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18  Abstract:

19  Seed longevity is one of the most essential characters of seed quality. Two Chromosome segment
20  substitution lines (CSSL) 1178 and X178 with significant difference on seed longevity were
21  subjected to transcriptome sequencing before (0d-AA) and after five days of accelerated ageing
22 (5d-AA) treatments. Compared to the non-accelerated ageing treatment (0d-AA), 286 and 220
23 differential expressed genes (DEGs) were identified in 1178 and X178, respectively Among those,
24 98 DEGs were detected in both 1178 and X178 after 5d-AA, Enriched GO terms included cellular
25  components of cell part, intracellular part, organelle and membrane etc., including carbohydrate

26  derivative catabolic process, carbohydrate synthesis, sugar isomerase (SIS) family protein etc.
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27  Transcriptome analysis of 1178 and X178 showed that Alternative splicing (AS) occurs in 63.6%
28  of the expressed genes in all samples. Only 381 genes specifically occurred AS in 1178 and X178
29  after 5d-AA, mostly enriched in nucleotide and nucleoside binding. Combined with the reported
30  QTL mapping result, the DEG and the AS information, 13 DEGs in the mapping intervals and 7
31  AS-DEGs were potential candidates may directly or indirectly associated to seed ageing.

32

33  Keywords: Seeds longevity, Chromosome Segment Substitution Lines (CSSL), Transcriptome
34  sequencing, Accelerated Ageing, Alternative Splicing, qRT-PCR

35

36 1. Introduction

37  Ageing is an inevitable process affecting seed longevity, the length of time a seed remains viable,
38  which is accompanied with a progressive loss of quality or viability over time, and a crucial issue
39  for germplasm conservation and seed marketing [1]. Seed longevity depends greatly on seed
40  moisture, relative humidity, oxygen pressure and temperature of storage [2, 3]. Seed storability is
41  a complex trait, many studies have illustrated the oxidative and mitochondrial damage occurs
42  during seed storage, which are the reasons for loss of longevity, and. During seed storage, the
43  activity of the ascorbate and glutathione (AsA-GSH) cycle is reduced resulting in ROS
44  accumulation [4, 5], and carbonylation happened of the proteins in seeds [6, 7]. These play
45  important roles in scavenging reactive oxygen species (ROS). High concentration of H,O, and the
46  malondialdehyde (MDA), end-products of lipid peroxidation, were considered as the critical factor
47  in contributing to seed deterioration and influencing seed longevity and vigor [8-11]. Moreover,

48  the activity of mitochondria, the organelles that supply energy for seed germination, is
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49  significantly decreased during storage, thereby inhibiting seed germination [5, 12]. Thus, the level

50 of antioxidants and the level of energy supply are key factors in the regulation of seed longevity.

51  The genetic architecture of crop seed longevity is still far behind the model plant Arabidopsis.

52  Recently, various omic approaches have been used to investigate protein expression patterns

53  during seed storage [13, 3, 14, 15, 7, 16]. Sano et al performed an RNA-seq experiment on bulked

54  RILs of Est-1 x Col-0 in Arabidopsis and found that brassinosteroid is important for seed

55  longevity by regulating the seed coat permeability by BR signaling pathway [13]. Lv et al

56  conducted proteomic analysis on artificially aged wheat seeds; differentially expressed proteins

57 (DEPs) were mainly involved in metabolism, energy supply, and defense/stress responses.

58  Up-regulated proteins were mainly enriched in ribosome, whereas the down-regulated proteins

59  were mainly accumulated in energy supply, starch and sucrose metabolism and stress defense

60  (ascorbate and aldarate metabolism), revealed that the inability to protect against ageing leads to

61  the incremental decomposition of the stored substance, impairment of metabolism and energy

62  supply, and ultimately resulted in seed deterioration [14]. Yin et al performed proteomic analysis

63  on rice embryo with different days of ageing, by comparison analysis, they found most of down

64  regulated proteins were related to energy metabolism (29%), defense (21%), glycolytic pathway

65 (8%, protein synthesis (8%), protein destination and storage (6%), transcription (5%), growth or

66  division (4%), secondary metabolism (3%), transporting (1%), signal transduction (1%). While

67  most of the upregulated proteins were related to storage, energy, disease and defense, metabolism,

68  protein synthesis, growth and division [7]. Chen et al compared the storage ability of two wheat

69  varieties (storage tolerant vs. storage sensitive), most of the proteins remarkably different from

70  two varieties were mainly associated with disease or defense, protein destination and storage,
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71  energy, also the storage tolerant seeds possessed a stronger ability in activating the defense system

72  against oxidative damage, utilizing storage proteins for germination, and maintaining energy

73  metabolism for ATP supply [16]. While seed longevity is different between species, it also differs

74  Dbetween genotypes of a species, the genetic information that involving in seed longevity was far

75  Dbeyond the understood. Also the expression of genes and proteins related to disecase defense and

76  energy is largely altered during seed storage. However, the effect of such changes on ageing

77  tolerance and sensitivity of seeds is largely unknown.

