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31 Summary

32  Fruit ripening is a complex and highly coordinated process that occurs in conjunction with 

33 the formation of fruit edible quality. While genetic regulation has been a primary focus in 

34 previous research, the significance of epigenetic changes, particularly the impact of m6A 

35 RNA modification on fruit ripening and quality formation, has been largely overlooked. 

36  In this study, we monitored m6A level and its dynamic changes at four distinct 

37 development and ripening stages of kiwifruits. Notable m6A modifications occurred 

38 predominantly at the stop codons and the 3’ UTRs and exhibited a gradual reduction in 

39 m6A levels during fruit ripening process. Moreover, these m6A modifications in the 

40 aforementioned sites demonstrated a discernible inverse relationship with the levels of 

41 mRNA abundance throughout ripening process, suggesting a repression effect of m6A 

42 modification in modulation of kiwifruit ripening. 

43  We further demonstrated that AcALKBH10 rather than AcECT9 predominantly regulates 

44 m6A levels in ripening-related genes, thereby exerting the regulatory control over the 

45 ripening process and the accumulation of soluble sugars and organic acids, ultimately 

46 influencing fruit ripening and quality formation. In conclusion, our findings illuminate the 

47 epi-regulatory mechanism involving m6A in kiwifruit ripening, offering a fresh 

48 perspective for cultivating high-quality kiwifruit with enhanced nutritional attributes. 

49 Keywords: AcALKBH10, AcECT9, fruit quality, kiwifruit ripening, m6A RNA modification

50 Introduction

51 N6-methyladenosine (m6A) methylation is a prevalent mRNA modification found in 

52 eukaryotes, including plants. It involves the transfer of a methyl group to the N6 position of 

53 adenosines within mRNA molecules. This reversible modification is dynamically regulated by 

54 a complex interplay of "writers", "erasers" and "readers", which are enzymes and proteins 

55 responsible for m6A deposition, removal, and recognition, respectively (Huang et al., 2021; 

56 Yue et al., 2019; Zheng et al., 2020). The writers, such as METTL3 and METTL14, recognize 

57 specific RNA motifs and catalyze the transfer of a methyl group from S-adenosyl methionine 

58 (SAM) to mRNA (Arribas-Hernández and Brodersen, 2020; Bokar et al., 1997; Ping et al., 

59 2014; Wang et al., 2014). Conversely, erasers, such as ALKBH9 remove the methyl group, 

60 resulting in demethylation of m6A mRNA (Duan et al., 2017; Jia et al., 2013). The m6A 

61 modification on mRNA is recognized and interpreted by readers such as YTH domain proteins, 

62 which interact with m6A sites in mRNA and facilitates the recruitment of various effector 

63 proteins and signaling molecules, thereby instigating specific effects on downstream mRNA 

64 fate (Arribas-Hernández et al., 2018; Huang et al., 2021; Scutenaire et al., 2018). As such, m6A 
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65 modification plays a crucial role in various aspects of plant growth and development, including 

66 flowering time, embryogenesis, fruit ripening, and responses to abiotic stresses such as heat, 

67 cold, viral damage, and drought in different plants (Bai et al., 2021; Han et al., 2023; Hou et 

68 al., 2022; Liu et al., 2020; Růžička et al., 2017; Song et al., 2021; Sun et al., 2022; Tzafrir et 

69 al., 2004; Wang et al., 2022a; Wang et al., 2023; Zhang et al., 2021; Zhong et al., 2008; Zhou 

70 et al., 2021). 

71 Fruits represent a crucial component of a nutritionally balanced human diet, providing essential 

72 vitamins, antioxidants, and dietary fiber. Fruit ripening process is intricately regulated, exerting 

73 a significant influence on fruit quality. Exploring the regulatory mechanisms governing fruit 

74 ripening holds great promise for enhancing fruit quality and fostering the development of novel 

75 fruit varieties (Seymour et al., 2013; Slavin and Lloyd, 2012). Recent investigations have 

76 unveiled pervasive impacts of m6A modification on fruit ripening and senescence (Zhou et al., 

77 2019; 2021). For instance, in typical climacteric fruits like tomato, researchers have observed 

78 a widespread occurrence of m6A methylation on fruit mRNA. Moreover, the m6A methylation 

79 at stop codons and in 3’ UTRs of mRNAs demonstrates a notable negative correlation with the 

80 abundance of transcripts in fruits (Zhou et al., 2019). Additionally, during fruit ripening, the 

81 m6A RNA demethylase SlALKBH2 gradually increases, leading to elevated levels of 

82 transcripts for various ripening-associated genes, including SlDML2 (encoding a DNA 

83 demethylase enzyme) and Nr (encoding an ethylene receptor protein), thereby promoting fruit 

84 ripening (Zhou et al., 2019). In non-climacteric fruits like strawberry, similar m6A 

85 modifications have also been detected. However, diverging from tomato fruit, m6A 

86 modification in strawberry is notably enriched in CDS regions, particularly after the onset of 

87 ripening. Interestingly, m6A modification within this region possesses an overall positive 

88 correlation with gene expression. Furthermore, it has been determined that m6A modification 

89 in strawberry influences fruit ripening by modulating the ABA pathway (Zhou et al., 2021). 

90 These findings enhanced our understanding of the regulatory mechanisms associated with fruit 

91 ripening. Nevertheless, further investigation is still required to ascertain how m6A impacts the 

92 ripening process and quality metabolism of different fleshy fruit species. 

93 Kiwifruit (Actinidia chinensis), akin to tomato, is a climacteric fruit, and its ripening and quality 

94 formation processes are largely regulated by ethylene signaling. Over the past two decades, 

95 extensive research has revealed the intricate involvement of the ethylene pathway in the 

96 regulation of kiwifruit fruit ripening. For instance, downregulation of the expression of 1-

97 aminocyclopropane-1-carboxylate oxidase (ACO), an enzyme involved in ethylene synthesis, 

98 can effectively delay fruit softening, thus modulating kiwifruit ripening (Atkinson et al., 2011). 

99 Additionally, pivotal transcription factors (TFs) such as AcEIL2 and AcEIL3 have been 

100 identified as activators that regulate the transcription of ripening-related genes, including 
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101 AcACO1 and AcXET5 (encoding xyloglucan endotransglucosylase), providing crucial insights 

102 into the molecular basis of kiwifruit ripening (Yin et al., 2010). Recently, several studies have 

103 indicated the involvement of ethylene response factor (ERF), namely AcERF182 and AcERF91, 

104 in regulating important quality attributes of kiwifruit, such as soluble sugars and vitamin C 

105 (Chen et al., 2021; Wang et al., 2022b). These investigations have yielded valuable insights 

106 into the molecular mechanisms underlying kiwifruit fruit ripening and the development of 

107 quality attributes. However, it is important to note that the focus of these studies has primarily 

108 been on molecular breeding strategies related to genetic regulation. As a consequence, there 

109 has been a relative neglect of exploring epigenetic modifications, notably the potential 

110 influence of the highly conserved plant regulatory mechanism, m6A modification, on the 

111 regulatory processes governing fruit quality in kiwifruit.

