a pre-incubation program of 5 

172 min at 95 °C, followed by 45 cycles of 10 s at 95 °C and 30 s at 60 °C, according to the Light 

173 Cycler 480 SYBR Green I Master protocol (Cat. No.04707516001). Gene-specific primers were 

174 designed with Primer Premier 5 (Table S4). The FaACTIN gene was used as an internal 

175 reference for gene expression. Gene expression levels were calculated using the 2-��Ct method 

176 (Livak & Schmittgen, 2001). The mean threshold cycle values for each gene were obtained from 

177 three independent PCR reactions.

178

179 Results

180 RNA-Seq

181 A total of 45.48 G of data with two biological replicates of each library were generated in this 

182 study (Table 1). A total of 172,799 transcripts which spliced by Trinity (Grabherr et al., 2011), 

183 were assembled based on the raw reads with an average length of 951 bp. Then, 91,790 valid 

184 unigenes were obtained, with an average length of 714 bp. Figure S2 shows the length 

185 distributions of the transcripts and unigenes.

186

187 Functional annotation of unigenes

188 Of the total 91,790 unigenes, 57,200 unigenes were annotated to the seven databases (Table S5). 

189 Among all the databases, 40.53% of unigenes were aligned to the Nr protein database with an e-
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190 value threshold of e-5. The similarity of gene sequence and the function information of genes 

191 between strawberry and other species were obtained through the Nr annotation database. The 

192 results of species classification, e-value distribution, and sequence similarity distribution are 

193 shown in Fig. S3A-C, respectively.

194 GO annotation results primarily describe gene functions. A total of 26,523 unigenes in the 

195 GO database were classified into 57 functional categories, among which 22,087 unigenes were 

196 assigned to biochemical processes, 10,259 genes were assigned to cellular components, and 

197 16,418 unigenes were assigned to molecular functions (Table S6).

198 To evaluate the effectiveness of the annotation process and possible functions of unigenes, 

199 13,442 unique sequences were noted on the KOG database, based on their ortholog relationship. 

200 KOG was segmented into 26 orthologous groups (Table S7). Among the 26 KOG groups, 2,263 

201 and 1,808 unigenes were enriched to the 8general function prediction only9 and 8post-

202 translational modification, protein turnover, chaperones9 clusters, respectively. Based on the 

203 same ortholog gene function in the KOG classification, we could effectively analyze the 

204 functions of DEGs in fruit ripening.

205 The KEGG database is available to systematically analyze the metabolic pathways and 

206 functions of gene products and compounds in cells by integrating the genome, molecular 

207 chemical and biochemical systems data. Annotated to the KEGG database, 10,932 unigenes were 

208 assigned to 274 KEGG pathways using BLASTx with an e-value threshold of e-10 (Table S8). 

209 KEGG results provided a good transcription platform for investigating the related metabolic 

210 pathways in the strawberry development and ripening process.

211

212 Analysis of differentially expressed genes in the fruit development and ripening process

213 In different comparative combinations, volcano plot (Fig. 2A-F, Table S9) can visually 

214 demonstrate the relationship among padj, log2 (fold change) and the number of up/down-

215 regulated DEGs. A total of 6,608 DEGs with 2,643 up-regulated and 3,965 down-regulated, were 

216 differentially expressed in the six combinations (WF/l-GF, TF/l-GF, RF/l-GF, TF/WF, RF/WF 
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217 and RF/TF). The number of up/down-regulated DEGs in each combination is displayed in Fig. 

218 2A-F, which shows that the most DEGs were detected when comparing l-GF with RF and TF 

219 and WF with RF. The WF and TF libraries possessed similar gene expression patterns, and 

220 therefore the fewest DEGs were detected in the TF/WF combination. Of these DEGs, in each 

221 combination, the genes were predominantly down-regulated. For the different combinations, 

222 figure 3A-C shows the numbers of specific and common DEGs. In the comparison of l-GF with 

223 WF, TF, and RF, 785, 2,157 and 5,271 DEGs were identified, respectively (Fig. 3A). In the 

224 comparison of WF with TF and RF, 40 and 2,748 DEGs were identified (Fig. 3B). Compared TF 

225 with RF, 781 DEGs were identified (Fig. 3C). Subsequent analyses focused on these DEGs 

226 related to fruit development and ripening characteristics.

227

228 Enrichment pathway analysis of DEGs

229 The functional enrichment analyses of DEGs are based on the GO and KEGG databases. GO 

230 enrichment analysis of the DEGs was performed by the GOseq R packages (Young et al., 2010). 

231 KEGG (Kanehisa et al., 2008) enrichment analysis was used to test the statistical enrichment of 

232 DEGs with KOBAS software (Mao et al., 2005). GO and KEGG pathway enrichment analyses 

233 (padj < 0.05) were used to categorize the biological functions of DEGs. The expression patterns 

234 of the DEGs and their enrichment results in different combinations showed that the down-

235 regulated expression of DEGs and metabolic pathways was predominant in the strawberry fruit 

236 development and ripening process.