78

79  In the present study, the simulation of natural seed deterioration by artificial accelerated ageing

80  (AA) treatment by controlled the moisture up to 95% and the relative temperature at 45 °C. Two

81  chromosome segment substitution lines (CSSL) (X178 and improved 178, 1178), with similar

82  genetic background but shows different sensitivity or endurance in terms of ageing process, were

83  subjected the transcriptional expression analysis, differential expressed genes (DEGs) of

84  non-accelerated ageing treated dry seeds (0d-AA) and 5 days accelerated ageing treatment

85  (5d-AA) in two 178 lines were detected and the co-DEGs as well as the genotype-specific DEGs

86  were subjected qRT-PCR validation, followed by alternative splicing analysis to discover genes or

87  pathways that affected during seeds ageing. We were aiming for uncovering ageing related genes

88 by DEG, alternative splicing (AS) and the candidate gene analysis which existed in QTL mapping

89 interval. Consequently, exploring more biology process that been affected by ageing or those

90  processes that influencing the ageing.

91

92 2. Materials and MethodsMaternal parent X178 was a widely cultivated maize hybrid
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93  NongdalO8 (released by China Agricultural University in 2001), an elite line which has better

94  agronomic trait of storability. 1178 (Improved X178) was derive from X178 by introgression of

95  chromosome segments for several generations (CSSL), followed by consecutive self-crossing for

96  atleast 10 generations.

97  Accelerated ageing treatment (AA)

98  The simultaneously fresh harvested (FH) 1178 and X178 seeds were surface disinfected with 1%

99  NaClO for 5 min and washed 10 times with sterile-distilled water, balancing the moisture in the

100  room temperature for overnight, followed by accelerated aging treatment of suspending the seeds

101  on metal mesh trays within closed metal boxes (25% 25x14 cm), maintained in an ageing chamber

102  (LHC-150-11, Beijing Luxi Ltd) at the condition of 95% moisture content and 50 °C temperature

103  for 3, 5 and 7 days of different purpose, 3 replications and non-accelerated aged (0d-AA) seeds as

104  the control. The storage condition of harvested seeds was under 10 °C in a cold room.

105 Protein Quantification and Zein analysis

106  Samples of 1178 and X178 were prepared for zein extraction, including: 1). dry seeds; 2). seeds

107  after 6 hours imbibed water (0d-6h); 3). Seeds germinated 48 hours (0d-48h); 4). seeds after

108  3d-AA; 5). Seeds after 5d-AA; 6). seeds after 7d-AA were prepared as following methods: dry

109  seeds without any treatment, imbibed into water for 6 hours, 48 hours seeds germination was

110  performed with pre-wetted crepe cellulose papers (CCP), and covered with another piece of CCP,

111 rolling into paper rolls and upright in the ziplock bags for 48 hours under 25 C. Above samples

112 were powdered in liquid N, and 50 mg of powder was used for zein extraction. Removing the

113 lipids with petroleum benzin and dissolving the samples with protein extraction buffer (12.5 mM

114  sodium borate, 2% 2-mercaptoethanol, 1% SDS and pH10), followed by 5 min incubation at
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115 37 °C, centrifuged at 14,800 rpm for 15 minutes, the supernatant contains total protein was

116  incubated with absolute ethyl alcohol for 2 hours. After centrifugation at 14,800 rpm for 15

117  minutes, the supernatant contains zein was dissolved in IPG solution (8 M urea, 220 mM DTT and

118 2% CHAPS) and measured with the BCA protein assay kit (TRANS, Beijing).

119 Tetrazolium chloride (TTC) staining

120 By refer to the Tetrazolium staining method (TZ) on soybean (Glycine max.) vigor test [48], corn

121  seeds were imbibed with water for 20 hours at room temperature prior to staining, cut the seeds

122  longitudinally through embryo, then staining with 0.1% Tetrazolium chloride solution (TTC,

123 aqueous solution of 2,3,5-triphenyl tetrazolium chloride) for 1 h and washing 3 times before

124 observation.

125 RNA-seq and qRT-PCR

126 For RNA-Seq experiment, 100 artificial accelerated aged seeds (5d-AA) were pooled and grinding

127  promptly in liquid nitrogen, 0.1 g of powder was used for isolating the mRNA with the RNAprep

128  pure Plant Kit (Cat#DP432, TIANGEN, Beijing), RNA was quality check the total RNA with the

129 2% agrose gel, high quality RNA was used for RNA-Seq library preparation and sequenced on a

130  Illumina HiSeq2500 platform (Berry Genmics, Beijing). Two biological replications included and

131  the Non-accelerated aged dry seeds (0d-AA) as the control.