112 In this study, we performed a comparative analysis of the m6A methylomes of kiwifruit at four 

113 different development and ripening stages, revealing the dynamic changes in m6A modification 

114 during kiwifruit ripening. Unlike strawberry (non-climacteric fruit), m6A modification in 

115 kiwifruit displays similar trends as seen in tomato (climacteric fruit). Specifically, we observed 

116 that a) the alterations in m6A modification of transcripts during fruit ripening are mainly 

117 concentrated in the stop codon and 3’ UTRs, exhibiting a negative correlation with gene 

118 expression; b) the sequence motif for transcript m6A modification is UGUA; and c) fruit 

119 ripening is predominantly controlled by erasers rather than writers. Unlike tomato, readers also 

120 play a role in kiwifruit fruit ripening, as both the eraser AcALKBH10 (Acc10991) and the 

121 reader AcECT9 (Acc26109) influence the concentrations of accumulation of soluble sugars and 

122 organic acids, which are essential traits for fruit quality. These findings demonstrate that m6A 

123 exerts both common and distinct effects during the ripening of climacteric and non-climacteric 

124 fruits, offering a novel perspective for cultivating high-quality kiwifruit.

125 Materials and Methods

126 Plant materials 

127 Kiwifruits (A. chinensis cv. Hongyang) were cultivated in the Research Orchard located in 

128 Shifang, Sichuan Province, China. To study the kiwifruit development and ripening, fruits were 

129 sampled at different stages - specifically, at 120, 160, and 185 days after pollination (DAP), as 

130 well as 5 days after harvesting at 185 DAP (185 DAP + 5). Pericarps, which refer to the fruit 

131 outer layer without skin and seeds, were collected from ten fruits of equal sizes and pooled as 

132 one biological replicate. The collected fruit tissues were cut into small pieces, quickly frozen 

133 in liquid nitrogen, and preserved in -80°C freezers. Two biological replicates were used for 

134 Methylated RNA Immunoprecipitation (MeRIP) sequencing analysis, and three biological 

135 replicates were used for transcriptome profiling in subsequent experiments.

Page 6 of 36

Manuscript submitted to New Phytologist for review



For Peer Review

5

136 Determination of ethylene production in kiwifruit

137 Ethylene quantification was conducted utilizing a GC1120 gas chromatograph (Sunny 

138 Hengping, Shanghai, China) in accordance with the previously specified comprehensive 

139 parameters (Deng et al., 2018). Three biological replicates, each comprising six fruits, were 

140 assessed at every development and ripening stages for measurements.

141 Determination of m6A by LC-MS/MS

142 Total RNA was extracted from kiwifruit fruits using a plant RNA extraction kit (BIOFIT, 

143 RN33050). mRNA was isolated from total RNA using an mRNA purification kit (Promega, 

144 Z5300). Subsequently, mRNA was digested following a previously described method (Zhou et 

145 al., 2019). Briefly, 400 ng of mRNA was digested with 2 units of ribonuclease P1 (Wako, 145-

146 08221) in a 100 μL reaction system at 37°C for 6 hours, followed by the addition of 11 μL of 

147 1M NH4HCO3 and 2 units of alkaline phosphatase (Sigma-Aldrich, P6774), and further 

148 incubation at 37°C for 6 hours. The digested samples were diluted 2-fold for LC-MS/MS 

149 analysis. Nucleosides were separated using a Thermo Hypersil Gold 100x2.1 (mm) 1.9micron 

150 column (25002-102130) and detected using an X500 QTOF mass spectrometer. The mobile 

151 phase consisted of buffer A (5 mM ammonium acetate) and buffer B (100% acetonitrile). Pure 

152 commercial standards A (TargetMol, T0853) and m6A (TargetMol, T6599) were used for 

153 calibration. The m6A/A ratio in the samples was calculated. The experiment was conducted 

154 with three independent biological replicates.

155 Construction of kiwifruit MeRIP sequencing library

156 MeRIP sequencing analysis was conducted using a previously described protocol (Dominissini 

157 et al., 2013). In brief, total RNA was isolated from kiwifruit fruit tissues using a Plant RNA 

158 Purification Reagent (Invitrogen, Carlsbad, CA, USA) and processed to prevent genomic DNA 

159 contamination and generate first-strand complementary DNA, following established 

160 procedures. Subsequently, fragmented mRNAs (5 μg) were incubated with anti-m6A 

161 polyclonal antibody (Synaptic Systems, 202003; 10 μg) in 450 μL of immunoprecipitation (IP) 

162 buffer containing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% NP-40 (v/v), and 300 U/mL 

163 RNase inhibitor (Promega, N2112S) at 4°C for 2 hours. The mixture was then subjected to 

164 immunoprecipitation with Dynabeads Protein-A (Life Technologies, 10002A; 50 μL) at 4°C 

165 for an additional 2 hours. After washing with high-salt buffer and IP buffer, the bound mRNAs 

166 were eluted from the beads with N6-methyladenosine (Sigma, M2780; 6.7 mM) in IP buffer 

167 and recovered through phenol-chloroform extraction and ethanol precipitation. Library 

168 construction for Illumina sequencing was performed using NEBNext UltraTM RNA library 
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169 prepare kit (NEB, E7530) with 50 ng of immunoprecipitated mRNAs or pre-

170 immunoprecipitated mRNAs (input control).

171 MeRIP and transcriptome profiling analysis

172 The MeRIP samples underwent m6A-seq analysis as previously described (Chen et al., 2018b). 

173 Raw reads from the NovaSeq 6000 platform were quality controlled and preprocessed using 

174 Fastp (version 0.22.0) (Chen et al., 2018b) to remove adaptor sequences, low-quality reads, and 

175 short reads. The resulting clean reads were then aligned to the kiwifruit reference genome red5 

176 using Burrows Wheeler Aligner (BWA; version 0.7.17-r1188) (Li and Durbin, 2009) with 

177 default parameters to generate alignment files. Only uniquely mapped reads with a Mapping 

178 quality (MAPQ) score of at least 30 were used for subsequent analysis.

179 The m6A peaks were identified using Model-based Analysis for ChIP-Seq (MACS; version 

180 3.0.0b1) software (Zhang et al., 2008) with the corresponding input sample serving as a control. 

181 A stringent cutoff threshold for the MACS-assigned false discovery rate (FDR) of less than 

182 0.01 was applied. Confident peaks consistently detected in both biological samples were 

183 annotated to the kiwifruit red5 annotation file using in-house python scripts. Differentially 

184 methylated peaks were determined using MetPeak (version 1.1) software (Cui et al., 2016), 

185 with a fold change of at least 1.5 and FDR of less than 0.01.

186 To identify m6A-enriched motifs, HOMER (Heinz et al., 2010) was used. All peaks mapped to 

187 mRNAs were considered as target sequences, and the exon sequences, except for the peak-

188 containing sequences, were used as background sequences. The motif length was limited to six 

189 nucleotides. PyGenomeTracks (version 3.7) (Lopez-Delisle et al., 2020) was employed for 

190 visualization analysis of m6A peaks, while clusterProfiler (version 4.3) (Yu et al., 2012) was 

191 used for KEGG analysis of m6A-modified genes.