237

238 Genes related to color, aroma, taste, and softening in the fruit development and ripening 

239 process

240 Research into non-climacteric fruit color is concentrated on flavonoid biosynthesis, and the types 

241 of anthocyanins in strawberry are pelargonidin, delphinidin, and cyanidin (Fig. 4). In this study, 

242 the expression of most genes in anthocyanin biosynthesis such as chalcone synthase (CHS) 

243 (c51804_g1, c78983_g2, and c98687_g1), chalcone isomerase (CHI) (c78027_g1), naringenin 
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244 3-dioxygenase (N3D) (c71005_g1), dihydroflavonol-4-reductase (DFR) (c63190_g1, c64617_g1, 

245 and c69531_g1), and leucoanthocyanidin dioxygenase (LAD) (c70308_g1) were up-regulated 

246 with strawberry ripening (Fig. 4). However the down-regulated expression of flavonoid 3'-

247 monooxygenase (F3'M) (c72378_g2) decreased the synthesis of cyanidin and accelerated the 

248 accumulation of pelargonidin in anthocyanin biosynthesis (Fig. 4). Cluster analysis was used to 

249 analyze 36 unigenes involved in flavonoid biosynthesis (Fig. S4A, Table S10). Among the 36 

250 genes, the relative expression analysis, which revealed the expression patterns of genes over time, 

251 showed that the expression of 1 gene was up-regulated and that of 5 genes was down-regulated 

252 with fruit ripening (Fig. S4B, Table S11). Figure S4C showed the differential expression patterns 

253 of 10 DEGs in flavonoid biosynthesis (Table S11), and most DEGs played important roles in 

254 anthocyanin biosynthesis (Fig. 4). 

255 The MYB-bHLH-WD40 transcription complex also regulates anthocyanin biosynthesis. Of 

256 the genes encoding MYB transcription factors in this data set, one up-regulated unigene was 

257 R2R3 MYB transcription factor (FaMYB10) (c76851_g2), which can positively control the 

258 biosynthesis of anthocyanin (Lin-Wang et al., 2014; Medina-Puche et al., 2014). Among the 

259 bHLH transcription factors, two down-regulated unigenes (c75633_g2 and c78773_g1) were 

260 annotated as bHLH33 and bHLH3, respectively, which can interact with MYB10 to play 

261 important roles in proanthocyanidin and anthocyanin biosynthesis (Schaart et al., 2013). Figure 

262 S5A/C shows the up-regulated and down-regulated expression of MYB and bHLH transcription 

263 factor genes (Table S11), and between of different combinations, 14 and 27 DEGs were found 

264 (Fig. S5B/D, Table S11). The two DEGs MYB113-like (c76114_g1) and R2R3 MYB 

265 transcription factor (c76851_g2) were up-regulated with strawberry ripening. The down-

266 regulated DEGs of MYB transcription factors included MYB39-like, MYB12-like and 

267 MYB1R1-like (c67743_g1, c68086_g1 and c75011_g1). Three DEGs of transcription factors 

268 bHLH104-like, bHLH135-like and bHLH122-like (c71077_g1, c76460_g2, and c78358_g1, 

269 respectively) were up-regulated, although more DEGs were down-regulated including bHLH33 

270 (c75633_g2). The expression pattern of these genes was closely related to fruit coloring. Ten 
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271 WD40 repeat-containing protein genes were described in the RNA-Seq data, but none had 

272 significantly differential expression at the four fruit ripening stages.

273 DEGs of CHS (c78983_g2) and DFR (c63190_g1) involved in anthocyanin synthesis were 

274 verified by qRT-PCR (Fig. 5A/B). The results showed that the expression levels of genes were 

275 consistent with the results of transcriptome analysis (Fig. S6A/B): their expression levels 

276 increased and promoted the biosynthesis and accumulation of anthocyanin with fruit ripening.

277 Strawberry fruit is rich in characteristic aromatics in the later stages of fruit ripening. The 

278 primary aromatic compounds are derived from ester metabolism. The precursors of esters such as 

279 amino acids, sugars and lipids are converted to acids, alcohols, and aldehydes in ester 

280 biosynthesis (Fig. 6A). The decreased expression level of alcohol dehydrogenase (FaADH) 

281 (c60055_g1, c70375_g1, c70503_g2, c74014_g1, c78458_g1, c80660_g1, and c81069_g4) with 

282 strawberry fruit ripening (Fig. 6A) is consistent with previous research results from tests on 

283 peach PpADH1, PpADH2 and PpADH3 (Zhang et al., 2010). The expression level of alcohol 

284 acyltransferase (FaAAT) (c70507_g1) was significantly difference in the fruit ripening process, 

285 and the expression values in WF, TF and RF increased to 49.5, 174.5 and 380.8 times, 

286 respectively, than those in l-GF (Fig. S6C, Table S11). The qRT-PCR result for FaAAT showed a 

287 significant increase with fruit ripening (Fig. 5C); therefore, the FaAAT gene was considered to 

288 play a vital role in the metabolism of esters. To study the functions of additional genes on 

289 aromatics, the expression patterns of genes in the degradation of aromatic compound pathways 

290 was analyzed based on the transcriptome data (Fig. 6B/C, Table S11), and all those genes were 

291 down-regulated with fruit ripening.