132

133 RNA for gqRT-PCR experiment was extracted as above procedure, Quality checking the RNA and

134 performed the reverse transcription with the OneScript cDNA Synthesis Kit (Cat#G234, ABM,

135  Canada), primer of the genes was designed with software Primer Premier5.0. The Fast Sybr Green

136  Master Mix (Applied Biosystems, Foster City, CA, USA) was employed, according to the
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137  manufacturer's instructions, in a reaction volume of 10 pl. qRT-PCR was conducted on a ABI

138  Quantstudio™ DX Real-Time PCR system (Applied Biosystems). PCR conditions included initial

139  denaturation for 2 min at 95 °C, followed by 40 cycles of denaturation at 95 °C for 30 s,

140  hybridization at 60 °C for 40 s, and elongation at 68 °C for 10 s. The actin2 gene was used as an

141  internal control. The 2-24¢t method was used to calculate the relative level of gene expression, and

142 the B73 sample served as a control. A relative level of gene expression greater than 1 was

143 considered to indicate up-regulation, and less than 1 indicated down-regulation. All gqRT-PCR

144  reactions were performed with the three biological replicates.

145 Data analysis

146  For gene expression level in 1178 and X178, transcription with FPKM (Fragments per Kilo bases

147  per Million fragments mapped) >0.1 was considered as expressed genes calculated by htseq-count

148 in HTSeq software. To identify genes involving in seeds ageing, the comparison of genes

149  expressed after 0d-AA and 5d-AA was performed in both 1178 and X178, DESeq2 was used for

150  differential expression analysis with the Fold Change of 1.5, with adjusted P-value (g-value)

151  <0.05 as the threshold value. Venn diagram was performed with online software

152 (http://bioinfogp.cnb.csic.es/tools/venny/index.html) [49]. Agri-Go enrichment was also

153  performed with online (Agri GO v2.0; http://systemsbiology.cau.edu.cn/agriGOv2/#) database

154 [50]. Gene Organ or tissue specific expression level was compared with online g-teller database

155 ((http://www.qteller.com/qteller4/)).

156

157 3. Results

158 3.1 Comparison of seeds storability for 1178 and X178
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159  Few morphological and the physical differences were observed between X178 and 1178 because

160  of the similar genetic background. Seed storability can be reflected by color of seed coat, seed

161  viability and vigor after long term storage or AA treatment. Seed coat of 1178 was obviously

162  oxidized after 5d-AA as the brown color, and the seed viability was reduced dramatically in 1178

163  based on triphenyl tetrazolium chloride (TTC) staining, fresh harvested (FH) seeds have highest

164  viability and dehydrogenase activity as the embryo part stained with bright-color while

165  light-colored after 3d-AA and especially no color after 5d-AA (Fig 1A, B). FH seeds of two lines

166  showed slight difference of relative conductivity (RC) before 3d-AA, significant difference

167  observed after 5d-AA. After 1-year storage, the RC of 1178 was two times higher than X178, as

168  the continued AA treatment, the storability was reduced significantly in 1178 after 5d-AA (Fig

169  1C). Comparative SDS-PAGE analysis of seed storage protein (SSP) zein in dry seeds, imbibed

170  seeds (6 hours imbibition), germinated seeds (48 hours germination) and 3, 5 and 7 days

171  accelerated aged seeds (3d-AA, 5d-AA and 7d-AA), and no significant difference was observed

172 between two 178 lines after AA treatment except the degradation of 40 kD protein happened in

173 1178 after 5d-AA, after 7d-AA, the proteins smaller than 25 kD (including y27, 022, a19, y16, p15

174  and 610) were also dramatically degraded in 1178 (Fig 1D).

175

176 3.2 Transcriptome profile of I178 and X178 seeds

177  The cDNA libraries of the non-accelerated aged dry seeds (0d-AA), 5 days of accelerated aged

178  seeds (5d-AA) for 1178 and X178 were prepared and sequenced using an Illumina HiSeq 2500

179  platform, 8 Gb data of two biological replicates for each sample were obtained. Reads of low

180  sequencing quality were filtered out (about 0.12%~0.18%), and totally 34.4~43.4 million 100 bp
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181  paired-end reads were generated in 1178 and X178, with the average of 40.8 million reads in each

182  sample. At least 97.22% high quality reads used for analysis. Of these reads, average 68.8%

183  unique mapped reads (289.9 million) were aligned to the B73 reference genome to estimate the

184  transcript levels (ZmB73 RefGen_v3). Expression values were calculated with units of fragments

185  per kilo-base per million reads mapped (FPKM). As expected, 92.92% high quality reads can be

186  mapped to protein-coding genes, 1.36% and 5.72% were mapped to intron and intergenic region,

187  respectively (Table S1).

