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Abstract

Natural rubber is an indispensable commodity used in approximately 40,000 products and is
fundamental to the tire industry. Among the species that produce latex, the rubber tree [Hevea
brasiliensis (Willd. ex Adr. de Juss.) Muell-Arg.], a species native to the Amazon rainforest, is
the major producer of latex used worldwide. The Amazon Basin presents optimal conditions for
rubber tree growth, but the occurrence of South American leaf blight, which is caused by the
fungus Microcyclus ulei (P. Henn) v. Arx, limits rubber tree production. Currently, rubber tree
plantations are located in scape regions that exhibit suboptimal conditions such as high winds
and cold temperatures. Rubber tree breeding programs aim to identify clones that are adapted to
these stress conditions. However, rubber tree breeding is time-consuming, taking more than 20
years to develop a new variety. It is also expensive and requires large field areas. Thus, genetic
studies could optimize field evaluations, thereby reducing the time and area required for these
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experiments. Transcriptome sequencing using next-generation sequencing (RNA-seq) is a
powerful tool to identify a full set of transcripts and for evaluating gene expression in model and
non-model species. In this study, we constructed a comprehensive transcriptome to evaluate the
cold response strategies of the RRIM600 (cold-resistant) and GT1 (cold-tolerant) genotypes.
Furthermore, we identified putative microsatellite (SSR) and single-nucleotide polymorphism
(SNP) markers. Alternative splicing, which is an important mechanism for plant adaptation under
abiotic stress, was further identified, providing an important database for further studies of cold
tolerance.

1 Introduction

Cold stress, which can be classified as chilling (0 to 15°C) and/or freezing (< 0°C) temperatures,
affects plant growth and development, limiting spatial distribution and yields (Chinnusamy et al.,
2007; Yang et al., 2015). Furthermore, cold stress prevents plants from achieving their full
genetic potential, inhibiting metabolic reactions, reducing photosynthetic capacity and altering
membrane permeability (Chinnusamy et al., 2007; Sevillano et al., 2009).

Temperate plants can generally achieve cold acclimation and acquire tolerance to extracellular
ice formation in their vegetative tissues. However, tropical crops, such as maize and rice, lack
cold acclimation ability and are sensitive to chilling (Chinnusamy et al., 2007). Furthermore,
varieties from the same species can exhibit different levels of cold tolerance (Liu et al., 2012;
Zhang et al., 2012). Hence, determining the gene expression profile under cold stress could help
to elucidate the mechanism of cold acclimation in plants and can be effective for selecting
candidate genes. Moreover, candidate genes can be targeted to identify genetic variation and
develop molecular markers.

Hevea brasiliensis [(Willd. ex Adr. de Juss.) Muell-Arg], commonly known as the rubber tree, is
a perennial tree crop native to the Amazon rainforest. The species, belonging to the
Euphorbiaceae family, is monoecious, undergoes cross-pollination and has a chromosome
number of 2n = 2x = 36. Among the 2,500 species that produce natural rubber (cis-1,4-
polyisoprene), H. brasiliensis is the only species that produces high-quality rubber in
commercially viable quantities, accounting for more than 98% of total worldwide production
(Pootakham et al., 2017).

Natural rubber is one of the most important raw materials for many industries and cannot be
replaced by synthetic alternatives due to its unique properties, such as flexibility, elasticity and
abrasion resistance (Sakdapipanich, 2007). Natural rubber is an essential commodity for the tire
industry and for the manufacture of more than 40,000 products.

Although the Amazon basin offers a suitable climate for this crop, Southeast Asia is the major
producer of rubber, being responsible for 92% of worldwide production. South America is
responsible for only 2% of worldwide rubber production, due to the occurrence of the fungus
Microcyclus ulei (P. Henn) v. Arx, which causes South American leaf blight (SALB). SALB was
responsible for devastating plantations in northern Brazil in the 1930s and remains a permanent
threat to the rubber industry (Pushparajah, 2001). To date, the rubber tree plantations in
Southeast Asia have not been affected by SALB, but other native pathogenic fungi are threats to
rubber production. The two major fungal pathogens in Southeast Asia (Phytophthora and
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73 Corynespora) cause leaf fall and, consequently, significant losses of natural rubber yields
74  (Pootakham et al., 2017). Due to the occurrence of diseases, plantations have been expanded to
75  sub-optimal areas of some countries, such as northeastern India, the highlands and coastal areas
76  of Vietnam, southern China and the southern plateau of Brazil (Priyadarshan et al., 2005). These
77  areas are characterized by new stressful conditions, such as cold and dry periods.

78  The exposure of rubber trees to low temperatures can cause leaf necrosis, affecting tree
79  development and latex production (Priyadarshan et al., 2005; Mai et al., 2010). In addition, low
80 temperatures are responsible for halting latex production for 1-3 months per year (Rao et al.,
81  1998; Jacob et al., 1999).

82  Inrecent years, there has been an exponential increase in genomic data acquisition for the rubber
83  tree, including transcriptome profiles (Mantello et al., 2014; Salgado et al., 2014; Li et al., 2016),
84  linkage maps (Souza et al., 2013; Pootakham et al., 2015; Shearman et al., 2015) and, more
85  recently, a genome assembly (Tang et al., 2016; Pootakham et al., 2017). Despite the importance
86  of the cold acclimation response for rubber tree breeding programs, no studies conducted to date
87  have focused on identifying the set of genes involved in the response to chilling stress tolerance.

88  To understand this mechanism, we conducted a chilling stress experiment (10°C) with the clones
89 GT1 and RRIMG600, which exhibit high yields and are recommended for planting in escape areas.
90 The clone RRIM60O0 is a cold resistant clone that stops growing under cold stress, while GT1 is
91  chilling tolerant, showing little leaf damage and continuing to grow under chilling temperatures
92 (Mai et al., 2010). RNA sequencing was performed with the aim of constructing a
93 comprehensive transcriptome and investigating the differentially expressed genes (DEGS)
94  involved in different cold acclimation strategies. In addition, the comprehensive transcriptome
95 was searched for putative molecular markers (single-nucleotide polymorphisms (SNPs) and
96 microsatellites) and to detect alternative splicing (AS) events. Alternative splicing is an
97  important mechanism responsible for generating transcriptome diversity, where resulting splicing
98 variants may perform a variety of functions, such as increase cold resistance (Chinnusamy et al.,
99  2007; Tack et al., 2014).

100 2 Material and Methods

101 2.1 Plant Materials and Cold Stress Treatment

102  Plantlets of the rubber tree clones RRIM600 and GT1 at 6 months of age were provided by
103  Centro de Seringueira, Votuporanga, Sao Paulo, Brazil. The clones were represented by 3
104  biological replicates each.

105 The plants were transferred to a growth chamber set to 28°C with a 12 h photoperiod and were
106  watered every 2 days for 10 days. After 10 days, the plantlets were exposed to chilling stress at
107  10°C for 24 h. Leaf tissues were sampled at O h (control), 90 minutes, 12 h and 24 h after cold
108  exposure. The samples were immediately frozen on dry ice and stored at -80°C until use.