292 Sugar and acidity are the primary components of fruit soluble solids governing fruit quality, 

293 which depend on starch and sucrose metabolism (Fig. 7) and citrate cycle metabolic pathways 

294 (Fig. 8), respectively. In the qRT-PCR, the up-regulated SPS 1-like (FaSPS) (c79838_g1) had the 

295 highest level in RF (Fig. 5D). The down-regulated FaCES (c75759_g1) decreased from l-GF to 

296 WF but increased from WF to RF (Fig. 5E). The up-regulated expression of FaACC (c77811_g1) 

297 in the qRT-PCR was consistent with the transcriptome expression pattern (Fig. 5F). The 
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298 expression patterns of FaSPS, FaCES and FaACC in transcriptome data were shown in figure 

299 S6D-F. Confirming that the expression levels of most genes decreased with fruit ripening, figure 

300 S7A-E shows the expression pattern of additional genes related to starch and sucrose metabolism. 

301 The expression patterns of genes participating in the citrate cycle pathway are identified in Fig. 

302 S7F/G, which shows that more genes were up-regulated with fruit ripening. More detailed 

303 information on these genes is listed in Table S11. The expression of three CS (c74887_g1, 

304 c78658_g1 and c78658_g3) and one ACS gene (c74238_g1) was up-regulated (Fig. S7F), which 

305 indicated that the synthesis of citric acid increased with fruit ripening. The up-regulated 

306 succinate dehydrogenase gene (c77175_g1) and down-regulated malate dehydrogenase gene 

307 (c70484_g1) illustrated that the accumulation of malic acid increased with fruit ripening. 

308 The research on strawberry fruit texture focuses on the cell wall modifying enzymes. In this 

309 paper, two DEGs of endoglucanase CX-like (FaaEG) (c8256_g1) and endoglucanase 24-like 

310 (FabEG) (c66070_g2) were selected to verify their expression patterns in strawberry ripening 

311 process. The results showed that the expression level of FaaEG and FabEG was higher in the TF 

312 and WT (Fig. 5G/H), which was not inconsistent with the expression pattern in transcriptome 

313 data (Fig. S6G/H). So these two genes cannot be used to study the softening of strawberry fruit.

314

315 Genes involved in ubiquitin mediated proteolysis associated with the fruit development and 

316 ripening process

317 Ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-protein 

318 ligase (E3) are the three major enzymes in ubiquitin mediated proteolysis. The specificity of 

319 target proteins is determined by E2 and E3 in ubiquitin mediated proteolysis (Schwechheimer & 

320 Calderon Villalobos, 2004; Stone & Callis, 2007; Wang et al., 2014). Only nine E1 proteins were 

321 identified in this transcriptome data, and one E1 DEGs (c69468_g2) was only up-regulated in 

322 RF/l-GF. Some E2 and E3 proteins were analyzed based on their expression pattern in the 

323 transcriptome data (Fig. 9A-H, Tables S11). Ten and 6 E2 genes were up- and down-regulated, 

324 respectively, with strawberry ripening. Among the DEGs annotated as E2, the expression of two 
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325 DEGs (c65857_g1 and c69752_g1) was down-regulated in RF/l-GF and that of one DEG 

326 (c76267_g5) was down-regulated in RF/WF. The expression of two E2 DEGs (c69865_g1 and 

327 c80589_g1) were all up-regulated in RF/l-GF and RF/WF (Fig. 9B). The expression of 16 E3 

328 genes was up-regulated (Fig. 9C, Table S11), and that of 23 genes decreased with fruit ripening. 

329 The differential expression analysis results for E3 showed that the expression of 3 DEGs 

330 (c67240_g1, c80832_g1 and c68571_g1) decreased and that of one DEG (c37206_g1) increased 

331 in TF/l-GF. In the RF/l-GF combination, the expression of 6 DEGs (c67240_g1, c77964_g1, 

332 c68571_g1, c77964_g1, c70427_g1 and c79627_g3) decreased and that of 3 DEGs (c73766_g1, 

333 c80901_g1 and c81107_g2) increased with fruit ripening. The expression of two E3 DEGs 

334 (c63405_g1 and c68571_g1) decreased in the TF/WF combination. The expression of an E3 

335 DEG (c73766_g1) increased in both RF/WF and RF/TF and that of two DEGs (c70427_g1 and 

336 c77964_g1) decreased in RF/WF and RF/TF, respectively (Table S11). Based on the above 

337 results, the expression quantity of E2 DEGs in the later stage (RF) was significantly different 

338 from that of the early stages (l-GF and WF), and no E2 DEG was identified in any other 

339 combination. The down-regulated and up-regulated DEGs of E2 and E3 were possibly closely 

340 related to the fruit ripening process. 

341 The expression patterns of MADS-box transcription factors were studied (Fig. 9I/J, Tables 

342 S11). The transcriptional level of most MADS-box transcription factors was down-regulated 

343 with fruit ripening. The expression pattern analysis showed that 3 and 14 MADS-box 

344 transcription factors increased and decreased with fruit ripening, respectively. Among DEGs of 

345 MADS-box transcription factors in each combination, the expression of 5 DEGs (c70741_g4, 

346 c72369_g2, c71360_g1, c69175_g1 and c77683_g2) was down-regulated and that of 3 DEGs 

347 was up-regulated in the RF/l-GF comparison (Table S11). In the RF/WF comparison, the 

348 expression of 3 DEGs (c77683_g2, c71360_g3 and c69157_g2) was down-regulated and that of 

349 2 DEGs (c70335_g1 and c62694_g1) was up-regulated with fruit ripening. In the TF/l-GF 

350 comparison, the expression of one DEG (c69157_g2) was down-regulated and that of 2 DEGs 

351 (c70335_g1 and c66335_g1) was up-regulated (Table S11). The expression of 2 MADS-box 
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352 DEGs (c62694 and c66335) was up-regulated in the RF/TF and WF/l-GF comparisons (Table 

353 S11). In terms of the above results, more DEGs were found in RF/l-GF and RF/WF than in other 

354 comparisons, thus the MADS-box transcription factor DEGs were related to fruit ripening to 

355 some extent. According to the known functions of MADS-box transcription factors in fruit 

356 ripening, further study of MADS-box transcription factors might lead to a new discovery 

357 pertinent to the regulation of fruit ripening.