192 To profile the transcriptome, the alignment files of m6A-seq input samples were utilized again 

193 for generating read counts at the transcript level using featureCounts (version 2.0.3) (Liao et 

194 al., 2013). These read counts were subsequently employed to assess gene expression levels, 

195 quantified as transcripts per million (TPM). The m6A-modified transcripts underwent KEGG 

196 analysis utilizing clusterProfiler (Wu et al., 2021) The significance of enrichment was 

197 determined based on p-values ≤ 0.05. To compare genes associated with m6A modification in 

198 different kiwifruit datasets, ComplexHeatmap (Gu et al., 2016) in R software was employed.

199 RNA extraction and RT-qPCR analysis

200 Total RNA from kiwifruit tissues was extracted employing a Plant RNA Purification Reagent 

201 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's guidelines. Measures were 

202 taken to prevent genomic DNA contamination and facilitate first-strand complementary DNA 
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203 synthesis, following established protocols (Deng et al., 2018). For quantitative reverse-

204 transcription PCR (qRT-PCR), a Bio-Rad CFX384 Real-Time System was utilized, along with 

205 2×SYBR Green qPCR Mix (Vazyme, Q431-02), as per the manufacturer's instructions. The 

206 relative transcript level of each gene was determined using the ΔCt method, with AcActin 

207 serving as the internal control (Wang et al., 2022b). Please refer to Supplemental Data 1 for a 

208 list of primers employed in the qRT-PCRs.

209 Transient overexpression and virus-induced gene silencing in kiwifruit

210 Related genes were transiently expressed in kiwifruit using previously described methods (Shu 

211 et al., 2023). To generate gene overexpression constructs, pBI121-AcECT9 and pBI121-

212 AcALKBH10, the coding sequence of each gene was amplified using primers described in 

213 Supplemental Data 1. These amplified sequences were then inserted into the binary pBI121 

214 vector through recombination. For the generation of virus-induced gene silencing (VIGS) 

215 constructs, specifically pTRV2-AcECT9 and pTRV2-AcALKBH10, the partial coding 

216 sequence of each gene was amplified using specific primers provided in Supplemental Data 

217 1. The amplified sequences were subsequently cloned into the pTRV2/pTRV1 vector system 

218 based on the Tobacco rattle virus. Following transformation, all constructs were individually 

219 introduced into Agrobacterium tumefaciens GV3101. The gene sequences within each 

220 construct were verified using Sanger sequencing.

221 To transiently overexpress or silence genes in kiwifruits, a total of 30 fruits attached to vines at 

222 120 days after pollination (DAP) were selected. These fruits were injected at a depth of 

223 approximately 0.5 cm into the pericarp tissues using 0.1 ml of agrobacterium culture (at 1.0 

224 OD600) harboring the respective overexpression or VIGS constructs. Negative controls were 

225 performed using empty pBI121 or pTRV2/pTRV1 vectors. After 7 days of agroinfiltration (i.e., 

226 at 127 DAP), the infiltrated fruits were harvested, and the outer pericarps were collected. The 

227 collected pericarps were rapidly frozen in liquid nitrogen and stored at -80 °C for subsequent 

228 molecular analyses.

229 Determination of soluble sugars and organic acids in kiwifruit/tomato

230 Fresh tomato fruit or kiwifruit powder was weighed to 0.1 grams and 1 milliliter of 50% 

231 acetonitrile (ACN: H2O) was added. The mixture was vigorously vortexed to ensure thorough 

232 mixing, followed by ultrasonication for 1 hour at low temperature. Subsequently, the mixture 

233 was centrifuged at 13,000 rpm for 10 minutes, and the supernatant were collected for dilution 

234 (kiwifruit samples were diluted to 600-fold, tomato samples are diluted to 200-fold). After 

235 filtration through a 0.22 μm filter, the samples were transferred to brown sample vials for UPLC 

236 analysis. Organic acids were extracted using 50% methanol by a similar procedure, with tomato 
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237 fruit extracts diluted to 400-fold and kiwifruit extracts diluted to 600-fold for measurement. 

238 Quantitative analysis of soluble sugars and organic acids was performed using the SCIEX 

239 Triple Quad 5500 LC-MS/MS system, employing an ACQUITY UPLC BEH Amide column 

240 (1.7 µm, 2.1 x 100 mm, manufactured in Ireland) for compound separation and quantification. 

241 Data processing involved using the concentration values (expressed in μg/ml) obtained from 

242 the instrument test report. The calculation formula for determining the final concentration 

243 (mg/g FW, fresh weight) was as follows: final concentration (mg/g FW) = instrument test 

244 concentration * dilution factor * 10 * 0.001.

245 m6A-IP-qPCR experiments

246 The m6A-IP-qPCR was performed as described (Zhou et al., 2019). Briefly, mRNA was 

247 isolated and purified from total RNA according to manufacturer's instrunctions (Promega, 

248 Z5200). 5 μg of mRNA were incubated in fragmentation buffer at 94 °C for 2 minutes for 

249 converting into nucleic acid fragments with a length of about 300 nt. mRNA fragments were 

250 purified using the standard ethanol precipitation method, dissolved in 250 μl DEPC water, with 

251 5 μl reserved as Input. mRNA fragments were then combined with anti-m6A polyclonal 

252 antibody (Synaptic Systems, 202003) in IP buffer and rotated at 4°C for 2 hours. Next, the 

253 mixture was immunoprecipitated with Dynabeads Protein-A magnetic beads (Thermo, 10001D) 

254 at 4°C for 2 hours. The magnetic beads were washed separately with high-salt buffer and IP 

255 buffer. Subsequently, m6A nucleoside was introduced at a concentration of 6.7 mM, and the 

256 solution was rotated at 4°C for 2 hours to displace m6A-modified mRNA fragments. mRNA 

257 fragments were purified again using the standard ethanol precipitation method, dissolved in an 

258 appropriate amount of DEPC water, and stored on ice. M-MLV reverse transcriptase (Takara, 

259 2640A) and random primers were employed for cDNA reverse transcription of post-

260 immunization mRNA and pre-immunization mRNA (Input mRNA), followed by RT-qPCR 

261 analysis using primers designed near the m6A peak. Cycle threshold (CT) 2(- ΔCT) method was 

262 used to calculate the enrichment of m6A (Schmittgen & Livak, 2008). The value for the 

263 immunoprecipitated sample was normalized against that for AcACTIN. All primers used for 

264 m6A-IP-qPCR are listed in Supplementary Data 1.

265 Heterologous expression of AcALKBH10 in tomato and growth conditions

266 The full-length coding sequence of AcALKBH10 amplified from the kiwifruit cDNA library 

267 was ligated into the 35S:pBI121 vector to generate 35S:pBI121-AcALKBH10. The construct 

268 was transformed into Agrobacterium (strain GV3101), and the T0 transgene was obtained in 

269 Micro-Tom tomato using Agrobacterium tumefaciens-mediated genetic transformation. 

270 Transformed lines were screened by PCR with AcALKBH10-specific primers and on media 

271 containing kanamycin. The growth conditions of AcALKBH10 heterologous transgenic lines 
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272 and wild-type tomato plants were the same as previously described except light intensity (200-

273 µmol m−2 s−1) (Deng et al., 2022). Tomato fruit samples harvested at different development and 

274 ripening stages of 36DPA, 42DPA, Br and Br+7 were stored at -80 °C until use.