188

189 3.3 Identification of the DEGs in 1178 and X178

190  Genes with same expression patterns during seed ageing may related to ageing metabolic

191  processes [17]. To identify the function of genes, researchers clustered genes with similar

192 expression patterns as clues to study the function of unknown genes [18]. The RNA-Seq reads of 8

193  samples for 1178 and X178 after 0d-AA and 5d-AA (2 replications) were aligned to the maize

194  reference genome (ZmB73 RefGen v3), the reads coverage and the correlation between 2

195  replications was relatively high which reflected by the FPKM distribution and pearson correlation

196  as shown in supplementary (Fig S1). The expressed genes in 1178 and X178 were 26,909 and

197 26,514, respectively, among that 25,242 common genes (more than 94%) expressed in both 178

198  seeds (FPKM > 0.1). To identify genes involving in seeds ageing, we focused on genes that

199  differential expressed after 5d-AA (compared to 0d-AA), totally 286 and 220 DEGs were detected

200 in 1178 and X178, and 98 common DEGs in both 1178 and X178 (log2FC > 0.585). Only 2

201  common up-regulated and 86 down-regulated genes identified in two 178 (Fig 2C; Table S2).

202
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203 3.4 GO enrichment of DEGs after 5d-AA

204 GO is an internationally standardized gene function classification system used to describe the

205  properties of genes and their products in any organism, which contains three ontologies: biological

206  process, cellular component and molecular function [19]. The 286 1178 differential expressed

207  genes were mainly involving in biology process of abiotic response like temperature, salt stress,

208 osmotic stress, light intensity, heat, ethanol, abiotic stimulus, heat acclimation etc., and the

209  molecular function of nutrient reservoir activity, chitin binding and catalytic activity (Fig S2A).

210  While for the 220 X178 DEGs were mainly enriched in cellular component of nuclear part,

211  organelle lumen, intracellular part and heterochromatin etc. (Fig S2B).

212 Most of the down-regulated genes in 1178 were enriched in stimulus response, including response

213 to biotic stress (organism stress, external biotic etc), abiotic stress (inorganic substance stress,

214 chemical, oxygen-containing compound, acid chemical, organic substance, endogenous stimulus,

215  hormone etc), immune response (defense response, innate immune etc.), and most of DEGs in

216 X178 were enriched in DNA or protein biosynthesis process like peptide biosynthesis, amide

217  biosynthesis and translation (Fig 2A-B; D-E). The common 98 DEGs in two 178 were mainly

218  enriched in cellular component of cell part (GO:0005623; G0O:0044464), membrane-enclosed

219  lumen (GO:0031974), organelle and intracellular organelle (GO:0043226; GO:0044422;

220  GO:0043233; GO:0043229) and intracellular part (GO:0044424; GO:0070013; GO:0044446;

221 GO:0043231), RNA polymerase (GO:0030880; GO:0000428; GO:0055029; GO:0016591),

222  membrane bounded organelle (GO:0043227), transferase complex (GO:0061695) and the nuclear

223 part (GO:0005634; GO:0044428; GO:000319981; GO:0005654), most of DEGs were

224 down-regulated, and enriched in biology process of carbohydrate derivative catabolic and
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225  molecular function of carbohydrate derivative binding (Fig S2D, E). Only two common

226  up-regulated genes in 1178 and X178, gene GRMZM2G353885, encodes a TATA box binding

227  protein (TBP) associated factor 2, and another gene of no annotation (Fig S2C).

228

229 3.5 Analysis of DEGs by qRT-PCR

230  According to the RNA-Seq results, 9 genes including 7 randomly selected DEGs and 2 longevity

231  related genes were selected for qRT-PCR validation. The expression patterns of the 7 DEGs were

232 consistent between qRT-PCR and RNA-seq, indicating that the RNA-seq gene expression was

233 reliable, two genes (ZmLOX11 and ZmPIMT1) were not able to detected in RNA-Seq analysis,

234 further qRT-PCR was conducted on 1178 and X178 before and after 5d-AA treatment, as

235  expectation, the expression was extremely low, and was consistent to the g-Teller whole

236  transcriptome expression result (http://www.qteller.com/qteller4/) (Fig 3).

237

238 3.6 Alternative splicing (AS) analysis of ageing related transcriptions and GO enrichment

239 In 1178 and X178, we totally identified 51,388~59,146 AS events, including 12 different types

240  which covered 46,521~ 48,724 transcript isoforms (including 15,984~17,070 genes) (Table S3).