358 The expression patterns of some E2, E3 and MADS-box genes were analyzed by qRT-PCR. 

359 The results showed that the expression levels of E2 and aE3 were the highest at the TF stage of 

360 strawberry and that of bE3 was up-regulated with fruit ripening (Fig. 5I-N). The expression 

361 patterns of FaaEG, FaaE2, FabE2, and FabE3 were similar, suggesting that they might have the 

362 same function in the fruit ripening process. The expression of FaMADS-box decreased 

363 significantly with fruit ripening, as shown in Fig. 5O. Combining gene expression patterns in the 

364 transcriptome data (Fig. S6I-O), More work is required to discover and verify the regulatory 

365 mechanisms and functions of E2, E3 and MADS-box transcription factors in the fruit 

366 development and ripening process. 

367

368 Discussion

369 In previous studies, RNA-Seq technology has been used to study fruit development and ripening 

370 (Kang et al., 2013; Pillet et al., 2015; Li et al., 2016; Estrada-Johnson et al., 2017; Hartl et al., 

371 2017). In this study, 91,790 unigenes were obtained, and 56,606 unigenes were annotated to 

372 known proteins in the Swiss-Prot or Nr database. In addition, 6,608 DEGs were identified to 

373 analyze the changes in fruit characteristics with strawberry development and ripening. When our 

374 transcriptome data were compared with the transcriptome assembly results of octoploid 

375 strawberry in a previous study (Sanchez-Sevilla et al., 2017), fewer clean reads were retained in 

376 this data set (Table 1) due to the sequencing technology at that time and the experimental design, 

377 but more genes with FPKM g 0.3 were identified than in the previous study (Sanchez-Sevilla et 

378 al., 2017) (Table S3). The unigenes with FPKM > 0.3 were considered to be expressed 
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379 (Mortazavi et al., 2008; Trapnell et al., 2010; Ho et al., 2012), which were the satisfactory 

380 reference sequences for enrichment and differential expression analyses of DEGs.

381 The most intuitive indicator of strawberry ripening is the coloring. The synthesis 

382 mechanism of anthocyanins derived from the plant secondary metabolite pathway of flavonoid 

383 biosynthesis, has been extensively studied in strawberry (Manning, 1998; Castellarin & Di 

384 Gaspero, 2007; Niu et al., 2010). The high expression of genes such as CHS, CHI, F3H, and 

385 DFR increases the accumulation of anthocyanin content with fruit ripening (Almeida et al., 2007; 

386 Salvatierra et al., 2010; Jiang et al., 2012; Zhang et al., 2015; Hartl et al., 2017). Except for the 

387 down-regulated F39M (c72378_g2), which accelerated the accumulation of pelargonidin, the 

388 other up-regulated DEGs in anthocyanin biosynthesis promoted fruit coloring and ripening (Fig. 

389 4). The MYB-bHLH-WD40 transcription factors complex regulates the biosynthesis of 

390 anthocyanins  (Schwinn et al., 2006; Allan et al., 2008; Hichri et al., 2011; Schaart et al., 2013). 

391 FaMYB10 plays a positive regulatory role in the flavonoid/phenylpropanoid pathway (Lin-Wang 

392 et al., 2014; Medina-Puche et al., 2014). FaMYB1 is described as a transcriptional repressor and 

393 represses the biosynthesis of anthocyanins in strawberry (Aharoni et al., 2001). Among the 

394 transcription factors of bHLH and WD40, FabHLH33, FabHLH3 and FaTTG1 transcription 

395 factors interact with the MYB transcription factors to play important roles in proanthocyanidin 

396 and anthocyanin biosynthesis (Schaart et al., 2013). In this study, the up-regulated expression of 

397 R2R3 MYB transcription factor (MYB10) (c76851_g2) was positively correlated with its 

398 function in anthocyanin biosynthesis. Consistent with a negative regulatory function in 

399 anthocyanin biosynthesis (Aharoni et al., 2001), FaMYB1R1 (c75011_g1) was down-regulated. 

400 The expression of bHLH33 (c75633_g2) and bHLH3-like (c78773_g1) was down-regulated with 

401 fruit ripening. No difference was detected in expression of WD40 during the four fruit ripening 

402 stages. The function of those genes related to anthocyanin biosynthesis requires future 

403 verification. Strawberry fruits release a special fragrance in the ripening process. AAT 

404 participates in the synthesis of strawberry fruit aroma because of the maximum gene expression 

405 and increasing activity throughout the ripening process (Perez et al., 1996; Cumplido-Laso et al., 
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406 2012). The expression pattern of AAT was significantly up-regulated with fruit ripening, based 

407 on qRT-PCR, which was consistent with the expression pattern in this transcriptome data set and 

408 that of the previous study. 