275 Phylogenetic analysis

276 The clustalw algorithm was employed within the MEGA X software (Kumar et al., 2018) to 

277 facilitate protein sequence alignment, resulting in precise alignment outcomes that were 

278 subsequently utilized for the construction of a comprehensive molecular phylogenetic tree. To 

279 ensure robustness and accuracy, the maximum likelihood model was meticulously applied 

280 during this process, accompanied by a bootstrap value of 1000.

281 Statistics 

282 In order to evaluate the comparison between individual treatments and their respective controls, 

283 paired two-tailed Student's t-tests were performed using the R software. A significance level of 

284 p ≤ 0.05 was adopted to indicate statistical significance in this analysis. Furthermore, ggplot2, 

285 a widely employed data visualization package in the R software was utilized to visually 

286 represent the outcomes of these statistical analyses (Wickham, 2016).

287 Results

288 The m6A levels display a gradual decrease during kiwifruit ripening process

289 To reveal whether mRNA N6-methyladenine (m6A) is involved in the regulation of fruit 

290 ripening in kiwifruit, pericarp tissues at 4 fruit development and ripening stages including 120, 

291 160, 185 days after pollination (DAP) and 5 days after harvest at 185 DAP (185 DAP + 5) were 

292 collected to perform Methylated RNA Immunoprecipitation (MeRIP) sequencing (Fig. 1a). 

293 Ethylene content changed in harvest kiwifruit fruits from 185 to 185 DAP + 13, started at 185 

294 DAP + 1 and reached its peak at 185 DAP + 5 (Fig. 1b). After adapter trimming and reads 

295 filtration, we generated 14-26 million clean reads for each m6A sequencing sample from raw 

296 reads, which were generated by the m6A library of kiwifruit samples according to the standard 

297 m6A-seq protocol. The sequencing depth for our m6A samples was comparative to that 

298 observed in others fruits, such as tomato (19-28 million reads, 900 Mb) (Sato et al., 2012; Zhou 

299 et al., 2019) and strawberry (24-37 million reads, 240 Mb) (Edger et al., 2019; Zhou et al., 

300 2021), and 91-96% reads were uniquely aligned to the kiwifruit reference genome Red 5 (653 

301 Mb) (Wu et al., 2019) (Supplemental Data 2). Moreover, high Pearson Correlation 

302 Coefficients (PCC) were also observed in our m6A and its parallel RNA-Seq biological 

303 replicates, respectively (Fig. S1). The expression level of kiwifruit ripening marker genes 

304 AcACS (Acc05955), AcACO1 (Acc24995) and AcACO2 (Acc20538) were consistent both in 
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305 RNA-Seq and qPCR experiments that were corresponded to the appearance of ethylene peaks 

306 (Fig. 1b; Fig. S2). 

307 Next, m6A methylated peaks in kiwifruit fruit were identified by the macs3 callpeak subroutine 

308 with a false discovery rate (FDR) < 0.01, and only those methylated peaks that were 

309 consistently detected in all two biological replicates are considered reliable and used for 

310 subsequent analysis. Finally, 27433, 24755, 21445, and 16414 m6A peaks associated with 

311 16295, 15948, 15052, and 12785 transcripts in fruit pericarps with 120, 160, 185, and 185 DAP 

312 + 5 were identified, respectively (Fig. 1c, d; Supplemental Data 3). Interestingly, the number 

313 of transcripts containing one or more m6A peaks decreases gradually as the kiwifruit ripening 

314 (Fig. 1d), showing that the level of m6A in kiwifruit gradually decrease when the fruit ripening. 

315 Furthermore, evaluating the mRNA m6A methylation levels in kiwifruit by LC-MS/MS across 

316 the four stages also revealed a decline in overall mRNA m6A levels during fruit ripening 

317 process (Fig. 1e), further supporting the negative correlation between m6A levels and fruit 

318 ripening. Besides, combined with the genes expression (Supplemental Data 4) and m6A peaks 

319 results, we estimated that each actively expressed transcript (transcripts per kilobase of exon 

320 model per million mapped reads, TPM > 1) contains 0.6 - 0.9 m6A methylated peaks in the 

321 transcriptome of kiwifruit pericarp (Supplemental Data 5). Further KEGG enrichment 

322 analysis showed that these actively expressed transcripts with m6A modification were involved 

323 in RNA degradation pathway, mRNA surveillance pathway, RNA transport pathways, 

324 ribosome pathways etc. (Supplemental Fig. S3; Supplemental Data 6), which also 

325 demonstrating that m6A modification is a common feature of mRNA in kiwifruit ripening.

326 m6A modifications occur predominantly at the stop codons and the 3’-UTRs

327 To deepen our understanding of the function of m6A in kiwifruit ripening, an analysis of its 

328 distribution at the transcriptome-wide level was conducted. Corresponding to the structure of 

329 mature mRNA, the kiwifruit transcripts was arbitrarily separated into five non-overlapping 

330 segments, i.e., 5’-UTR, start codon (100-nucleotides window centered on the start codon), 

331 coding sequence (CDS), stop codon (100-nucleotides window centered on the stop codon), and 

332 3’-UTR. It was shown that m6A modifications in all four development and ripening stages in 

333 kiwifruit are predominantly enriched around stop codons and within the 3’ UTR, however, the 

334 proportion of m6A peaks in these regions shows an increasing trend along with the fruit 

335 ripening progression, especially at from 185 to 185 DAP + 5 (Fig. 2a). 

336 Furthermore, the ratio diagram of m6A enrichment revealed that the percentage of m6A peak 

337 falling into the 3’ UTRs increased from 51.4 % to 63.8 % from 185 to 185 DAP + 5, and 

338 displayed a slight increase from 120 to 185 DAP (Fig. 2b). In comparison, the percentage of 

339 m6A peaks locating in the CDS region decreased from 22.9 % to 13.0 %, respectively, from 
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340 185 to 185 DAP + 5, with a slight decrease observed from 120 to 185 DAP (Fig. 2b). 

341 Additionally, the relative ratio of m6A within the 3’ UTRs increased significantly, while the 

342 relative ratio of m6A within the CDS region decreased significantly from 185 to 185 DAP + 5. 