109 2.2 RNA Extraction and cDNA Library Construction and Sequencing

110  Total RNA was extracted using a modified lithium chloride protocol (Oliveira et al., 2015). RNA
111  integrity and quantity were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
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112 Palo Alto, CA). Approximately 3 pg of total RNA was employed to construct cDNA libraries
113  using the TruSeq RNA Sample Preparation Kit (lllumina Inc., San Diego, CA, USA). Index
114  codes were added to each sample, and the cDNA libraries were prepared following the
115  manufacturer’s recommendations. In total, 24 ¢cDNA libraries (3 replicates of each genotype for
116  each time series) were prepared. Library quality was evaluated with a 2100 Bioanalyzer (Agilent
117  Technologies, Palo Alto, CA), and the libraries were quantified via gPCR (Illumina protocol SY -
118  930-10-10). The 24 samples were randomly pooled (4 samples per pool) and clustered using the
119  TruSeq PE Cluster Kit on the cBot platform (Illumina Inc., San Diego, CA, USA). Subsequently,
120  the cDNA libraries were sequenced using an lllumina Genome Analyzer IIx with the TruSeq
121 SBS 36-Cycle Kit (Illumina, San Diego, CA, USA) for 72 bp paired-end reads.

122 2.3 Data Filtering

123 The raw data generated via Illumina sequencing in the BCL format were converted to the qSeq
124  format using Off-Line Basecaller v.1.9.4 (OLB) software. We further converted the gSeq files
125 into FastQ files using a custom script. Therefore, the raw reads were split by the corresponding
126  barcodes, and the barcode regions were trimmed using the Fastx-Toolkit
127  (fastx_barcode_splitter.pl) (http://hannonlab.cshl.edu/fastx_toolkit/index.html).

128  Filtering for high-quality (HQ) reads was performed using NGS QC Toolkit 2.3 (Patel and Jain,
129  2012), considering only reads with a Phred quality score > 20 and a cut-off value of 70% of read
130 length. All reads were deposited in the NCBI Short Read Archive (SRA) under accession
131  number SRP155829.

132 2.4 Comprehensive Transcriptome Assembly

133 Initially, the reads generated from the 24 samples were combined with bark reads (Mantello et
134  al., 2014) and mapped back onto the rubber tree genome (Tang et al., 2016) (accession number:
135 LVXX01000000) with the HISAT2 aligner (Kim et al., 2015). The alignment results were
136  coordinate-sorted with SAMtools (Li et al., 2009) and used to perform Trinity genome-guided
137  assembly. Furthermore, the scaffolds obtained from the rubber tree genome were employed for
138 an ab initio genome annotation with MakerP (Campbell et al., 2014) (Supplementary Material 1)
139  due to the lack of public genome annotation. This annotation provided an additional dataset of
140  predicted transcripts.

141  The transcripts obtained in the genome-guided and ab initio genome annotations were combined
142 with non-redundant H. brasiliensis ESTs from NCBI (as for Ago 2016) and used as a dataset for
143  alignment and assembly against the rubber tree genome (Tang et al., 2016), using the PASA v2.0
144 pipeline (Haas et al., 2003) with the following parameters: --ALT_SPLICE --ALIGNER
145  blat,gmap and MAXIMUM_INTRON_LENGTH="50000". PASA modeled complete and partial
146  gene structures based on splice-aware alignment to a reference genome, detecting unique
147  assemblies, collapsing redundant models and identifying AS events.

148  The transcripts obtained using PASA were filtered according to the following criteria: (1)
149  minimum length of 500 bp; (2) transcript prediction evidence, excluding transcripts that were
150  exclusively predicted in the genome ab initio annotation; and (3) trimming of transcripts with
151  high identity to non-plant sequences.
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152  The filtered transcripts were clustered based on genome mapping location and according to gene
153  structures. This final dataset was considered the comprehensive transcriptome for further
154  analysis.

155 2.5 Functional Annotation

156 The Trinonate v2.0.1 pipeline (https://trinotate.github.io/) was employed to annotate the
157  transcriptome. Briefly, Transdecoder (https://github.com/TransDecoder/TransDecoder/wiki) was
158  used to predict open reading frames (ORFs) with a minimum of 100 amino acids. Transdecoder
159  can predict multiple ORFs in the same transcript; however, if the predicted ORFs overlap, the
160  program maintains the longest ORF. If multiple non-overlapping ORFs are predicted in the same
161  transcript, all are retained in the annotation. Translated ORFs and untranslated transcripts are
162  searched against the SwissProt/UniProt database using BLASTX and BLASTP, respectively. In
163  addition, these transcripts were associated with Gene Ontology (GO) (Harris et al., 2004) and
164  Kyoto Encyclopedia Gene and Genomes (KEGG) (Kanehisa and Goto, 2000) database
165 information. The Transdecoder-predicted proteins were also searched for protein domain
166  homology in the Pfam database using the HMMER 3.1 tool hmmscan (hmmer.org.). All the
167  annotations were filtered with an e-value of 1e-5 and placed into a tab-delimited file.

168 2.6 Differential Gene Expression

169 Reads from each library were aligned to the reference transcriptome with Bowtie2 v.2.2.6
170  (Langmead and Salzberg, 2012), and the estimation of gene transcript abundance was performed
171  with RSEM v.1.2.28 (Li and Dewey, 2011) wusing a Trinity accessory script
172  (align_and_estimate_abundance.pl). The differential gene expression analysis was performed
173 with limma-voom (Law et al., 2014), which estimates precision weights based upon an
174  expression mean-variance trend to facilitate Bayesian-moderated, weighted t-stastitics (Soneson
175 and Delorenzi, 2013), with at least 10 counts per million (CPM) in at least 3 samples. Three
176  biological replicates for each condition were provided for this analysis. We considered a gene to
177  be differentially expressed using a false discovery rate (FDR) cut-off < 0.05. The pairwise
178  comparison was performed between RRIM600 and GT1 for each time-series of the cold
179  treatment: RRIM600 Oh x GT1 Oh, RRIM600 90min x GT1 90min, RRIM600 12h x GT1 12h,
180 RRIMG600 24h x GT1 24h.

181 2.7 Gene Ontology Enrichment

182  The DEGs identified previously were subjected to GO enrichment analysis using GOseq with a
183  FDR cut-off <0.05 (Young et al., 2010). The enriched terms were submitted to REVIGO (Supek
184  etal., 2011) with a medium similarity allowed (0.7) to summarize the enriched terms.

185 2.8 Putative Molecular Marker Identification

186  Putative Microsatellites (SSRs) were identified using the MISA (MlcroSAtellite) script
187  (http://pgrc.ipk-gatersleben.de/misa/). SSR regions were defined as containing at least a six motif
188  repetition for dinucleotides and 5 for tri-, tetra-, penta- and hexanucleotides.

189  The identification of putative SNPs was performed for each genotype. The reads obtained in this
190 study were mapped against the reference transcriptome with bwa-mem (Li and Durbin, 2009)
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191  following the default parameters. SAM files were converted into BAM files using SAMtools.
192  Additionally, we used SAMtools to sort mapped reads and remove unmapped reads. PCR
193  duplicates were removed with Picard (http://broadinstitute.github.io/picard). The software
194  Freebayes (Garrison and Marth, 2012) was used to call variants in each processed BAM file with
195 the following parameters: --min-alternate-count 5 --min-mapping-quality 30 --min-base-quality
196 20. VCFtools (Danecek et al., 2011) was used to select biallelic SNPs, remove Indels, and
197  perform filtering with a minimum genotype quality of 20, minimum depth of 10 reads and SNP
198  and mapping quality of 20.

199 2.9 Quantitative RT-PCR (qRT-PCR) Validation

200  To validate the DEG analysis, a total of 20 genes were selected. Primer pairs used in the gRT-
201 PCR analyses were designed using Primer3 Plus software (http://www.bioinformatics.nl/cgi-
202  bin/primer3plus/primer3plus.cgi) using the gPCR parameters. cDNA synthesis was performed
203  with the Quantitect Reverse Transcription kit (Qiagen Inc., Chatsworth, CA, USA) using 500 ng
204  of total RNA. The cDNAs were then diluted 1:5, and 2 pl from each sample aliquoted for gPCR.
205 The gqPCR assays were carried out with iTaq Universal SYBR® Green Supermix (Bio-Rad
206  Laboratories Inc., Hercules, CA, USA), following the manufacturer’s instructions, and 3 uM
207  primer mixture. The gPCR assays were performed using the CFX384 Real-Time PCR Detection
208  System , with the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C
209 at 30 sand 60°C at 1 min.