409 Little is known of the functional mechanism of ubiquitin mediated proteolysis in strawberry 

410 fruit ripening. In a previous study, MuUBA, the ubiquitin-activating enzyme E1 gene, and 

411 MuMADS1 showed high expression in the 4 ovule stage, and the expression levels were 

412 stimulated by exogenous ETH and suppressed by 1-methylcyclopropene in banana. These results 

413 indicated that the interaction of MuMADS1 and MuUBA might play an important role in post-

414 harvest banana fruit ripening (Liu et al., 2013). In the tomato rin mutant, SlUBC32 encodes an 

415 E2 ubiquitin-conjugating enzyme and five E2s as direct targets of RIN were identified, which 

416 uncovered a novel regulatory function of proteins in ubiquitin mediated proteolysis in fruit 

417 ripening (Wang et al., 2014). Based on the above findings, 34 putative CpUBC genes are 

418 identified in the papaya genome. The expression patterns of these genes showed the expression 

419 level of 13 CpUBC genes increased at one ripening stage and that of 2 CpUBC genes decreased 

420 at two ripening stages, which indicated the possible regulatory function of E2s in papaya fruit 

421 ripening (Jue et al., 2017). Additionally, ubiquitin mediated proteolysis participates in fruit 

422 ripening found based on microRNA analysis (Bi et al., 2015; Zeng et al., 2015). In this study, the 

423 analysis of E2 DEGs in different comparative combinations of fruit ripening stages showed that 

424 the expression levels of E2 28-like and E2 4-like decreased from l-GF to RF. The expression of 

425 E2 5-like and E2 23-like increased from l-GF to RF (Table S11). The expression of E3 DEGs of 

426 S-phase kinase-associated protein 1 and ubiquitin-protein ligase TRIP12 increased and that of the 

427 other E3 DEGs decreased with fruit ripening (Table S11). The expression patterns of E2 and E3 

428 DEGs in qRT-PCR were not consistent with those in the transcriptome data. Based on the 

429 differentially expressed patterns of these genes in the transcriptome data, their functional 

430 mechanisms in regulating fruit ripening require in-depth research.

431 The texture of strawberry fruit changes significantly changes with fruit ripening. The 

432 regulatory factors that regulate the synthesis of enzymes related to fruit softening, play important 
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433 roles in fruit ripening (Youssef et al., 2012). MADS-box transcription factors are key elements of 

434 the genetic networks that control flower and fruit development, and currently, a pivotal 

435 regulatory effect of these transcription factors on fruit ripening is widely repoeted. Recently, 

436 MdMADS1 was found to inhibit fruit coloration and regulate apple fruit ripening (Ireland et al., 

437 2013; Feng et al., 2016). TAGL1, a MADS-box transcription factor gene, controls several aspects 

438 of tomato fruit ripening by regulating carotenoid synthesis, ETH signaling pathway, cell cycle 

439 regulation, flavonoid and lignin biosynthesis, and cuticle development (Garceau et al., 2017). 

440 The suppressed expression of SlMBP8, a MADS-box gene, promotes carotenoid and ETH 

441 biosynthesis and induces the expressions of cell wall metabolism genes, which ultimately 

442 accelerate tomato fruit ripening (Yin et al., 2017). The MADS-box genes of MaMADS24 and 

443 MaMADS49 regulate the fruit development and ripening process by interacting with MaMADS 

444 proteins themselves and ETH signal transduction, biosynthesis-related proteins, starch 

445 biosynthesis proteins and metabolism-related proteins (Liu et al., 2013; Hu et al., 2017). The 

446 PrupeSEP1 gene, a subfamily of MADS-box transcription factors, regulates fruit ripening and 

447 softening by exhibiting similar expression patterns of cell wall modification-related genes and N-

448 glycan processing genes in melting flesh peach (Li et al., 2017a). RIN and MC, two truncated 

449 transcription factors, fuse with one another because of a genomic DNA deletion in the rin mutant. 

450 The over-expression and down-regulated expression patterns of RIN-MC in tomato transgenic 

451 wild-type and in the rin mutant, respectively, indicate a negative role of RIN-MC in fruit 

452 ripening (Li et al., 2017b). Transcriptome profiles analysis revealed that the silence of fruit-

453 related gene SEP1/2-like (FaMADS9) leads to the inhibition of normal development and ripening 

454 in strawberry achenes (Seymour et al., 2011; Qin et al., 2012; Wang et al., 2014). In our study, 

455 the differential expression of MADS-box proteins SVP-like, ZMM17-like, CMB1-like, and 

456 MADS-box 17-like, among others which has not been reported in other studies, was identified in 

457 the strawberry fruit development and ripening process (Table S11).

458 RIN is a key regulator of the ripening gene expression network and has hundreds of target 

459 genes that can regulate changes in fruit color, flavor, texture and taste with tomato fruit ripening. 
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460 Research on the rin mutants found that RIN encodes a MADS-box transcription factor that binds 

461 to the promoter of SlUBC32, an E2 ubiquitin-conjugating enzyme (Wang et al., 2014). Based on 

462 the relevance and possible regulatory role of E2 and MADS-box DEGs in the strawberry fruit 

463 ripening process, further work must be performed to verify the function and relationship between 

464 ubiquitin mediated proteolysis and MADS-box transcription factors in the fruit ripening process.

465

466 Conclusions

467 A transcriptome analysis identified many DEGs associated with fruit ripening characteristics. 

468 These DEGs were involved in multiple metabolic pathways of flavonoid biosynthesis, ester 

469 biosynthesis, starch and sucrose biosynthesis, the citrate cycle, MADS-box transcription factors, 

470 and the ubiquitin mediated proteolysis pathway, among others, in the fruit ripening process. The 

471 functional analysis and expression patterns of DEGs related to fruit development and ripening 

472 characteristics lay the foundation for the development of molecular markers in the cultivation of 

473 new strawberry varieties. The results of this study will also contribute to strawberry molecular 

474 breeding.