343 (Fig. 2c). Following this, we identified the high-confidence sequence motif UGUA during 

344 kiwifruit ripening by using Hypergeometric Optimization of Motif EnRichment (HOMER), 

345 where symbols U and G represents uridine and guanosine, respectively, while the underlined 

346 A signifies m6A (Fig. 2d; Fig. S4).

347 m6A modifications and gene expression levels exhibit an inverse correlation during 

348 ripening

349 In order to explore the association between mRNA and m6A methylation level during kiwifruit 

350 ripening, we employed MetPeak software with fold change ≥ 1.5 and FDR ( False 

351 Discovery Rate) < 0.01 to recognize uniquely methylated peaks over three intervals - from 120 

352 to 160 DAP, 160 to 185 DAP, and 185 to 185 DAP + 5 - and successfully uncovered 1310 

353 hypermethylated (up-regulated in 160 DAP) and 507 hypomethylated (down-regulated in 160 

354 DAP), 1049 hypermethylated (up-regulated in 185 DAP) and 973 hypomethylated (down-

355 regulated in 185 DAP), and 923 hypermethylated (up-regulated in 185 DAP + 5) and 1560 

356 hypomethylated (down-regulated in 185 DAP + 5) peaks (Fig. S5; Supplemental Data 7), 

357 respectively. Subsequently, a comparative analysis was conducted on the set of differentially 

358 methylated transcripts between 160 and 185 DAP. The primary objective of this analysis was 

359 to identify differentially expressed genes (fold change ≥ 1.5; P value < 0.01). The observations 

360 divulged that within the 913 hypermethylated transcripts (up-regulated in 160 DAP), only 102 

361 demonstrated increased expression levels, while 376 exhibited decreased expression levels (Fig. 

362 3a). Similarly, among the 1004 hypomethylated transcripts (up-regulated in 185 DAP), 278 

363 exhibited augmented expression levels, and 98 presented diminished expression levels (Fig. 

364 3a). Furthermore, analogous outcomes were observed in the case of hypomethylated transcripts 

365 during the periods of 120 to 160 DAP (Fig. S6a), as well as for both hypermethylated and 

366 hypomethylated transcripts between 185 and 185 DAP + 5 (Fig. 3b). These results present 

367 herein suggest that there exists a negative correlation between the prevalence of m6A and the 

368 relative abundance of the transcripts. 

369 To elaborate on the analysis of the association between mRNA expression and m6A 

370 modification, we extended this analysis to the entire transcriptome with all m6A modified genes. 

371 Indeed, the cumulative distribution of gene expression ratio changes and the gene expression 

372 ratio depicted in the box plot across fruit stages of 120 to 160 DAP (Fig. S6b), 160 to 185 DAP 

373 (Fig. 3c), and 185 to 185 DAP + 5 (Fig. 3d) indicated that transcripts with more or less m6A 

374 modification demonstrated a propensity for lower or higher expression. Furthermore, plotting 
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375 the genes containing differential m6A peaks in various segments against their expression levels 

376 served to verify the inverse correlation between m6A modifications and gene expression levels 

377 (Fig. 3e, f; Fig. S6c). 

378 m6A modification negatively modulates the expression of ripening-related genes

379 During the process of kiwifruit ripening, the activation and expression of ripening-related genes 

380 is a crucial step. To investigate the potential involvement of m6A modification in the regulation 

381 of ripening-related genes, we screened genes exhibiting differential expression and differential 

382 m6A modification levels at various fruit ripening stages. Through this analysis, we identified 

383 six fruit ripening-related genes, namely Acc27491 (encoding an ethylene receptor-like protein), 

384 Acc04179 (encoding an ethylene receptor-like protein), Acc23267 (encoding a sugar transport 

385 protein), Acc25497 (encoding a sucrose synthase), Acc12764 (encoding a beta-galactosidase 

386 that promotes fruit softening), and Acc09209 (encoding an abscisic acid receptor-like protein 

387 homologous to PYL9 that promotes fruit ripening in tomato). As we expected, alterations of 

388 kiwifruit ethylene receptors in transcript abundance and m6A modification observed exhibited 

389 a pattern akin to its tomato homologous gene NR in fruit ripening (Fig. 4a; Zhou et al., 2019). 

390 The m6A peaks of Acc27491 and Acc04179 were enriched near the 3’ UTRs and showed a 

391 declining trend from 160 to 185 DAP + 5, while its transcript abundance gradually increased at 

392 this stage (Fig. 4a, b). Further quantitative polymerase chain reaction (qPCR) and m6A 

393 immunoprecipitation coupled with qPCR (m6A-IP-qPCR) experiments confirmed this negative 

394 regulatory relationship between m6A modification of kiwifruit ethylene receptors and its gene 

395 expression (Fig. 4a, b). Moreover, the m6A peaks of sucrose accumulation-related genes 

396 Acc23267 and Acc25497 were enriched in the 3’ UTRs and 5’ UTRs, respectively. Further 

397 transcript quantification and m6A-IP-qPCR experiments also confirmed that the m6A 

398 modification of these transcripts and their expression was negatively correlated from 185 to 

399 185 DAP + 5 (Fig. 4c, d). Similar to the four genes described above, the abundance of 

400 Acc12764 and Acc09209 transcripts also showed a negative regulatory relationship with their 

401 methylation modification levels (Fig. S7a, b).

402 AcALKBH10 affects fruit ripening and flavor quality in kiwifruit

403 Following the identification of alterations in m6A levels in a significant number of ripening-

404 related genes in kiwifruit (Fig. 4; Fig. S7), we proceeded to investigate the underlying 

405 mechanisms responsible for these changes. To this end, we utilized the protein sequences of 

406 m6A RNA writers (mRNA adenosine methylase, MTA/ MTB/ MTC; FKBP12 interacting 

407 protein 37, FIP37; HAKAI; virilizer, VIR), readers (YTH domain family protein, ECT), and 

408 erasers (AlkB homolog, ALKBH) from Arabidopsis and tomato as a reference, and identified 

409 corresponding homologous proteins of writers, readers, and erasers in kiwifruit (Fig. S8). 
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410 Further analysis of gene expression heatmaps revealed that the RNA demethylase AcALKBH10 

411 was notably upregulated during fruit ripening, while the RNA methylation reader AcECT9 was 

412 specifically downregulated during the same period (Fig. 5a).

413 Subsequently, transient overexpression and silencing of AcALKBH10 were conducted in 

414 kiwifruit at 120 DAP (Fig. 5b). Metabolites determination demonstrated a significant increase 

415 in the levels of glucose, fructose, and sucrose, and a significant decrease in citric acid levels in 

416 AcALKH10-overexpressing lines compared to control lines. In contrast, the AcALKBH10-

417 silencing lines exhibited a reversed pattern (Fig. 5c). Additionally, RT-qPCR analysis revealed 

418 that the overexpression of AcALKH10 resulted in upregulation of several fruit-ripening genes, 

419 including Acc27491, Acc25497, Acc23267, Acc12764, Acc04179, and Acc09209, whereas 

420 their expression was decreased in the AcALKBH10-silencing lines (Fig. 5d). Moreover, the 

421 prospective role of AcECT9 in kiwifruit was also explored using a similar methodology (Fig. 

422 5e). However, the metabolic assays exhibited a significant reduction in glucose, fructose, and 

423 sucrose levels in the AcECT9-overexpression lines as opposed to the control line, whereas no 

424 contrary effect was observed in the AcECT9-silencing lines (Fig. 5f). Correspondingly, RT-

425 qPCR assays demonstrated a down-regulation trend in fruit ripening-related genes in AcECT9-

426 silencing lines and an up-regulation trend in AcECT9-overexpression lines, although the effects 

427 were mostly non-significant (Fig. 5g). In light of these findings, it can be inferred that mRNA 

428 demethylase AcALKBH10 may chiefly govern m6A levels of kiwifruit ripening-related genes, 

429 which, in turn, modulates fruit flavor quality by regulating the concentration of soluble sugars 

430 and acids in the fruit.