210  All gPCR experiments were performed using three technical and three biological replicates, with
211  the exception of RRIM 600 at 0 h and 12 h of treatment, for which only two biological replicates
212  were included due to the lack of RNA for one of the biological replicates. The DEAD box RNA
213  helicase (RH2b) and mitosis protein (YSL8) genes were used as internal controls. To confirm the
214 presence of a single amplicon of the PCR product, melting curve analysis was performed with
215  temperatures ranging from 65°C to 95°C in increments of 0.5°C. The Cq values and baseline
216  were determined with CFX Manager 2.1 software (Bio-Rad Laboratories, Inc., USA). The
217  primers used in this study are described in Supplementary Table 1.

218 2.10 Alternative Splicing Identification

219  The filtered transcripts and AS events defined by PASA were processed using an in-house
220  pipeline. This pipeline identifies and re-classifies AS events simultaneously encompassing
221  alternative 5’ and 3’ splice sites (Chamala et al., 2015). Furthermore, a minimum of 10 reads
222  mapped at the splice junction was set as the threshold for considering an AS event.

223 3 Results

224 3.1 Sequencing and Transcriptome Assembly

225  In the present study, we sequenced leaf tissue from the RRIM600 and GT1 genotypes. Twenty-
226  four cDNA libraries were sequenced on the lllumina GAlIx platform, which resulted in a total of
227 529,339,330 M paired-end (PE) reads for the RRIM600 genotype and 632,887,764 M PE reads
228  for GT1. After removing low-quality reads, the cDNA libraries derived from RRIM600 vyielded
229 432,005,062 M (81.6%) HQ PE reads, while GT1 yielded 501,609,042 M (79.2%) HQ PE reads
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230 (Table 1). When we summarized the total HQ PE reads from both genotypes, we obtained
231 933,614,104 M reads, which were employed to construct the reference transcriptome.

232 To generate a comprehensive transcriptome, we used the PASA pipeline to update and maximize
233  the recovery of gene structure and spliced isoforms. The 39,351 non-redundant ESTs from NCBI
234 were combined with 335,212 transcripts obtained in the genome-guided assembly and the
235 114,718 filtered transcripts obtained from genome annotation (Supplementary Material 1) and
236  then aligned against the rubber tree genome (Tang et al., 2016).

237 A total of 250,458 transcripts were obtained, which clustered with 162,278 genes. The N50 was
238 2,095 pb, and the GC content was 40.31%. These transcripts were filtered out according to their
239  length (< 500 bp), their similarity to non-plant sequences via BLASTX and whether the genome
240  annotation was the only evidence of the prediction. After filtering the transcripts obtained using
241 PASA, a total of 104,738 transcripts were obtained and clustered with 49,304 genes (Table 2).
242  Although a public annotation is not available, the total number of predicted genes in this study
243  was similar to the prediction of Tang et al. (2016) for the rubber tree genome assembly (43,792
244 genes). The N50 of the reference transcriptome obtained in this study was 2,369 bp with a GC%
245  content of 40.16% (Table 2). Of the total transcripts, 37,302 (35.6%) ranged in size from 1,000
246  bp to 1,999 bp, and 36,681 (35%) transcripts were longer than 2 kb. The 104,738 transcripts
247  were considered a reference transcriptome and employed for further analysis.

248 3.2 Functional Annotation

249  The transcriptome was subjected to BLAST searches against the SwissProt/UniProt, Pfam, Gene
250 Ontology and KEGG databases with an e-value cut-off of 1e-5. In total, 63,983 (61%) transcripts
251  were annotated against the SwissProt/UniProt database using BLASTX. In addition, among the
252 94,166 proteins predicted with Transdecoder, 42.262 (44.9%) were annotated based upon
253 BLASTP.

254  The Pfam annotation contained protein domains for 67,628 (71.8%) predicted proteins. The top
255 20 protein domains are presented in Figure 1. The most abundant type of protein domain was a
256  protein kinase domain, which was found in 2,415 proteins. The protein kinase superfamily
257  catalyzes the reversible transfer of the gamma-phosphate from ATP to amino acid side chains of
258  proteins. These enzymes are involved in the response to many signals, including light, pathogen
259 invasion, hormones, temperature stress, and nutrient deprivation. The activities of several plant
260  metabolic and regulatory enzymes are also controlled by reversible phosphorylation (Stone and
261  Walker, 1995). The next three most abundant gene families identified were the protein tyrosine
262  kinase, leucine-rich repeat (LRR) N-terminal domain and NB-ARC domain families, with 1,055,
263 962 and 868 proteins, respectively (Figure 1). The protein tyrosine kinase family is responsible
264  for signal transduction in plants in response to stress and developmental processes through
265  modification of tyrosine residues in proteins (Shankar et al., 2015). Proteins containing the LRR
266  N-terminal domain are involved in numerous functions, such as signal transduction, cell
267  adhesion, DNA repair, disease resistance, apoptosis and the immune response. The NB-ARC
268 domain is a functional ATPase, and its nucleotide-binding state regulates the activity of
269  resistance (R) proteins. R proteins are involved in pathogen recognition, which activates the
270  immune system in plants (van Ooijen et al., 2008).
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271  The GO annotation retrieved a total of 58,500 terms for the Biological Process (BP) category,
272 61,467 terms for Molecular Function (MF) and 62,795 terms for Celular Component (CC). In
273  addition, a total of 62,077 transcripts were annotated in the KEGG database.

274 3.3 Digital Gene Expression Analysis

275 To investigate the chilling stress response strategy between the rubber tree genotypes, we
276  performed a pairwise comparison for each time series between GT1 and RRIMG600. Prior to
277  exposing the plants to cold stress (0 h), 624 genes were up-regulated in RRIM600 relative to
278 GT1 (RRIM600 Oh x GT1 0Oh), while 732 genes were up-regulated in GT1 Oh relative to
279  RRIMG600 Oh. After 90 minutes of cold stress exposure, we identified 514 genes that were up-
280  regulated in RRIM600 90 min compared to GT1 90 min and 854 up-regulated genes in GT1 90
281  min relative to RRIM600 90min. Moreover, a total of 569 genes and 1034 genes were up-
282  regulated in RRIMG600 after 12 h and 24 h of cold stress exposure, respectively. Nevertheless, the
283  GT1 genotype exhibited 610 and 875 up-regulated genes relative to RRIM600 after 12 h and 24
284  hof cold treatment, respectively (Figures 2 and 3).

285  Since the DEG analysis was performed by comparing the RRIM600 and GT1 genotypes for each
286  time point of cold treatment, we compared the up-regulated genes previously identified for each
287  genotype across all time points in order to identify genes that were commonly and exclusively
288  up-regulated in the relative comparison between each treatment time. For the RRIMG600
289  genotype, we detected a total of 229 genes that were exclusively up-regulated at 0 h (Figure 3A).
290  After 90 minutes, 12 h and 24 h, we identified 100, 125 and 567 exclusively up-regulated genes,
291  respectively. Moreover, a total of 208 RRIM600 genes were commonly up-regulated within the
292  entire series (Figure 3A and C).

293  Whereas, there were a total of 143 up-regulated genes identified in GT1 relative to RRIM600
294  that were exclusively up-regulated at time 0 h and 235, 110 and 390 genes that were exclusively
295  up-regulated after 90 minutes, 12 h and 24 h, respectively (Figure 3B). Furthermore, a total of
296 255 genes were commonly up-regulated across the time series (Figure 3B and D).