475
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743 Table and figure legends

744

745 Table 1 Throughput and quality of RNA-Seq data.

746
a,b Q20 and Q30 indicate the percentage of bases whose Qphred > 20, 30. Error rate, Q20, Q30 

747 and GC content distribution are used to reflect the quality of sequencing data.

748

749 Figure 1 Tissues of strawberry 8Toyonoka9 used in deep sequencing. 

750 (A) l-GF; (B) WF; (C) TF; (D) RF. Yellow bar = 10mm.

751

752 Figure 2 The volcano plots of DEGs in six combinations. 

753 (A) WF/l-GF; (B) TF/l-GF; (C) RF/l-GF; (D) TF/WF; (E) RF/WF; (F) RF/TF. The x-axis 

754 represents the gene expression times. The y-axis represents the statistically significant degree of 

755 gene expression change. The smaller the corrected pvalue, the larger the -log10 (padj), and the 

756 more significant the difference. The scattered dots represent each gene, the blue dots indicate 
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757 genes with no significant differences, the red dots indicate up-regulated genes with significant 

758 differences, and the green dots indicate down-regulated genes with significant differences. 

759

760 Figure 3 Venn diagrams for the different DEGs between each combination. 

761 (A) Number of common and specific DEGs in WF/l-GF, TF/l-GF and RF/l-GF. (B) Number of 

762 common and specific DEGs in TF/WF and RF/WF. (C) Number of common and specific DEGs 

763 in six combinations (WF/l-GF, TF/l-GF, RF/l-GF, TF/WF, RF/WF and RF/TF). The sum of the 

764 numbers in each large circle represents the total number of DEGs in the comparison, and the 

765 overlapping parts of the circle represent the number of common DEGs among the combinations.

766

767 Figure 4 The expression pattern of genes involved in anthocyanin biosynthesis. 

768 Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis 

769 represents average read_count value of each library. No gene is found in the gray line step. TCM: 

770 trans-cinnamate 4-monooxygenase. SHT: shikimate O-hydroxycinnamoyl transferase. CHS: 

771 chalcone synthase. CHI: chalcone isomerase. F3'M: flavonoid 3'-monooxygenase. N3D: 

772 naringenin 3-dioxygenase. DRF: bifunctional dihydroflavonol 4-reductase. LAD: 

773 leucoanthocyanidin dioxygenase. ANS: anthocyanidin reductase.

774

775 Figure 5 Expression profile of candidate genes during different fruit development and ripening 

776 stages in qRT-PCR.

777 FaActin were used as an internal control. Result shows expression value of candidate genes 

778 relative to s-GF stage. The experiments were repeated three times and provided consistent results. 

779 The mean values and error bars were obtained from three biological and three technical 

780 replicates. The left fruits represents the materials of six different ripening stages in qRT-PCR.

781

782 Figure 6 The expression pattern of genes involved in ester biosynthesis. 

783 (A) Ester biosynthesis pathway. Enzyme names, unigene ids and expression patterns are 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26870v1 | CC BY 4.0 Open Access | rec: 19 Apr 2018, publ: 19 Apr 2018



784 indicated on each step. The y-axis represents average read_count value of each library. ADH: 

785 alcohol dehydrogenase. AAT: alcohol acyltransferase. (B) The relative expression of down-

786 regulated genes in the degradation of aromatic compound pathway. Black Fonts indicate the up-

787 regulated gene ID. (C) The expression pattern of DEGs in the degradation of aromatic compound 

788 pathway.

789

790 Figure 7 The expression pattern of genes involved in starch and sucrose biosynthesis. 

791 Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis 

792 represents average read_count value of each library. ³-FRU: beta-fructofuranosidase. ³-GLU: 

793 alpha-glucosidase. SUT: sucrose translocase. SUS: sucrose synthase. SPS: sucrose-phosphate 

794 synthase. TPS: trehalose 6-phosphate synthase. TPP: trehalose 6-phosphate phosphatase. ³-TRE: 

795 alpha-trehalase. UGP: UTP--glucose-1-phosphate uridylyltransferase. ASD: ADP-sugar 

796 diphosphatase. STP: starch phosphorylase. GPA: glucose-1-phosphate adenylyltransferase. STS: 

797 starch synthase. GOP: glycogen operon protein. ³-AMY: alpha-amylase. ³-AMY: beta-amylase. 

798 ³-GLU: alpha-glucosidase. 

799

800 Figure 8 The expression pattern of genes involved in citrate cycle. 

801 Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis 

802 represents average read_count value of each library. PYC: acetyl-CoA C-acetyltransferase. MDH: 

803 malate dehydrogenase. FH: fumarate hydratase. SDH/³-SCS: succinate dehydrogenase/succinyl-

804 CoA synthetase alpha subunit. DST/³-SCS: dihydrolipoamide succinyltransferase/succinyl-CoA 

805 synthetase beta subunit. DLST: dihydrolipoamide succinyltransferase. OGDH: 2-oxoglutarate 

806 dehydrogenase E1 component. IDH: isocitrate dehydrogenase. ACH: aconitate hydratase. CS: 

807 citrate synthase. ACL: ATP citrate (pro-S)-lyase.

808

809 Figure 9 The expression pattern of genes involved in the ubiquitin mediated proteolysis pathway 

810 and MADS-box transcript factors.
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811 (A) The relative expression of up- and down-regulated genes of ubiquitin conjugating enzyme. 