241 Among that, TSS (alternative 5° first exon) and TTS (alternative 3’ last exon) account for more

242 than 72% of the total AS events, and IR (Intron retention), AE (Alternative exon) and SKIP

243  (Skipped exon) were also frequently occurred in 1178 and X178 (Fig S3A). In dry seeds (0d-AA),

244  we detected 56,228 and 53,593 AS events in 1178 and X178, respectively, which cover 20,446 and

245 19,623 transcripts in 1178 and X178, respectively. After 5d-AA, we detected 55,763 and 56,794

246 AS events in 1178 and X178, which cover 20,073 and 19,845 transcripts, respectively (Fig S3A;
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247  Table S3). By comparing AS in 1178 and X178 before and after 5d-AA, we noticed that 63.6%

248  transcript isoforms (15,606, cover 12,834 genes) occurred AS in all samples. In order to discover

249  that AS genes may involving in seed ageing, we only focus on AS genes that specifically

250  identified in 1178 and X178 after 5d-AA: 381 transcript isoforms (including 169 genes) occurred

251  AS in both 178 lines, 849 transcript isoforms (including 415 genes) specifically occurred AS in

252 1178 and 760 transcript isoforms (including 343 genes) specifically occurred AS in X178 after

253  5d-AA (Fig S3B). In order to identify the relationship of AS genes and the ageing related

254  procedure, Agri-Go analysis on common AS genes in 1178 and X178 showed that the enriched in

255  nucleotide biosynthesis process, function as nucleoside binding (Fig 4A). For those AS genes

256  specifically occurred in 1178 and X178 after 5d-AA, beside of the molecular function of

257  ribonucleoside binding, ATP binding etc., some were also enriched in freezing response (Fig 4B).

258  Combine the DEG and the AS gene information in this study, only 6 X178 specific DEGs

259  specifically occurred AS and one 1178 specific DEG specifically occurred AS after 5d-AA (Table

260  1; Fig S3C).

261

262 4. Discussion

263 4.1 Seed storability was decreased dramatically in 1178 after AA treatment

264 1178 was derived from X178 and less polymorphic segments was detected among the

265  chromosomes except chromosomes 7 and 10 by performing 6K maize array chip, the only

266  significant difference between X178 and 1178 is the seed vigor which was validated by previous

267  study [20]. The electrolytic exudate conductivity of the seed reflects the permeability of the seeds

268  coat, also represent the damage of cellular membrane system, our test of seed vigor of FH seeds
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269  after 3d-AA and 5d-AA was consistent to Liu’s result. Obviously, the seeds storability was

270  constantly decreased even stored at relative low temperature, and the ageing level of fresh

271  harvested seeds after 5d-AA was stronger than 1-year storage in cold room (Fig 1). As we know

272 the deterioration exists inevitably, to slow down the loss of longevity, keep the seeds in a lower

273 temperature (possible 4 °C) is a better choice. Seeds storage protein (SSP) have been described as

274  a primary target for oxidation in seeds, zein is the largest component of SSP which account for

275  60% of SSP [21]. Carbonylation of SSPs during long-term storage was an irreversible form of

276  oxidation leading to deterioration in both after-ripen seeds and aged seeds [22, 23]. More studies

277  found that SSPs were degraded during seed germination, which also differential expressed in aged

278 seeds, indicating the role of SSPs in seed longevity [24, 6, 7, 16]. In our study, we do observed the

279  degradation of the SSPs (zein) after 48 hours of germination in both 1178 and X178. Previous

280  study proved that the oxidative SSPs were more easily degraded into smaller polypeptides or

281  amino acids [16], in our observation, the total amount of zein was decreased significantly after

282 5d-AA in 1178 and 7d-AA in both 178 lines, was consistent to above result.

283

284 4.2 Seed ageing affects numerous biology processes including stress defense and

285 carbohydrates metabolisms

286  Seed ageing is an inevitable procedure occurred on all living things. The consensus molecular

287  mechanism associated to the ageing is including: 1) Peroxidation of plasma membrane and

288  disintegration of membrane system structures. 2) Variation of biomacromolecule, including

289  variation of nucleic acid (RNA and DNA) and enzyme/proteins. 3) The accumulation of toxic

290  substances, i.e., Reactive oxygen species (ROS), malondialdehyde (MDA), and the by-products of
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291  seeds physiological activity, organic substance like alcohols, free fatty acids etc. [25, 16]. In our

292  RNA-Seq analysis 5d-AA treated 178 lines, 98 common DEGs were identified in both 178 seeds,

293  while only 88 genes have same expression pattern in 1178 and X178, 86 of which were

294  down-regulated and enriched in carbohydrate derivative catabolic process (Fig S2E).