297  One of the genes up-regulated in RRIM600 relative to GT1 after 90minutes of cold stress was
298 identified as a putative stelar K* ‘outward-rectifying’ channel (SKOR) based upon a high
299  BLAST similarity. Furthermore, two SKOR genes were up-regulated after 12 and 24 h of cold
300 stress, one of which was among the ten most highly expressed genes after 12 h of treatment
301 (Table 3, Supplementary Table 2). Reactive oxygen species (ROS) were recently shown to be
302 capable of activating SKOR genes, thereby catalyzing K+ efflux from plant cells. In moderate
303  stress conditions, K+ efflux could play the role of a ‘metabolic switch’ in anabolic reactions,
304  stimulating catabolic processes and saving energy for adaption and repair (Demidchik et al.,
305 2014).

306  Aquaporins belong to a conserved group of transmembrane proteins involved in water transport
307  across membranes (King et al., 2004). GT1 contained an up-regulated gene with high similarity
308 to the aquaporin subfamily plasma membrane intrinsic protein 2;5 (PIP2;5). The PIP2;5 gene
309  was up-regulated across all time points in GT1 and was among the top ten up-regulated genes
310 after 12 h and 24 h of cold treatment (Table 3, Supplementary Table 2).
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311 A putative soybean gene regulated by cold 2 (SRC2) was up-regulated in RRIM660 across all
312  time points. SRC2 is believed to play a role in cold stress responses in Arabidopsis (Kawarazaki
313 et al,, 2013) and soybean (Takahashi and Shimosaka, 1997). Notably, the log-fold-change in
314  RRIMG600 24h relative to GT1 24h was greater than the log-fold-change at earlier periods of cold
315 treatment (Supplementary Table 2).

316  We also observed up-regulated genes in GT1 24h relative to RRIM600 24h , which were related
317  to cell growth, such as the gene with high similarity to the LONGIFOLIA 1 (LNGL1) protein,
318  which in association with LONGIFOLIA 2 (LNG2) regulates leaf morphology by promoting
319 longitudinal polar cell elongation (Lee et al., 2006). At the same time point in GT1 (24 h), we
320 identified one up-regulated gene displaying high similarity to the RETICULATA-RELATED 6
321 (RER 6) protein. The RER6 gene may play a role in leaf development (Lee et al., 2006). Within
322  the set of genes up-regulated in GT1 24h we identified a putative purine-uracil permease NCS1,
323  which contributes to uracil import into plastids and is essential for plant growth and development
324  (Mourad et al., 2012); and the receptor-like kinase TMK3, which is involved in auxin signal
325  transduction and cell expansion and proliferation regulation (Dai et al., 2013) (Supplementary
326  Table 2).

327 3.4 Protein Domain Homology among DEGs

328  Prior to cold stress, we detected four genes up-regulated in RRIM600 Oh relative to GT1 Oh with
329  the Apetala 2 (AP2) domain. The AP2 genes show high similarity to ERF119, which may be
330 involved in the regulation of gene expression by stress factors and by components of stress signal
331 transduction pathways. The 1Q calmodulin-binding motif domain was detected in six up-
332  regulated genes in GT1 Oh relative to RRIM600 Oh. At 90 minutes, the number of up-regulated
333 genes in GT1 containing this domain increased to eight (Table 4). The 1Q calmodulin-binding is
334  amajor calcium (Ca®") sensor and orchestrator of regulatory events through its interaction with a
335  diverse group of cellular proteins (Rhoads and Friedberg, 1997) (Supplementary Table 2).

336  We also identified five up-regulated genes in RRIM600 12h compared to GT1 12h containing
337 the VQ motif (Table 4). This domain is a plant-specific domain characteristic of a class of
338  proteins that regulates diverse developmental processes, including responses to biotic and abiotic
339  stresses, seed development, and photomorphogenesis (Jing and Lin, 2015).

340  After 24 h of cold treatment, the most abundant domain among the up-regulated genes in
341 RRIMG600 24h was the NB-ARC domain, which is a signaling motif that is shared by plant
342  resistance products and is a regulator of cell death in animals (van der Biezen and Jones, 1998).
343  The next two most common domains were UDP-glucuronosyl/UDP-glucosyl transferase, which
344  catalyzes the transfer of sugars to a wide range of acceptor molecules and regulates their
345  activities (Ross et al., 2001) followed by cytochrome P450 (CYP450). The CYP450 gene
346  catalyzes diverse reactions leading to the precursors of structural macromolecules such as lignin
347 and cutin, or is involved in the biosynthesis or catabolism of hormone and signaling molecules,
348 such as antioxidants and defense compounds (Werck-Reichhart et al., 2002) (Table 4).
349  Furthermore, eight up-regulated genes containing the AP2 domain were identified in RRIM600
350  24h relative to GT24h.
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351 LRR N-terminal domains were the most abundant type of domain in GT1 24h up-regulated
352  genes, followed by protein kinase domains and NB-ARC domains. The LRR N-terminal domain
353 is involved in a number of biological processes, including cell adhesion, signal transduction,
354  immune responses, apoptosis and disease resistance (Rothberg et al., 1990). Moreover, six up-
355  regulated genes with a salt stress response/antifungal domain were identified in GT1 24h (Table
356  4).

357 Interestingly, we identified two up-regulated genes containing cold shock domain-containing
358  protein 3 (CSP3) domain that were up-regulated in RRIM600 0 h. This protein domain shares a
359  cold shock domain with bacterial CSPs and is involved in the acquisition of freezing tolerance in
360 plants. In Arabidopsis, overexpression of these genes in transgenic plants confers enhanced
361 freezing tolerance (Kim et al., 2009). We also identified one up-regulated gene with high
362  similarity to the serine/threonine-protein kinase HT1 in RRIM600 Oh (Supplementary Table 2).
363 In Arabidopsis, the HT1 gene product has been reported to control stomatal movement in
364  response to CO, (Hashimoto et al., 2006).

365 In plants, the cold stress signal is transmitted to activate CBF-dependent (C-repeat/drought-
366  responsive element binding factor-dependent) and CBF-independent transcriptional pathways,
367  where the CBF-dependent pathway activates the CBF regulon (Chinnusamy et al., 2010). Some
368 transcription factors, such as the ERF/AP2 factors, RAP2.1 and RAP2.6 and the C2H2-type zinc
369  finger STZ/ZAT10, are cold response genes belonging to the CBF regulon (Fowler and
370  Thomashow, 2002). In this study, we identified one up-regulated gene sharing high similarity
371  with the transcription factor ZAT10 in RRIM600 after 90 min and 12 h of cold stress.
372  Interestingly, GT1 contained a putative ZAT10 gene up-regulated only at 24h. (Supplementary
373  Table 2).

374  The pentatricopeptide repeat (PPR) superfamily is one of the largest gene families in plants. For
375  example, more than 400 members of this group have been identified in both rice and Arabidopsis
376  (Yuan et al., 2009). Most of the PPR proteins are targeted to the chloroplast and mitochondria
377 and are involved in many functions. They play important roles in response to developmental and
378  environmental stresses. Additionally, a set of PPR genes has been reported to be involved in
379  abiotic stress response regulation in Arabidopsis, through ROS homeostasis or ABA signaling
380  (Zsigmond et al., 2008). In this study, we observed that the number of up-regulated PPR genes
381 increased in RRIM600 and GT1 after 24 h of cold treatment. Prior to cold stress, RRIM600
382  showed six up-regulated genes, while GT1 had three up-regulated genes. However, after 24 h of
383  chilling stress, RRIM600 revealed 14 up-regulated PPR genes, whereas GT1 presented seven
384  (Supplementary Table 2).