812 Black Fonts indicate the up-regulated gene ID. (B) The expression pattern of DEGs of ubiquitin 

813 conjugating enzyme. (C) The relative expression of up-regulated and down-regulated genes of 

814 ubiquitin protein ligase. Black Fonts indicate the up-regulated gene ID. (D-F) The expression 

815 pattern of DEGs of ubiquitin protein ligase. (G) The relative expression of up- and down-

816 regulated genes of MADS-box transcript factors. Black Fonts indicate the up-regulated gene ID. 

817 (H) The expression pattern of DEGs of MADS-box transcript factors.

818

819 Supplementary material

820

821 Table S1 URLs, annotation methods and parameters of seven databases.

822 The comprehensive information of gene function comes from seven databases.

823

824 Table S2 The information of software version and parameter.

825 Each data indicate the information of software that produces all the transcriptome data.

826

827 Table S3 The distribution of FPKM values of each library.

828 FPKM: fragments per kilobaseof exon per million fragments mapped. FPKM is the most 

829 commonly used method of estimating gene expression level, which eliminates the expression 

830 level of technical deviation.

831

832 Table S4 Primers used in this study.

833 Each data indicates the detail information of candidate genes in quantitative real-time 

834 polymerase chain reaction.

835

836 Table S5 The annotation results of KOG classification.

837 Each data indicates the annotation result in seven databases.
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838  

839 Table S6 The GO classification of unigenes.

840 Each data indicates the classification of unigenes in GO database.

841

842 Table S7 The KOG classification of unigenes.

843 Each data indicates the classification of unigenes in KOG database.

844

845 Table S8 The KEGG classification of unigenes.

846 Each data indicates the classification of unigenes in KEGG database.

847

848 Table S9 Differential analysis results of genes in different combinations.

849 Each data is used to determine the differentially expressed genes (DEGs). The DEGs with padj < 

850 0.05 and log2 (fold change) g 1 are up-regulated, and those with padj < 0.05 and log2 (fold 

851 change) f -1 are down-regulated. The other genes that do not meet the conditions of padj < 0.05 

852 and |log2 (fold change)| g 1 are not DEGs.

853

854 Table S10 Detailed information of genes in the flavonoid biosynthesis pathway.

855 Each data indicates the average read_count of genes in each library. 

856

857 Table S11 Detailed information of genes in results.

858 Each data indicates the corrected read_count value, differential analysis results and annotation 

859 information of genes in each library. 

860

861 Figure S1 FPKM interval of all samples. 

862 FPKM: fragments per kilobaseof exon per million fragments mapped. The percentage of each 

863 sample's corresponding FPKM interval can be used to measure the difference in expression 

864 between samples. 
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865

866 Figure S2 Length distribution of transcripts and unigenes. 

867 The x-axis represents the length interval of transcript/unigene, and the y-axis represents the 

868 number of times for each length of the transcript/unigene. 

869

870 Figure S3 Characteristics of homology search of Illumina sequences against the Nr database. 

871 (A) Percentage of the total homologous sequences of 5 top species against the Nr database; (B) 

872 E-value distribution of the top BLASTx hits against the Nr database; (C) Similarity distribution 

873 of the top BLASTx hits for each sequence.

874

875 Figure S4 Expression pattern of genes in the flavonoid biosynthetic pathway.

876 (A) Cluster analysis of genes in flavonoid biosynthetic pathway. Expression level was showed by 

877 different colors, the redder the higher expression and the bluer the lower. The values of red to 

878 blue is log10 (read_count). (B) The relative expression of up- and down-regulated genes in 

879 flavonoid biosynthetic pathway. (C) The expression pattern of DEGs in flavonoid biosynthetic 

880 pathway.

881

882 Figure S5 Expression pattern of MYB and bHLH transcription factors. 

883 (A/C) The relative expression of up- and down-regulated MYB and bHLH transcription factors. 

884 Black Fonts indicate the up-regulated gene ID. (B/D) The expression pattern of DEGs of MYB 

885 and bHLH transcription factors.

886

887 Figure S6 The expression level of candidate genes in transcriptome data. 

888 Each data indicates the expression pattern of candidate genes with strawberry ripening in 

889 transcriptome data. 

890

891 Figure S7 Expression pattern of genes in starch and sucrose biosynthesis and citrate cycle. 
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892 (A/B) The relative expression of up- and down-regulated genes in starch and sucrose 

893 biosynthesis. (C-E) The expression pattern of DEGs in starch and sucrose biosynthesis. (F) The 

894 relative expression of up- and down-regulated genes in citrate cycle. (G) The expression pattern 

895 of DEGs in citrate cycle.

896

897
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Figure 1

Tissues of strawberry 8Toyonoka9 used in deep sequencing.

(A) l-GF; (B) WF; (C) TF; (D) RF. Yellow bar = 10mm.
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Figure 2

The volcano plots of DEGs in six combinations.

(A) WF/l-GF; (B) TF/l-GF; (C) RF/l-GF; (D) TF/WF; (E) RF/WF; (F) RF/TF. The x-axis represents

the gene expression times. The y-axis represents the statistically significant degree of gene

expression change. The smaller the corrected pvalue, the larger the -log10 (padj), and the

more significant the difference. The scattered dots represent each gene, the blue dots

indicate genes with no significant differences, the red dots indicate up-regulated genes with

significant differences, and the green dots indicate down-regulated genes with significant

differences.
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Figure 3

Venn diagrams for the different DEGs between each combination.