295  Interestingly, Lv et al revealed that the proteins in carbohydrate derivative biological pathway

296  were up-regulated in aged wheat seed especially the up-regulation of genes in amide biosynthesis

297  pathway, and the genes in defense- and stress response were down regulated after ageing [14]. In

298  our study, most of the DEGs (including up- and down-regulated genes) were enriched in defense-

299  and stress pathways in 1178 after ageing. The inconsistency between two studies can be explained

300 by the different ageing level of the wheat seeds and maize seeds, in Lv’s study, the germination

301  rate of aged wheat was lower than 20% while based on Liu’s result, the GR of 5d-AA treated 1178

302 and X178 was around 20% and 80%, respectively [20]. We do observed a enrichment of

303  up-regulated genes in carbohydrate catabolic process in 1178 (GO:0016052), while

304  down-regulated in X178, i.e., GRMZM2G176307, which encodes a glyceraldehyde-3-phosphate

305  dehydrogenase C2. In Xin’s proteome analysis on maize, they mentioned that the carbohydrates

306  utilization was important in seed ageing and seed vigor, was been influenced in aged seeds [4],

307  which was also consistent to our results. The X178 down-regulated genes were enriched in amide

308  and peptide biosynthesis after 5d-AA (Fig 2E), which was inconsistent with Lv’s result, it was

309  possible that X178 possess a better resistant to ageing, after 5d-AA treatment of, the DNA and

310 protein repair systems was slightly affected which reflected by the down-regulation of ageing

311  affected genes, while as the constant ageing treatment once GR was below 20%, some of the stress

312 response genes will be activated and up-regulated to coping with DNA and protein damage.
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313

314 4.3 ZmPIMT1 and LOX11 were down-regulated after 5d-AA

315  To validate the RNAseq data, qRT-PCR was performed on 9 of randomly selected genes may

316  related to ageing and consistent results were obtained on both platforms. Protein-L-isoaspartyl

317  (d-aspartyl) O-methyltransferase (PIMT), a typical protein repair methyltransferase related to seed

318  longevity by recognizes isoAsp residues in proteins or peptides and catalyzes the transfer of a

319  methyl group from S-adenosyl methionine (AdoMet) to the free a-carboxyl group of abnormal

320  L-isoAsp residues (as well as the b-carboxyl group of D-aspartyl residues) [26, 27]. There are two

321  PIMT orthologues in Arabidopsis and maize, in this study, ZmPIMT2 share 65% sequence

322 identity with the AtPIMTI1, was not affected in both 1178 and X178, ZmPIMT1 share 71%

323  sequence identity to AtPIMTI1, was not been detected in RNA-Seq experiment. qRT-PCR of

324  PIMT1 showed that ZmPIMT1 was almost no expression signal in 178 seeds in all samples (Fig

325  3), indicating that the spatio-temporal expression specificity of PIMT1 in dicotyledon and.

326  Monocotyledon plants. Lipoxygenase (LOX) was also a typical longevity related protein which

327  associated to the lipid oxidation in seed or other tissue [28]. There are 13 ZmLOX gene have been

328 identified in maize so far, but few of them have been cloned or further studies in molecular

329  biology level [27]. In Arabidopsis. LOX2 is essential for formation of green leaf volatiles and

330 five-carbon volatiles [29], the homolog ZmLOX11 in this study was no expression in RNA-Seq as

331  well, which is normal since the gene expression in q-Teller showed that this gene was only highly

332  expressed in the young seeds while little expression observed in mature seed (Fig S4). qRT-PCR

333  showed that ZmLOX11 was down-regulated in 1178, while up-regulated in X178 after 5d-AA

334  treatment, a possibility that LOX11 was not specific expressed in seeds, or the spatiotemporal
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335  specificity of the LOX11 in tissue except the seeds (Fig 3).

336

337 4.4 Identify genes potentially associated to seed longevity

338  Numerous studies reported that the seed longevity genes may involve in switching off metabolic

339  activity in seeds, repair systems during seed imbibition and DNA, RNA or protein repair systems

340 [25]. In previous study, QTL mapping of seeds ageing traits on RILs and F».; populations of 1178

341 x X178, 17 QTL were identified on 5 chromosomes [20]. In order to excavating genes that

342  involving in seed longevity, DEGs in QTL mapping intervals for both 1178 and X178 were

343  selected for analysis, 13 DEGs located in the mapped QTL of chromosome 3 (11 genes) and

344  chromosome 5 (2 genes), for the 10 DEGs with explicated annotations, DEG4 encodes a

345  peroxisomal ABC transporter 1, previous study showed that the peroxisomal ABC transporter in

346  plant was essential for transporting hydrophobic fatty acids and large cofactor molecules (carrier

347  for ATP, NAD and CoA), and play an indispensable role in pathways like fatty acid B-oxidation,

348  photorespiration, and degradation of reactive oxygen species [30], it was possible that during seed