385 3.4 DEG GO Enrichment

386  To identify enriched GO terms, we performed a GO enrichment analysis with the up-regulated
387  genes identified in RRIM600 and GT1 for each time point (Supplementary Table 3). Among all
388 terms identified for all up-regulated genes in each genotype, a total of 32 non-redundant
389  Biological Process (BP) terms were identified across the time series in RRIM600. Furthermore,
390  we detected a total of 20 and 31 distinctive terms in the Cellular Component (CC) and Molecular
391  Function (MF) categories, respectively. However, GT1 presented a total of 102 non-redundant
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392  terms in the BP category. The CC and MF categories exhibited a total of 37 and 44 unique terms,
393  respectively.

394  We observed enriched BP terms related to defense, such as the defense response (GO:0006952),
395 cellular defense response (GO:0006968) and innate immune response (GO:0045087), in the up-
396 regulated genes prior to cold stress (Oh) in the RRIM600 genotype. Additionally, we observed a
397  substantial increase in the number of sequences related to the defense response category. Before
398 cold treatment, RRIM600 contained 71 up-regulated genes in this category. After 24 h, we
399  observed a total of 97 genes associated with defense responses. The GT1 clone began to exhibit
400 enriched stress responses categories related after 90 minutes of cold treatment, such as the
401  defense response (GO:0006998) (Supplementary Table 3). Interestingly, we also observed that
402 the GT1 gene set was enriched for the lignin biosynthetic process (GO:0009809) and lignin
403  metabolic process (GO:0009808) at 90 m. Across all time points, GT1 showed enriched
404  categories such as cell wall (GO:0042546), plant-type cell wall biogenesis (GO:0009832), plant-
405  type cell wall organization or biogenesis (GO:0071669) and cell wall biogenesis (GO:0042546)
406  (Supplementary Table 2). Under cold stress, the secondary cell wall may be reinforced by the
407  incorporation of lignin, which strengthens the wall and impedes cell damage and water loss (Le
408  Gall etal., 2015).

409  After 24 h at 10°C, the respiratory chain category was enriched in the up-regulated genes in
410 RRIMG600 24h (GO:0070469), whereas the up-regulated genes identified in GT1 24h exhibited
411 enriched terms such as thylakoid part (GO:0044436), photosystem Il (G0O:0009523) and
412  photosystem Il oxygen evolving complex (GO:0009654) (Supplementary Table 2).

413  For the MF category, the number of up-regulated genes annotated with cellulose synthase
414  activity (GO:0016759) increased from 10 to 14 for Oh and 90 min in GT1. Whereas, at 24 h of
415  cold stress, the number of cellulose synthase genes decreased to 9. Interestingly, RRIM600 did
416  not show any enriched categories related to cellulose synthase or categories that could be related
417  to the lignification process during cold treatment.

418  Recent studies have indicated that the purine metabolite allantoin can be involved in the response
419  to stress, for example, playing a role in ABA metabolism and jasmonic signaling and, hence,
420  promotes cold tolerance in plants (Watanabe et al., 2014; Takagi et al., 2016). Examination of
421  the cold stress response in Chinese yew showed that purine metabolism was up-regulated (Meng
422 et al, 2017). In RRIM600, the categories purine ribonucleotide binding (GO:0032555), purine
423  nucleotide binding (GO0:0017076), purine nucleoside binding (GO:0001883) and purine
424 ribonucleoside binding (GO:0032550) were enriched from 90 min to 24 h of chilling treatment.
425  Furthermore, the number of up-regulated genes related to these GO categories increased during
426  cold treatment (Supplementary Table 3).

427 3.5 Putative Molecular Marker Detection

428 Microsatellite Discovery

429  The comprehensive transcriptome was evaluated by searching for microsatellites. A total of
430 27,111 SSRs were found in 21,237 transcripts, and 4,570 transcripts contained more than 1 SSR
431  per sequence. The SSR frequency in this transcriptome was 1 SSR per 7.2 Kb.
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432  Among the total putative SSRs detected, 16,621 (61%) were classified as dinucleotides, followed
433 by 9,336 (34%) tri-, 634 (2%) tetra-, 283 (1%) penta- and 237 (1%) hexanucleotides. Among the
434  dinucleotide SSRs, the most abundant motif was AG/TC, at 12,075 (72.65%), followed by the
435 ATI/TA, AC/TG and GC/CG motifs, 2,939 (17.68%), 1,560 (9.38%) and 47 (0.2%), respectively
436  (Table 5).

437  The up-regulated genes detected in the GT1 and RRIM600 genotypes were merged to identify
438  putative SSRs. A total of 1,034 dinucleotide SSRs were identified, followed by 629 tri-,18 tetra-
439 19 penta- and 23 hexanucleotide SSRs (Table 5).

440 SNP Discovery

441  SNP calling was performed for each genotype using Freebayes. A total of 202,949 putative SNPs
442  were detected in GT1. Transition (Ts) SNPs were more abundant compared with transversion
443  (Tv) SNPs, resulting in a Ts/Tv ratio of 1.46. Among the Ts variations, A<>G was the most
444  abundant, with 61,111 putative SNPs, while AT was the most abundant variation in the Tv
445  SNPs, with 24,613 markers (Table 6). The SNP frequency for GT1 was 1 SNP per 967 bp.

446  For the RRIM600 genotype, a total of 156,354 putative SNPs were detected, and the Ts/Tv ratio
447  was 1.53. As observed in GT1, A«~G was the most abundant variation, with 48,196 SNPs. The
448  most frequent variation among the Tvs was AT, with 18,525 putative SNPs. The SNP
449  frequency was 1 SNP per 1,255 kb (Table 6).

450 A total of 94,962 SNPs were common between GT1 and RRIMG600, and the overall SNP
451  frequency was 1 SNP per 742 bp. Among the DEGs, we identified 20,203 and 14,998 SNPs in
452  GT1 and RRIMG600, respectively. Among the SNPs identified in DEGs, 12,509 SNPs were
453  exclusive to GT1 and 7,484 SNPs were exclusively to RRIM600.

454 gRT-PCR Validation

455  To validate the DEG analysis, a total of 20 genes were selected, and primer pairs were designed
456  to validate the analysis (Supplementary Table 1). All primer pairs were initially tested via PCR
457  using genomic DNA as a template to verify the amplification product. From the 20 primer pairs,
458 14 were successfully amplified and used for gRT-PCR.

459  The qRT-PCR assays were conducted using RH2b and YSL8 as housekeeping genes. Among the
460 14 genes tested (Figure 4, Supplementary Table 4), 11 were differentially expressed between
461 RRIM600 and GT1 and confirmed the in silico analysis. The gene encoding the DELLA protein
462  GAI1l (PASA cluster_35787) was detected in the in silico analysis as up-regulated in RRIM600
463  across all time point; however, this gPCR results revealed that gene was up-regulated at 0 h and
464 90 minutes of cold stress. For the HSP70 gene (PASA_cluster_30195), which was also identified
465  as up-regulated across all time point in GT1 in the in silico analysis, the g°PCR confirmed that the
466  HSP70 gene was up-regulated for the 0 h, 90 min and 12 h time points. After 24 h, HSP70 levels
467  were greater in GT1 than RRIMG600, nevertheless this difference was not significant (Figure 4).