431 Heterologous expression of AcALKBH10 in tomato accelerates fruit ripening and flavor 

432 quality

433 To gain a deeper understanding of AcALKBH10 function, we expressed this gene in 

434 climacteric fruit research model tomato (Fig. S9a). As shown in Fig. 6a and Fig. S9b, 

435 overexpression of AcALKBH10 accelerated fruit ripening in tomato. This inference was further 

436 supported by the soluble solid content in tomato fruits at the Br+15 stage, as well as the time 

437 from flower anthesis to the fruit breaker (BR), as depicted in Fig. S9c and Fig. S9d. 

438 Additionally, our analysis of fruit metabolites at BR + 7 showed that AcALKBH10 modulated 

439 fruit quality by regulating the content of soluble sugars and acids (Fig. 6b).

440 To elucidate how AcALKBH10 affects tomato fruit ripening and quality, we analyzed the 

441 expression levels of various genes involved in tomato fruit ripening, including SlETR3 and 

442 SlETR4 (homologous to Acc27491 and Acc04179), SlSTP18 (homologous to Acc23267), 

443 SlPYL9 (homologous to Acc09209), SlTBG4 (homologous to Acc12764), and other fruit-

444 ripening genes such as ACS2, ACS4, ACO1, SlALKBH2, DML2, and RIN in both wild type and 

Page 15 of 36

Manuscript submitted to New Phytologist for review



For Peer Review

14

445 AcALKBH10-overexpressed lines at 36, 42 DPA(days post anthesis), and BR + 3 (Fig. 6c-e). 

446 We found that expression levels of these fruit-ripening genes were significantly higher in the 

447 AcALKBH10-overexpressed lines compared to the wild type both before and after fruit breaker 

448 stages. Taken together, our findings suggest that AcALKBH10 can regulate fruit ripening and 

449 fruit quality by modulating the expression of ripening-related genes.

450 Discussion

451 Epigenetic modifications, notably the m6A modification, exhibit diverse functions in plant 

452 growth and development, including organogenesis, flowering, embryogenesis, root 

453 development, and fruit ripening (Chen et al., 2018a; Duan et al., 2017; Růžička et al., 2017; 

454 Zhou et al., 2019). Despite the considerable research conducted on m6A modification and its 

455 molecular regulatory mechanisms in diverse physiological processes of plants, a 

456 comprehensive understanding of the specific effects of m6A modification on fruit ripening and 

457 quality formation remains limited, especially in the context of kiwifruit, which exhibits a typical 

458 postharvest ripening and is valued for its substantial nutritional content to consumers. Here, 

459 through comparative analysis of the m6A methylomes in kiwifruit fruits at four different stages, 

460 we observed dynamic changes in m6A modification during the fruit ripening process. As fruits 

461 were ripened, the levels of m6A modification gradually decreased (Fig. 1c, d), while the 

462 abundance of transcripts related to fruit ripening concurrently increased (Fig. S2). Moreover, 

463 like the observations in tomato and strawberry fruits (Zhou et al., 2021; Zhou et al., 2019), m6A 

464 modifications in kiwifruit were predominantly enriched in proximity to stop codons and within 

465 the 3’ UTRs (Fig. 2), exhibiting a negative correlation with gene expression (Fig. 3). These 

466 findings suggest that the m6A modification within mRNA represents a prevalent modification, 

467 displaying a degree of functional conservation during the process of fruit ripening. 

468 Interestingly, a positive influence of m6A deposition in the CDS region on mRNA abundance 

469 was found during the ripening process of strawberry fruit (Zhou et al., 2021), which was not 

470 observed in tomato (Zhou et al., 2019) and kiwifruit, suggesting that the connection between 

471 mRNA m6A modification and its expression may exhibit distinctive characteristics in the 

472 ripening processes of different fleshy fruits. In kiwifruit, as fruit ripening progresses, there is 

473 an increasing trend in the proportion of m6A peaks (Fig. 2b), which differs from the results 

474 observed in tomato and strawberry (Zhou et al., 2021; Zhou et al., 2019). At the onset of 

475 ripening, the proportion of m6A peaks in tomato does not significantly change, while in 

476 strawberry, there is a substantial increase in m6A peak proportion within the CDS region. These 

477 results support that the m6A modification within mRNA exhibits a degree of functional 

478 divergence during ripening process of different fruits.
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479 In tomato fruit, the m6A demethylase SlALKBH2 was shown to be involved in fruit ripening 

480 through binding the mRNA of the DNA demethylase gene SlDML2, a key ripening regulator 

481 in tomato (Zhou et al., 2019). Similarly, we found that the RNA demethylase AcALKBH10 

482 predominantly governs the expression levels of kiwifruit ripening-related genes. However, such 

483 regulatory mechanisms were not observed in strawberry fruit (Zhou et al., 2021). Instead, 

484 methyltransferases MTA and MTB were found to impact strawberry fruit ripening by 

485 modulating the abscisic acid (ABA) pathway (Zhou et al., 2021). These findings highlight 

486 substantial variations in the regulatory mechanisms of m6A modification during fruit ripening 

487 between climacteric and non-climacteric fruits. Additionally, even among climacteric fruits 

488 such as tomato and kiwifruit, the modes of m6A modification-mediated regulation of fruit 

489 ripening manifest subtle differences. Specifically, in kiwifruit, there is a progressive increase 

490 in the abundance of m6A peaks in specific genomic regions during fruit ripening (Fig. 2a), in 

491 contrast to the stable ratio observed in tomato fruit (Zhou et al., 2019). It is worth noting that 

492 kiwifruit exhibits much higher ethylene production compared to tomato during ripening process, 

493 it is possible that the differences in m6A modification in climacteric fruits might be correlated 

494 to the rate of ethylene production. Nonetheless, comprehensive investigations are warranted to 

495 validate and gain a deeper understanding of the underlying mechanisms pertaining to this aspect.

496 An increasing body of evidence indicates that epigenetic modifications including both DNA 

497 methylation and 6mA modification play a pivotal role in the intricate process of fruit ripening 

498 (Ecker, 2013; Giovannoni et al., 2017; Ji and Wang, 2023). Moreover, it was shown that there 

499 is a crosstalk between 5mC and 6mA methylations during fruit ripening process in tomato 

500 (Zhou et al., 2019). Although the involvement of m6A modification in regulation of the 

501 ripening and flavor quality in kiwifruit was uncovered in this study, the putative role and mode 

502 of action of DNA methylation during kiwifruit ripening remain unknown. Moreover, whether 

503 the interaction between m6A and DNA methylation is conserved in kiwifruit like in tomato 

504 necessitate additional exploration. 

505 In conclusion, our study conducted a systematic investigation of the temporal dynamics of m6A 

506 modification during kiwifruit ripening, yielding a comprehensive elucidation of the regulatory 

507 mechanisms governing kiwifruit quality in fruit ripening through m6A modification. 