(A) Number of common and specific DEGs in WF/l-GF, TF/l-GF and RF/l-GF. (B) Number of

common and specific DEGs in TF/WF and RF/WF. (C) Number of common and specific DEGs in

six combinations (WF/l-GF, TF/l-GF, RF/l-GF, TF/WF, RF/WF and RF/TF). The sum of the

numbers in each large circle represents the total number of DEGs in the comparison, and the

overlapping parts of the circle represent the n umber of common DEGs among the

combinations.
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Figure 4

The expression pattern of genes involved in anthocyanin biosynthesis.

Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis

represents average read_count value of each library. No gene is found in the gray line step.

TCM: trans-cinnamate 4-monooxygenase. SHT: shikimate O-hydroxycinnamoyl transferase.

CHS: chalcone synthase. CHI: chalcone isomerase. F3'M: flavonoid 3'-monooxygenase. N3D:

naringenin 3-dioxygenase. DRF: bifunctional dihydroflavonol 4-reductase. LAD:

leucoanthocyanidin dioxygenase. ANS: anthocyanidin reductase.
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Figure 5

Expression profile of candidate genes during different fruit development and ripening

stages in qRT-PCR.

FaActin were used as an internal control. Result shows expression value of candidate genes

relative to s-GF stage. The experiments were repeated three times and provided consistent

results. The mean values and error bars were obtained from three biological and three

technical replicates. The left fruits represents the materials of six different ripening stages in

qRT-PCR.
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Figure 6

The expression pattern of genes involved in ester biosynthesis.

(A) Ester biosynthesis pathway. Enzyme names, unigene ids and expression patterns are

indicated on each step. The y-axis represents average read_count value of each library. ADH:

alcohol dehydrogenase. AAT: alcohol acyltransferase. (B) The relative expression of down-

regulated genes in the degradation of aromatic compound pathway. Black Fonts indicate the

up-regulated gene ID. (C) The expression pattern of DEGs in the degradation of aromatic

compound pathway.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26870v1 | CC BY 4.0 Open Access | rec: 19 Apr 2018, publ: 19 Apr 2018



Figure 7

The expression pattern of genes involved in starch and sucrose biosynthesis.

Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis

represents average read_count value of each library. ³-FRU: beta-fructofuranosidase. ³-GLU:

alpha-glucosidase. SUT: sucrose translocase. SUS: sucrose synthase. SPS: sucrose-phosphate

synthase. TPS: trehalose 6-phosphate synthase. TPP: trehalose 6-phosphate phosphatase. ³-

TRE: alpha-trehalase. UGP: UTP--glucose-1-phosphate uridylyltransferase. ASD: ADP-sugar

diphosphatase. STP: starch phosphorylase. GPA: glucose-1-phosphate adenylyltransferase.

STS: starch synthase. GOP: glycogen operon protein. ³-AMY: alpha-amylase. ³-AMY: beta-

amylase. ³-GLU: alpha-glucosidase.
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Figure 8

The expression pattern of genes involved in citrate cycle.

Enzyme names, unigene ids and expression patterns are indicated on each step. The y-axis

represents average read_count value of each library. PYC: acetyl-CoA C-acetyltransferase.

MDH: malate dehydrogenase. FH: fumarate hydratase. SDH/³-SCS: succinate

dehydrogenase/succinyl-CoA synthetase alpha subunit. DST/³-SCS: dihydrolipoamide

succinyltransferase/succinyl-CoA synthetase beta subunit. DLST: dihydrolipoamide

succinyltransferase. OGDH: 2-oxoglutarate dehydrogenase E1 component. IDH: isocitrate

dehydrogenase. ACH: aconitate hydratase. CS: citrate synthase. ACL: ATP citrate (pro-S)-

lyase.
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Figure 9

The expression pattern of genes involved in the ubiquitin mediated proteolysis pathway

and MADS-box transcript factors.

(A) The relative expression of up- and down-regulated genes of ubiquitin conjugating

enzyme. Black Fonts indicate the up-regulated gene ID. (B) The expression pattern of DEGs

of ubiquitin conjugating enzyme. (C) The relative expression of up-regulated and down-

regulated genes of ubiquitin protein ligase. Black Fonts indicate the up-regulated gene ID. (D-

F) The expression pattern of DEGs of ubiquitin protein ligase. (G) The relative expression of

up- and down-regulated genes of MADS-box transcript factors. Black Fonts indicate the up-

regulated gene ID. (H) The expression pattern of DEGs of MADS-box transcript factors.
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Table 1(on next page)

Throughput and quality of RNA-Seq data.

a,b Q20 and Q30 indicate the percentage of bases whose Qphred > 20, 30. Error rate, Q20,

Q30 and GC content distribution are used to reflect the quality of sequencing data.
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1

Sample Raw reads
Clean 

reads

Clean 

bases

Error  rate 

(%)
Q20a (%) Q30b (%) GC (%)

l-GF1 58541836 57209502 8.58G 0.02 96.48 91.19 46.74

l-GF2 60581866 59222064 8.88G 0.02 96.27 90.72 46.93

WF1 66696962 65070548 9.76G 0.02 96.56 91.35 46.8

WF2 61783100 60066380 9.01G 0.02 96.55 91.29 46.84

TF1 63081374 61671990 9.25G 0.02 96.55 91.29 46.66

TF2 61345068 59832880 8.97G 0.02 96.48 91.16 46.42

RF1 61847198 60455548 9.07G 0.02 96.68 91.53 46.04

RF2 59579024 58261550 8.74G 0.02 96.67 91.53 45.88

a,b Q20 and Q30 indicate the percentage of bases whose Qphred > 20, 30 in the overall bases

2

3

4

5
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