349  ageing, the accumulation of reactive oxygen species in seed resulted the down-regulation of

350 DEG4. DEG7 encodes a proteases 6, In Arabidopsis, the aspartic protease 1 (ASPG1) was

351  affected the seed longevity and germination by the process of proteolysis [31], proteases 6 was the

352  major cellular machinery of proteolysis in eukaryotic organisms, it was possible that DEG7 was

353  also regulated by seed ageing. DEG10 encodes a BURP domain-containing protein, a newly

354  identified protein that is unique to plants and plays an important role in plant abiotic stresses,

355  development and metabolism via regulating the level of diverse proteins [32, 33]. DEG12 encodes

356  a phenylalanine ammonia lyase homologl (PAL1), PAL genes was been reported involving in
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357  multiple biology process including response to environmental stress [35]. Based on the annotation

358  of above genes, it was possible that those genes may function in ageing induced defense response,

359  energy metabolism and the DNA/RNA and protein repair systems (Table 1).

360

361  Alternative splicing is a process whereby multiple functionally distinct transcripts are encoded

362  from a single gene by the selective removal or retention of exons and/or introns from the maturing

363  RNA [36, 37], which is common in many eukaryote lineages, including metazoans, fungi, plants

364  and showing over 95% of multi-exon genes in human genome produce at least one alternatively

365  spliced isoform [38-42]. In this study we identified 7 AS-DEGs in 1178 and X178, DEG14

366  encodes a HSP20-like chaperones superfamily protein. DEG15 encodes a NADH dehydrogenase

367  subunit 4, an important enzyme in the respiratory chain of all organisms having an aerobic or

368  anaerobic electron-transport system in mitochondria [43]. DEG16 encodes an embryo defective

369 3012, was down-regulated and affected by ageing. DEG17 is an auxin transport protein (BIG) that

370  in charge of the auxin polar transportation and distribution, gibberellin status in seed [44, 45].

371  DEGIS encodes a sucrose synthase 3, which was participate in respiration and related to plant

372 growth [46]. DEG19 encodes a 27-kDa zein protein (zp27), specifically expressed in maize and

373  may functions like a protease inhibitor [47]. Up-regulation of DEG14, 15, 17, 18 and 19 indicated

374  those genes were potential ageing related genes that involved in stress response, energy

375  metabolism, development regulation etc.

376

377
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533  Fig 1. Storage characterization of 1178 and X178 seed. A). Observation of 3 and 5d-AA seeds;

534  B). TTC staining of embryo at 0d-AA, after 3 and 5d-AA; C). The relative conductivity of fresh

535  harvest (FH) seeds, 1-year storage seeds treated by 3 and 5d-AA; the dash lines indicate the vigor

536  of FH seeds after 5d-AA was lost more than that of 1-year storage seeds. D). SDS-PAGE analysis

537  of seeds zein, lane 1-12: Dry seeds of X178 and 1178 (X178-Dry, 1178-Dry), X178 seeds after 6

538  hours imbibed water (X178-0d-6h), 48-hours germinated X178 seeds (X178-0d-48h), 1178 seeds

539  after 6 hours imbibed water (1178-0d-6h), 48 hours-germinated 1178 seeds (I1178-0d-48h), X178

540  seeds after 3d-AA (X178-3d), 1178 seeds after 3d-AA (1178-3d), X178 seeds after 5d-AA

541  (X178-5d), 1178 seeds after 5d-AA (I1178-5d), X178 seeds after 7d-AA (X178-7d), 1178 seeds

542  after 7d-AA (1178-7d). The degradation of 40 kD protein was denoted as arrow.

543 Fig 2. RNA-Seq of 1178 and X178 and gene expression analysis before and after Sd-AA. A).

544  Heatmap of differential expressed genes in 1178 after 5d-AA compared with 0d-AA. B). Most of

545  the significantly differential expressed genes in 1178 were enriched in 5 categories of Immune

546  system (red), biotic stress response (green), abiotic stress response (blue), carbohydrate catabolic

547  process (light blue), nutrient reservoir activity (purple) and extracellular region (pink). C).

548  Compared to the 0d-AA treatment, DEGs after 5d-AA identified in two materials with the

549  adjusted P-value <0.05 and the FoldChange >1.5, there are 188 specific 1178 DEGs and 122 X178

550 specific DEGs, among that, 98 common DEGs identified in 1178 and X178, with 2 common

551  up-regulated and 86 common down-regulated genes. 10 genes were up-regulated in 1178 while

552  down-regulated in X178 was labeled in the triangle. D). Heat map of DEGs in X178. E). GO

553  enrichment of the most significantly differential expressed genes in X178.

554  Fig 3. qRT-PCR validation of the RNA-Seq result. A). Nine genes including 7 differential
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555  expressed genes and 2 ageing related genes validated by qRT-PCR. RNA-Seq gene expression

556  calculated by fold-change in 1178 (B) and X178 (C).