508 Additionally, the functional characterization of key epigenetic modifiers, such as the eraser 

509 AcALKBH10 and the reader AcECT9, in influencing the accumulation of essential metabolites 

510 like soluble sugars and organic acids further emphasizes the potential of epigenetic 

511 modifications as targets for breeding high-quality kiwifruit varieties. By elucidating the 

512 regulatory mechanisms of m6A modification in fruit ripening, our study provides a solid 

513 foundation for future breeding efforts aimed at enhancing fruit quality, nutritional content, and 

514 market appeal. In summary, our study not only unveils the nuanced landscape of epigenetic 
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515 modifications during kiwifruit ripening but also underscores their pivotal role in shaping fruit 

516 quality traits. This knowledge bridges the gap between fundamental epigenetic insights and 

517 practical breeding applications, paving the way for the development of superior kiwifruit 

518 varieties with enhanced flavor, nutritional content, and market appeal.
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725 Figure Legends

726 Fig. 1 m6A exhibits widespread presence during kiwifruit ripening. (a) Phenotypic 

727 alterations observed in kiwifruit (Actinidia chinensis cv. Hongyang) across four distinct stages 

728 of fruit development and ripening. (b) The alterations in ethylene levels in kiwifruit subsequent 

729 to the harvest at 185 DAP were examined. (c) Venn diagram was constructed to illustrate the 

730 concurrence of m6A peaks identified in two distinct m6A-seq experiments conducted on 

731 kiwifruit across four distinct development and ripening stages. (d) The bar graph displays the 

732 count of m6A peaks within transcripts at various time intervals during the various kiwifruit 

733 ripening stage. (e) LC-MS/MS assay revealed the levels of mRNA m6A in kiwifruits at four 

734 different stages. Data are presented as mean ± standard deviation (n = 3). Asterisks indicate 

735 statistical significance using Student's t-test: *, P < 0.05.

736 Fig. 2 Alterations in m6A abundance during kiwifruit development and ripening. (a) 

737 Distribution of m6A modifications in kiwifruit across four development and ripening stages 

738 exhibited predominant enrichment in the vicinity of the stop codon and within the 3’ UTR. (b) 

739 The distribution of m6A absolute enrichment across distinct genomic regions was examined at 

740 four successive development and ripening stages of kiwifruit. (c) The distribution of m6A 

741 relative enrichment across distinct genomic regions was examined at four successive 

742 development and ripening stages of kiwifruit. (d) Sequence motifs within m6A peaks were 

743 detected utilizing the HOMER.

744 Fig. 3 Impact of m6A modification on mRNA transcriptional levels in kiwifruit at distinct 

745 development and ripening stages. (a) Construct scatter plots to visualize the changes in 

746 expression levels of 913 upregulated hypermethylated transcripts at 160 days after pollination 

747 (DAP) and 1004 upregulated hypermethylated transcripts at 185 DAP, particularly observed in 

748 kiwifruit samples collected at 160 DAP and 185 days, respectively. (b) Scatter plots depict the 

749 variations in expression levels of 1444 upregulated hypermethylated transcripts at 185 DAP 

750 and 891 upregulated hypermethylated transcripts at 185 DAP + 5, specifically in kiwifruit 

751 samples collected at 185 DAP and 185 DAP + 5, respectively. (c) Gene expression ratios and 

752 box plots reveal the methylated distribution of mRNA abundance in kiwifruit at 185 DAP in 

753 comparison to kiwifruit at 160 DAP. (d) Gene expression ratios and box plots demonstrate the 

754 methylated distribution of mRNA abundance in kiwifruit at 185 DAP + 5 compared to kiwifruit 

755 at 185 DAP. (e) and (f) respectively represent genes with distinct m6A peaks in each region 

756 during the development stages at 185 days after pollination (DAP) and 185 DAP + 5, along 

757 with their corresponding expression levels.

758 Fig. 4 m6A modification level of fruit ripening-related genes and its expression changes 

759 affect kiwifruit ripening. (a), (b) The mRNA levels of ethylene receptor-like proteins 
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760 Acc27491 and Acc04179 and the levels of m6A immunoprecipitation combined with qPCR 

761 (m6A-IP-qPCR) in kiwifruit at different development and ripening stages. (c), (d) The mRNA 

762 levels and m6A immunoprecipitation combined qPCR (m6A-IP-qPCR) levels of sucrose 

763 accumulation-related genes Acc23267 and Acc25497 in kiwifruit at different development and 

764 ripening stages. ACTIN was used to normalize the expression values. The error bars represent 

765 the standard deviation of three independent experiments.

766 Fig. 5 Impact of AcALKBH10 and AcECT9 on the ripening characteristics of kiwifruit. 

767 (a) The expression patterns of relevant epigenetic writer, reader, and eraser proteins in kiwifruit 

768 at various development stages were analyzed using RNA-seq data obtained from previous 

769 studies conducted by Wang et al. (2022) and Shu et al. (2023). (b) The expression level of 

770 AcALKBH10 after transient overexpression and silencing in kiwifruit at 120 DAP. (c) The 

771 present study entails the determination outcomes of sugars and acids composition of 

772 metabolites in kiwifruit plant samples pertaining to two distinct genetic modifications, namely 

773 the overexpression lines of AcALKH10 and the silent lines. (d) Expression levels of fruit 

774 ripening-related genes in kiwifruit AcALKH10 overexpression lines and silent lines. (e) The 

775 expression level of AcECT9 after transient overexpression and silencing in kiwifruit at 120 

776 DAP. (f) The present study entails the determination outcomes of sugars and acids composition 

777 of metabolites in kiwifruit plant samples pertaining to two distinct genetic modifications, 

778 namely the overexpression lines of AcECT9 and the silent lines. (g) Expression levels of fruit 

779 ripening-related genes in kiwifruit AcECT9 overexpression lines and silent lines. Asterisks 

780 indicate statistical significance using Student's t-test: *, P < 0.05.

781 Fig. 6 Impact of exogenous AcALKBH10 expression on tomato fruit ripening. (a) Distinct 

782 stages of maturation in wild-type (WT) and AcALKBH10 overexpression (AcALKBH10-OE) 

783 lines were observed. The overexpression line exhibited an accelerated ripening phenotype in 

784 its fruits. (b) The sugar and acid composition in fruits of both WT and AcALKBH10-OE lines 

785 were assessed at the Br+7 stage. The overexpression lines exhibited elevated sugar content and 

786 decreased acid content compared to the wild-type. Each line was evaluated using three 

787 independent biological replicates. (c), (d), and (e) correspondingly denote the relative transcript 

788 abundances of ripening-associated genes in tomato fruits at three distinct development stages, 

789 namely 36 days post-anthesis (DPA), Br+3 stage, and 42 DPA. Asterisks indicate statistical 

790 significance using Student's t-test: *, P < 0.05.

791 Supporting Information

792 Supplemental Data 1 List of primers used in this study.

793 Supplemental Data 2 The sequencing quality of the kiwifruit MeRIP samples.
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794 Supplemental Data 3 The m6A-seq experiment identified reliable m6A peaks in kiwifruit at 

795 different stages.

796 Supplemental Data 4 Gene expression profiles in kiwifruit at different stages.

797 Supplemental Data 5 The m6A density in actively expressed transcripts.

798 Supplemental Data 6 KEGG enrichment results for m6A-modificated genes in kiwifruit at 

799 different stages.