468  The only gene that is not in accordance with the in silico analysis was the protein ETHYLENE
469 INSENSITIVE 3 (EIN3) (PASA cluster 52015). The in silico analysis showed higher
470  expression levels for EIN3 in RRIM600; however, gRT-PCR results showed that this gene is
471  significantly up-regulated in GT1 (Figure 4).
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472 Alternative Splicing Detection

473  AS is an important mechanism involved in gene regulation that may regulate many physiological
474 processes in plants, including the response to abiotic stresses such as cold stress (Tack et al.,
475  2014). In Arabidopsis, it has been estimated that 60% of genes are subject to AS (Filichkin et al.,
476  2010). Furthermore, studies in soybean and maize predicted that 52% (Shen et al., 2014) and
477  40% (Thatcher et al., 2014) of genes are subject to AS events.

478  Due to the importance of AS, the reference transcriptome obtained in this study was also used to
479  detect AS events. A minimum depth of 10 reads was used as the threshold to identify isoforms.
480  Atotal of 20,279 AS events were identified, with intron retention (IR) representing the major AS
481 event, accounting for a total of 9,226 events (45.5%), followed by exon skipping (ES),
482  alternative acceptor (AltA) and alternative donor (AltD) events, at 4,806 (23.7%), 3,599 (17.7%)
483  and 2,648 (13%) events, respectively (Figure 5).

484  Although the ES type accounts for the majority of AS events in humans, it has been reported that
485 IR events are the most abundant type in plants (Chamala et al., 2015).

486 4 Discussion

487  Abiotic stress is caused by environmental conditions such as cold and drought, consequently
488  affecting optimum growth and yields. Crop production can be influenced by as much as 70% by
489  environmental factors (Cramer et al., 2011). The inhibition of growth is one of the earliest
490 responses to abiotic stress. The metabolism of lipids, sugar and photosynthesis is affected
491 gradually as the stress becomes more severe. The plant response to abiotic stresses is complex
492  and involves interactions and crosstalk with many molecular pathways (Cramer et al., 2011).
493  Therefore, one of the stress tolerance mechanisms could be defined as the ability to detect stress
494  factors and respond to them appropriately and efficiently (Sewelam et al., 2016).

495 4.1 Reactive Oxygen Species Scavenging

496 ROS are continuously produced at basal levels under favorable conditions. Organisms exhibit
497  antioxidant mechanisms that scavenge ROS to maintain the appropriate balance (Foyer and
498  Noctor, 2005). In recent years, it has been reported that ROS play an important signaling role in
499  plants in response to biotic and abiotic stresses and in controlling processes such as growth (Das
500 and Roychoudhury, 2014). However, different types of stress factors, such as drought, pathogen
501 infection and extreme temperatures, disturb the balance between ROS generation and ROS
502  scavenging, causing oxidative damage to membranes, proteins, RNA and DNA (Mittler, 2002).

503  The survival of plants therefore depends on many important factors, such as changes in growth
504  conditions, the severity and duration of stress conditions and the capacity of the plants to quickly
505 adapt to changing energy equations (Miller et al., 2010). Under stressful conditions, plant redox
506  homeostasis is maintained by both antioxidant enzymes, such as pH-dependent peroxidases
507 (POXs), superoxide dismutase (SOD), ascorbate peroxidase (APX), guaiacol peroxidase (GPX),
508 glutathione-S-transferase (GST), and catalase (CAT), and non-enzymatic compounds, such as
509 ascorbic acid (AA), reduced glutathione (GSH), a-tocopherol, carotenoids, phenolics, flavonoids,
510 and proline (Gill and Tuteja, 2010; Miller et al., 2010).
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511 Before exposing the plants to cold stress in the present study, both genotypes presented up-
512  regulated genes with similarity to peroxidase. However, GT1 exhibited two up-regulated gene,
513 while RRIM600 exhibited only one. After 90 minutes, only GT1 exhibited up-regulated
514  peroxidase genes. At this time point, we detected a total of four up-regulated genes with the best
515 BLAST hit to peroxidase. However, there were three up-regulated genes in RRIM600 with
516  probable peroxidase activity after 24h of treatment (Figure 6, Supplementary Table 2).

517  SODs are the first line of defense of ROS (Alscher et al., 2002) and we identified two up-
518 regulated putative SOD genes in both genotypes. The putative SOD gene that was up-regulated
519 in RRIM600 was detected after 12 h of cold stress, while the SOD gene in GT1 was up-regulated
520 after 24 h of treatment (Figure 6, Supplementary Table 2). Furthermore, putative GST genes
521  were identified across the time series, where one GST gene was up-regulated in RRIM600 and
522  three were up-regulated in GT1 before cold stress treatment (Figure 6). After 90 minutes, we
523  detected five genes with high similarity to GST genes. Among these five genes, four were up-
524  regulated in GT1 and one was up-regulated in RRIM600. At the subsequent time point, we
525  observed an increase in up-regulated GST genes in RRIM600. After 24 hours, RRIM600 up-
526  regulated nine putative GST genes, whereas GT1 had only four putative GST genes (Figure 6,
527  Supplementary Table 3). The significant number of GST genes that were up-regulated in
528 RRIMG600 after 24h of cold treatment, indicates that GST genes may play an important role in
529  ROS scavenging, thereby maintaining the integrity of cells.

530  Furthermore, we identified two up-regulated putative thioredoxin H1(TRXh1) genes in
531 RRIMG600 after 24 h of cold stress. In Oryza sativa, the TRXh1 gene is involved in stress
532  responses where it regulates the balance of ROS in the rice apoplast. TRXh1 plays an important
533  role in redox state regulation and stress responses (Zhang et al., 2011) (Supplementary Table 2).

534 4.2 Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway

535 MAPK cascades are important signaling modules that transduce environmental signaling
536  modules to transcriptional cascades (Zhao et al., 2017). The MEKK1-MKK2-MPK4/6 MAPK
537  cascade participates in abiotic and biotic signaling to downstream ROS and plays a positive role
538 inthe cold stress response (Teige et al., 2004).

539 MEKK1/ANP1 has been reported to be activated under biotic and abiotic conditions such as
540 cold, salt and drought (Teige et al., 2004), but it blocks the action of auxin, a plant mitogen and
541  growth hormone (Kovtun et al., 2000). In Arabidopsis, constitutive expression of MEKK1
542  imitates the H,O, effect and initiates a MAPK cascade that induces specific stress-responsive
543  genes; however, this gene blocks the action of auxin. In tobacco, transgenic plants that
544  constitutively overexpress MEKK1 show enhanced tolerance to multiple environmental stress
545  conditions (Kovtun et al., 2000).

546  The MAP kinase kinase MKK2 phosphorylates the MPK4 and MPK6 MAP kinases in response
547  to cold and salt stress (Teige et al., 2004). Additionally, plants overexpressing MKK2 showed
548  constitutive MPK4 and MPKG6 activity, which increases freezing and salt tolerance (Teige et al.,
549  2004). Arabidopsis null mutants of mkk2 show compromised activation of MPK4 and MPK6
550 and are hypersensitive to cold and salt stress.
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551 The KEGG annotation revealed up-regulated genes in the MAPK pathways for both genotypes
552  across the time series. GT1 and RRIM600 exhibited up-regulated MKK2 and MPK4/6 putative
553  genes before the initiation of the chilling treatment. However, pair-wise comparison between
554  RRIMG600 and GT1 revealed that RRIM600 exhibited one MEKK1/ANP1 (EC 2.7.11.25) gene
555  that was exclusively uo-regulated after 90 minutes of cold stress.

556  Regarding MAPK signaling pathway, RRIM600 showed up-regulation of the basic endochitinase
557 B (CHI-B) (EC 3.2.1.14) gene at 12 h and 24 h. This gene product is involved in the
558 ethylene/jasmonic acid signaling pathway. Ethylene/jasmonic acid have also been shown to
559  neutralize chilling stress, activate ROS scavenging enzymes, and regulate the C-repeat binding
560 factor (CBF) pathway during cold stress (Sharma and Laxmi, 2016). In this study, the number of
561  genes exhibiting high similarity to CHI-B increased from 1 to 4 after 24 h.