557  Fig 4. GO enrichment of AA induced alternative splicing genes (ASG) in 1178 and X178. A).

558  Biology process, cellular component and the molecular function of common ASGs in 1178 and

559  X178. B). 381 alternative splicing genes specifically expressed after 5d-AA in 1178 and X178.

560 Fig S1. Data quality demonstration of RNA-Seq. A). FPKM distribution of 2 replications of

561 1178 and X178. B). Pearson correlation analysis between samples of 1178 and X178.

562  Fig S2. GO enrichment analysis of the DEGs. Biology process, cellular component and the

563 molecular function of 286 1178 DEGs (A) and 220 X178 DEGs (B); C). Only 2 co-up regulated

564  genes detected in both 1178 and X178, one of gene encodes a TBP associated factor; D). Total 98

565 common DEGs identified in both 1178 and X178; E). 86 1178 and X178 commonly down

566  regulated genes identified in this study, most of the genes involving in carbohydrate catabolic

567  process and carbohydrate derivative binding.

568  Fig S3. AS, ASG and AS-DEGs identified in 178. A). 12 types of AS identified in 1178 and

569 X178 after 0d-AA and 5d-AA. B). Transcript isoforms (and the covered genes in brackets) that

570  occurred AS in 1178 and X178 afterOd-AA and 5d-AA, the red colored are genes specifically

571  spliced in two 178 after 5d-AA. C). Alternative spliced DEGs in 1178 and X178 after 5d-AA. Six

572  and one AS-DEGs were identified specifically in X178 and 1178, respectively.

573 Table 1. Potential seed ageing related genes.

574  Table S1. Number of reads sequenced and mapped to the maize genome.

575 Table S2. The expression of common 98 DEGs and the related biology process classification.

576 Table S3. Alternative splicing events and the genes involved in 1178 and X178.
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Table 1. Potential seed ageing related genes.

DEG 1178 _ X178 Up/ .
Gene ID Source. Homologs Annotation

ID log2FC  log2FC  Down
DEGI1 GRMZM2G058970 0.87 0.86 down At5G49930.1 Zinc knuckle (CCHC-type) family protein
DEG2 GRMZM2G302913 1.00 0.67 down At1G22060.1 -
DEG3 GRMZM2G358618 0.74 0.84 down At4G03200.1 Catalytics
DEG4 GRMZM2G375807 1.03 0.88 down At4G39850.3 Peroxisomal ABC transporter 1
DEGS5 GRMZM2G379913 0.98 0.80 down At3G06530.1 ARM repeat superfamily protein
DEG6 GRMZM2G379929 0.96 0.88 down  QTL(Chr3:8-205 At3G06530.2 ARM repeat superfamily protein
DEG7 GRMZM2G438938 0.86 0.86 down  Mb) At5G02310.1 Proteolysis 6
DEGS GRMZM5G867767 0.97 0.70 down At3G10650.1 -

Pyridoxal phosphate (PLP)-dependent
DEG9 GRMZM2G181135 1.86 0.89 down At1G34060.1 _ _

Transferases superfamily protein
DEG10 GRMZMS5G800586 1.27 0.77 down At5G25610.1 BURP domain-containing protein
DEG11 GRMZMS5G877838 0.97 0.89 down 0Os01g56780.1 Plus-3 domain containing protein
DEG12 GRMZM2G074604 0.80 0.86 down  QTL(Chr5:185-205 AT2G37040.1 PHE ammonia lyase 1
DEG13 GRMZMS5G824439 0.98 0.99 down  Mb) AT1G23230.2 -
DEG14 GRMZM2G158232 -0.98 -0.03 up 1178 _AS-DEG At1G53540.1 HSP20-like chaperones superfamily protein
DEG15 GRMZMS5G804358 -0.13 -1.02 up AtMG00580.1 NADH dehydrogenase subunit 4
DEG16 GRMZM2G476810 0.52 0.64 down At5G40480.1 Embryo defective 3012
DEG17 GRMZM2G461586 -0.31 -0.78 up X178 AS-DEG At3G02260.1 Auxin transport protein (BIG)
DEG18 GRMZM2G311182 -0.39 -0.71 up - At4G02280.1 Sucrose synthase 3
DEG19 GRMZM2G138727 -0.54 -0.63 up - 27-kDa zein protein
DEG20 GRMZM2G417682 0.69 0.61 down - -
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Note: 13 DEGs of two 178 were located in QTL interval derived from RILs and F,; populations of 1178 x X178 (DEG1-13); 7 AS-DEGs were identified in
1178 (DEG14) and X178 (DEG15-20) after 5d-AA, were possible the Ageing related candidates.
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