800 Supplemental Data 7 Transcripts with higher enrichment of m6A peaks were observed in 

801 kiwifruit at different ripening stages.

802 Supplemental Data 8 Transcripts of m6A-related proteins in kiwifruit at different stages of 

803 ripening.

804 Fig. S1 Pearson Correlation Coefficients (PCC) analysis of MeRIP sequencing at four 

805 development and ripening stages. 

806 Fig. S2 Expression of key genes in ethylene biosynthesis.

807 Fig. S3 KEGG enrichment analysis on the actively expressed transcripts with m6A 

808 modification.

809 Fig. S4 Sequence motifs identified within m6A peaks using HOMER.

810 Fig. S5 Volcano plots were used to analyze the differences of m6A modification on transcripts 

811 during the kiwifruit ripening.

812 Fig. S6 Changes in kiwifruit mRNA transcription levels between 120 DAP and 160 DAP under 

813 varying abundances of m6A modifications.

814 Fig. S7 The m6A modification levels negatively regulate the expression of ripening-associated 

815 genes in kiwifruit. 

816 Fig. S8 Phylogenetic analysis of the kiwifruit m6A modification related protein family. 

817 Fig. S9 The impact of heterologous expression of AcALKBH10 on the ripening process of 

818 tomato fruits. 

819
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Fig. 1 m6A exhibits widespread presence during kiwifruit ripening. (a) Phenotypic alterations observed in kiwifruit (Actinidia chinensis cv. Hongyang) 

across four distinct stages of fruit development and ripening. (b) The alterations in ethylene levels in kiwifruit subsequent to the harvest at 185 DAP were 

examined. (c) Venn diagram was constructed to illustrate the concurrence of m6A peaks identified in two distinct m6A-seq experiments conducted on 

kiwifruit across four distinct developmental and ripening stages. (d) The bar graph displays the count of m6A peaks within transcripts at various time 

intervals during the various kiwifruit ripening stage. (e) LC-MS/MS assay revealed the levels of mRNA m6A in kiwifruits at four different stages. Data are 

presented as mean ± standard deviation (n = 3). Asterisks indicate statistical significance using Student's t-test: *, P < 0.05.
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Fig. 2 Alterations in m6A abundance during kiwifruit developmental and ripening. (a) Distribution of m6A modifications in kiwifruit across four 

developmental and ripening stages exhibited predominant enrichment in the vicinity of the stop codon and within the 3’ UTR. (b) The distribution of m6A 

absolute enrichment across distinct genomic regions was examined at four successive developmental and ripening stages of kiwifruit. (c) The distribution of 

m6A relative enrichment across distinct genomic regions was examined at four successive developmental and ripening stages of kiwifruit. (d) Sequence 

motifs within m6A peaks were detected utilizing the HOMER. 
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Fig. 3 Impact of m6A modification on mRNA transcriptional levels in kiwifruit at distinct developmental and ripening stages. (a) Construct scatter 

plots to visualize the changes in expression levels of 913 upregulated hypermethylated transcripts at 160 days after pollination (DAP) and 1004 upregulated 

hypermethylated transcripts at 185 DAP, particularly observed in kiwifruit samples collected at 160 DAP and 185 days, respectively. (b) Scatter plots depict 

the variations in expression levels of 1444 upregulated hypermethylated transcripts at 185 DAP and 891 upregulated hypermethylated transcripts at 185 DAP 

+ 5, specifically in kiwifruit samples collected at 185 DAP and 185 DAP + 5, respectively. (c) Gene expression ratios and box plots reveal the methylated 

distribution of mRNA abundance in kiwifruit at 185 DAP in comparison to kiwifruit at 160 DAP. (d) Gene expression ratios and box plots demonstrate the 

methylated distribution of mRNA abundance in kiwifruit at 185 DAP + 5 compared to kiwifruit at 185 DAP. (e) and (f) respectively represent genes with 

distinct m6A peaks in each region during the developmental stages at 185 days after pollination (DAP) and 185 DAP + 5, along with their corresponding 

expression levels.
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Fig. 4 m6A modification level of fruit ripening-related genes and its expression changes affect kiwifruit ripening. (a), (b) The mRNA levels of ethylene 

receptor-like proteins Acc27491 and Acc04179 and the levels of m6A immunoprecipitation combined with qPCR (m6A-IP-qPCR) in kiwifruit at different 

developmental and ripening stages. (c), (d) The mRNA levels and m6A immunoprecipitation combined qPCR (m6A-IP-qPCR) levels of sucrose 

accumulation-related genes Acc23267 and Acc25497 in kiwifruit at different developmental and ripening stages. ACTIN was used to normalize the expression 

values. The error bars represent the standard deviation of three independent experiments. 
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Fig. 5 Impact of AcALKBH10 and AcECT9 on the ripening characteristics of kiwifruit. (a) The expression patterns of relevant epigenetic writer, reader, 

and eraser proteins in kiwifruit at various developmental stages were analyzed using RNA-seq data obtained from previous studies conducted by Wang et al. 

(2022) and Shu et al. (2023). (b) The expression level of AcALKBH10 after transient overexpression and silencing in kiwifruit at 120 DAP.  (c) The present 

study entails the determination outcomes of sugars and acids composition of metabolites in kiwifruit plant samples pertaining to two distinct genetic 

modifications, namely the overexpression lines of AcALKH10 and the silent lines. (d) Expression levels of fruit ripening-related genes in kiwifruit AcALKH10 

overexpression lines and silent lines. (e) The expression level of AcECT9 after transient overexpression and silencing in kiwifruit at 120 DAP.  (f) The present 

study entails the determination outcomes of sugars and acids composition of metabolites in kiwifruit plant samples pertaining to two distinct genetic 

modifications, namely the overexpression lines of AcECT9 and the silent lines. (g) Expression levels of fruit ripening-related genes in kiwifruit AcECT9 

overexpression lines and silent lines. Asterisks indicate statistical significance using Student's t-test: *, P < 0.05.

Page 36 of 36

Manuscript submitted to New Phytologist for review



For Peer Review

(a) DPA     36     37      38      39      40     41      42      43      45      47 Br      Br+1   Br+2    Br+3    Br+5  Br+7

WT

AcALKBH10-OE7

AcALKBH10-OE5

(b) (c)

(d)
Br+3

(e)

Page 37 of 36

Manuscript submitted to New Phytologist for review



For Peer Review

Fig. 6 Impact of exogenous AcALKBH10 expression on tomato fruit ripening. (a) Distinct stages of maturation in wild-type (WT) and AcALKBH10 

overexpression (AcALKBH10-OE) lines were observed. The overexpression line exhibited an accelerated ripening phenotype in its fruits. (b) The sugar and 

acid composition in fruits of both WT and AcALKBH10-OE lines were assessed at the Br+7 stage. The overexpression lines exhibited elevated sugar content 

and decreased acid content compared to the wild-type. Each line was evaluated using three independent biological replicates. (c), (d), and (e) correspondingly 

denote the relative transcript abundances of ripening-associated genes in tomato fruits at three distinct developmental stages, namely 36 days post-anthesis 

(DPA), Br+3 stage, and 42 DPA. Asterisks indicate statistical significance using Student's t-test: *, P < 0.05.
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