562 Interestingly, after 24 h of cold exposure, GT1 exhibited one up-regulated gene encoding
563 catalase [CAT] isozyme 1, which catalyzes the decomposition of hydrogen peroxide (H,O;) and
564  plays an important role in controlling the homeostasis of ROS (Du et al., 2008). At the same time
565 point, GT1 also presented one up-regulated gene with cytoplasmic 5'-to-3' exoribonuclease
566 activity (EC 3.1.13.-) and one l-aminocyclopropane-1-carboxylate synthase (ACS) gene (EC
567  4.4.1.14), which is the rate-limiting enzyme of ethylene biosynthesis. ACS is also induced by
568  stress and a substrate of MPK®6 (Liu & Zhang, 2004). These results are believed to indicate that
569 the MAPK pathway is involved in ethylene signaling (Ma and Bohnert, 2007).

570 4.3 Signal Transduction

571 In plants, recognition of abiotic stress signals initiates specialized signaling pathways in which
572  phosphatases and protein kinases are key components, such as CaM domain-containing protein
573  kinases (CDPKSs), calcineurin B-like proteins (CBLs), CBL-interacting protein kinases (CIPKS)
574  and receptor-like kinases (RLKS), including LRR_RLK, MRLK and Lectin RLK (LecRLK)
575 (Boseetal., 2011).

576 In this study, we detected a significant increase in up-regulated LecRLK genes in RRIM600
577  relative to GT1 after 24 h of cold treatment. Before initiating the cold treatment, the LecRLK
578  gene was not up-regulated in RRIM600; however, after 24 h, we detected eight up-regulated
579  genes. Interestingly, in GT1, the number of genes identified during cold treatment decreased
580 from seven to one gene (Figure 7A, Supplementary Table 1). LecRLK genes were previously
581 reported to enhance resistance to pathogen infection in tobacco (Wang et al., 2016) and
582  Arabidopsis (Bouwmeester and Govers, 2009) and to a play role in abiotic stress signal
583 transduction (Singh and Zimmerli, 2013).

584  Cold stress induces the elevation of cytosolic Ca®* as an early response. This increase in
585  cytosolic Ca** is suggested to be an important messenger for signal transduction and therefore
586 cold acclimation. In alfalfa and Arabidopsis, a positive correlation between the cold-induced
587  cytosolic Ca*" increase and the accumulation of cold-induced transcripts has been observed
588  (Monroy and Dhindsa, 1995; Henriksson and Trewavas, 2003). Ca’* from the cytosol can be
589  detected by Ca®* sensors, such as calmodulin (CaM), CaM domain-containing protein kinases
590 (CDPKs), calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (CIPKSs)
591  (Henriksson and Trewavas, 2003).
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592  CaM genes were detected in both genotypes (Figure 7C). Relative to RRIM600, GT1 showed up-
593 regulation of eight CaM genes prior to cold stress, while after 90 minutes, we identified a total of
594  nine CaM genes (Figure 7C). We identified two up-regulated CaM putative genes in GT1 after
595 12 h and 24 h of cold stress. However, RRIM600 showed only one up-regulated CaM gene
596  before cold treatment relative to GT1 (Figure 7C). This gene was up-regulated in RRIM600
597  during the entire treatment period. Interestingly, we also identified one up-regulated CIPK gene
598 in GT1 at 90 minutes (Supplementary Table 2). Calcium/calmodulin-regulated receptor-like
599  kinase 1 (CRLKZ1) is required for cold tolerance via the activation of MAP kinase activity (Yang
600 et al., 2010). This gene activates MEKKL in response to cold in a calcium-dependent manner
601  (Furuya et al., 2013). The differential expression analysis between the two genotypes identified
602 one CRLK1 in GT1 after 12 h of cold stress. Additionally, we identified one up-regulated
603 CDPK2 gene in RRIM600 after 24 h of treatment.

604  Cysteine-rich receptor-like kinases (CRKS) can significantly affect plant development and stress
605 responses (Burdiak et al., 2015). It has been suggested that CRK transcript levels are elevated in
606 response to salicylic acid (SA), pathogens and drought. Additionally, CRKs are involved in
607  mediating the effects of ROS (Bourdais et al., 2015). It was observed that the number of up-
608 regulated CRK genes increased in both genotypes due to cold treatment. Before chilling stress,
609 the comparison between GT1 and RRIM600 exhibited four and three up-regulated CRK genes,
610  respectively. However, after 24 h cold treatment, GT1 and RRIM600 exhibited five and four up-
611 regulated CRK genes, respectively. Interestingly, all of the up-regulated genes identified in GT1
612  after 24 h are different from the previous up-regulated CRK genes (Figure 7B, Supplementary
613 Table 2).

614  Proline-rich extensin-like receptor protein kinase (PERK) is structurally organized into a proline-
615 rich N-terminal domain, followed by a transmembrane segment and a C-terminal
616  serine/threonine kinase domain (Florentino et al., 2006). The PERK genes are assigned to two
617 major groups. One group is expressed exclusively in pollen, and the other is expressed
618  throughout all tissues. PERKs may be involved in the early response to general perception and
619 the response to wounding and/or pathogen stimuli and turgor pressure (Osakabe et al., 2014).
620 GT1 0h and RRIM600 Oh exhibited two and three up-regulated genes, respectively. During cold
621 treatment, the number of up-regulated genes increased in both genotypes. After 24 h of chilling
622  stress, the comparison between RRIM600 and GT1 revealed five and seven up-regulated genes
623  in each genotype, respectively (Supplementary Table 2).

624 4.4 Photosynthesis Activity and Stomata Closure

625 Cold stress can cause an imbalance between light utilization and energy dissipation through
626  metabolic activity. An excess of photosystem Il (PSII) excitation pressure exists, which can be
627  reversible through the dissipation of excess absorbed energy or irreversible inactivation of PSII
628 and, consequently, inhibition of the photosynthetic capacity (Oquist and Huner, 2003). The
629 imbalance in the PSII caused by cold stress might generate ROS, which can then damage the
630 photosynthetic apparatus and the whole cell (Tyystjarvi, 2013). Therefore, tolerance to cold-
631 induced photoinhibition can be considered a mechanism for cold tolerance. Additionally,
632  RubisCO plays a central role in CO, assimilation and photosynthesis efficiency. Crops that are
633 acclimated to cold, such as winter wheat and rye, adjust their RubisCO content and are able to
634  maintain a high CO2 assimilation rate (Yamori et al., 2010).
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635 Low temperature can also affect the enzymes and ion channels responsible for maintaining the
636 guard cell osmotic potential (llan et al., 1995). Due to the reduction in the photosynthetic
637  capacity caused by cold stress, there is an increase in internal CO; in the substotamal cavity,
638  which reduces the stomatal aperture (Wilkinson et al., 2001).

639 In this study, GO enrichment analysis revealed enriched categories in up-regulated genes in GT1
640 related to photosynthesis compared to RRIM600 after 24 cold stress. Although we observed
641 enriched GO categories related to plant defense in GT1 after 24h, we also identified enriched
642 categories associated with photosystem 1l (GO:0009523), photosystem (GO:0009521),
643  photosynthetic membrane (GO:0034357), chlorophyll biosynthetic process (GO:0015995), and
644  photosynthesis (GO:0015979) (Supplementary Table 3). Additionally, the gPCR validation
645  corroborated the in silico DEG analysis, in which the RubisCO gene was found to be up-
646  regulated in GT1.

647  The pair-wise comparison between GT1 and RRIM600 revealed that the abscisic acid (ABA)
648  receptor PYL4 gene was up-regulated in RRIM600 at 0 h, 90 minutes and 24 h of chilling stress.
649  Additionally, after 24 h of cold stress, RRIM600 showed up-regulation of two abscisic acid
650 receptor PYL4 genes and one ABA receptor PYR1 gene (Supplementary Table 3). The
651 PYR/PYL ABA receptor genes are involved in ABA-mediated responses and play a major role
652 in basal ABA signaling for vegetative and reproductive growth, modulation of the stomatal
653  aperture and the transcriptional response to the hormone (Gonzalez-Guzman et al., 2012). Recent
654  studies have demonstrated that overexpression of the PYR1 gene in poplar significantly reduces
655  the content of H,O, and significantly contributes to cold tolerance (Yu et al., 2017).

656 In GT1, the phototropin (PHOT1) gene, which is a blue-light receptor kinases that optimizes
657  photosynthetic activity by sensing temperature and control the stomatal opening (Fujii et al.,
658 2017, Sullivan et al., 2008), was up-regulated at 90 min and 12 h. We also observed that after 24
659 h of cold stress. GT1 showed up-regulation of a gene with high similarity to zeaxanthin
660  epoxidase, which plays an important role in the xanthophyll cycle and alleviates the excitation
661  pressure on the PSII reaction diverting photon energy into heat via zeaxanthin (Sui et al., 2007).

662  Furthermore, we identified one up-regulated gene in RRIM600 after 12 and 24 h of chilling
663  stress with high similarity to the HT1 gene. In Arabidopsis, the HT1 serine/threonine kinase gene
664 s reported to be involved in the control of stomatal movement in response to CO,. Additionally,
665  genes with high similarity to hexokinase-1 and PtdIns3P 5-kinase (P13P5K) were up-regulated in
666 RRIMG600 at 24 h of treatment. These genes are also reported to be related to stomatal closure via
667 ABA (Baketal., 2013) (Supplementary Table 2).

668 In Arabidopsis, SRK2E is a positive regulator in ABA-induced stomatal closure and is involved
669 in stress adaptation. Additionally, SRK2E acts as a transcriptional repressor involved in the
670 inhibition of plant growth under abiotic stress conditions (Yoshida et al., 2006). In this study, we
671 identified the SRK2E gene as being up-regulated in RRIM600 after 90 minutes of cold
672  treatment.

673 4.5 Molecular Markers for Rubber Tree Breeding

674  Molecular markers such as SSRs and SNPs are abundant in plant genomes. The development and
675 genotyping of molecular markers is an important tool in genomic breeding and is the basis for
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676 genome selection (GS), genetic mapping and genome-wide association mapping (GWAS) as
677 well as genetic linkage mapping. Next-generation sequencing allows the identification of
678 thousands of putative SSR and SNP markers. Additionally, the identification of SNPs in genes
679  using RNA-seq data allows the development of markers in candidate genes and the investigation
680  of the variability of these genes in rubber trees (Mantello et al., 2014).

681 In this study, we identified a total of 27,111 putative SSRs and 264,341 putative SNPs. The
682  putative molecular markers can be employed as a source to develop new markers for the species.
683  The recent release of the H. brasiliensis genome, associated with the genome annotation, can be
684  used to evaluate gene content and develop new markers in potential candidate genes. In this
685 study, for example, we performed gPCR for a gene exhibiting high similarity to the ZAT10 gene.
686 In Arabidopsis, ZAT10 plays an important role in cold tolerance and may be involved in the
687  jasmonate early signaling response (Mittler et al., 2006). SNP calling revealed two SNPs in this
688 genein GT1.

689  Although a recent version of the genome was released containing 7,453 scaffolds, the rubber tree
690 genome is 71% repetitive (Tang et al., 2016), which makes it difficult to assemble these scaffolds
691 into chromosomal units. The development of new SSR markers can also be carried out and is an
692  important tool helping link these scaffolds.

693 4.6 Identification of Alternative Splicing

694 RNA-seq experiments enable the detection of AS events. AS is a post-transcriptional
695 modification of precursor mRNAs (pre-mRNASs) that can result in the formation of multiple
696  distinct mMRNAs from a single gene (Chamala et al., 2015). AS is an important mechanism for
697  gene regulation in eukaryotes and can generate transcriptome and proteome diversity (Barbazuk
698 etal., 2008; Chen and Manley, 2009). AS is involved in gene regulation that may regulate many
699  physiological processes in plants, including the response to abiotic stresses such as cold stress
700  (Chinnusamy et al., 2007; Tack et al., 2014).

701 In the rubber tree, the previous analyses of AS events were restricted to specific genes such as
702  the rubber particle protein membrane (Chow et al., 2007) and the sucrose transporter genes
703  (Dusotoit-Coucaud et al., 2009). Tang et al. (2010) evaluated the preferential expression of
704  isoforms for the sucrose transporter. In their study, the authors found that the sucrose transporter
705 isoform HbSUT3 was the predominant isoform expressed in rubber-containing cytoplasm (latex)
706 (Tangetal., 2010).

707 A recent study in rubber tree using PacBio data identified AS in leaf tissues under normal
708  conditions. Intron retention was the most abundant AS event identified, while exon skipping was
709 less abundant, which agrees to the findings of the present study. Pootakham et al. (2017)
710 identified 636 intron retention events corresponding to 41% of the total AS identified. However,
711  these authors suggested that the number of identified AS is a small subset of the total possible
712 number of AS events because their study used untreated leaf samples. In this study, we described
713  AS events in rubber tree using leaf tissue under abiotic conditions for the first time. We detected
714  a total of 9,226 intron retention events with a minimum of 10 reads supporting the AS sites,
715  which corresponded to 45.5% of the total events identified. Alternative donor events represented
716  aminority of the total number of detected AS events at 13%.
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717  The results of in this study provide an overview of AS events in rubber tree based on non-
718  stressed and cold stressed samples. Due to the importance of AS in plant adaptation, these data
719  can be employed for further investigation of cold stress adaption in this species.

720 4.7 Rubber tree breeding

721  Compared to other crops, rubber tree domestication and breeding is recent, having started
722 approximately 100 years ago (Mantello et al., 2014). Recent physiological studies involving
723  rubber tree genotypes have demonstrated that RRIM600 is resistant to cold stress, while GT1 is
724 cold tolerant, showing little leaf damage after 18 days of chilling exposure. It has been suggested
725  that RRIM600 presents an “avoidance” strategy, in which it rapidly closes its stomata and down-
726  regulates photosynthetic activity. Although GT1 is considered an intermediate tolerant genotype,
727  this clone continues to grow and remains active with little leaf damage (Mai et al., 2010). The
728  RNA-seq approach utilized in this study allowed a rapid and deep investigation of the genetic
729  response under abiotic and biotic stresses in non-model species. The DEG analysis performed in
730  this study provides insight to the genes up-regulated in each genotype, RRIM600 and GT1,
731  across various durations of cold stress and corroborates the physiological findings of Mai et al.
732 (2010). In this study, we observed that RRIM600 exhibits a more efficient ROS scavenging
733  system compared with GT1, based on the large number of genes related to ROS scavenging that
734 were up-regulated in RRIM600 during cold treatment. Moreover, important genes previously
735  reported to be involved in stomatal closure were up-regulated in RRIM600. We also observed
736  that genes related to cell growth were up-regulated in GT1 after 24 h hours of cold stress.
737  Although we identified genes related to the defense response in GT1, the DEG and GO
738  enrichment analyses showed that GT1 remains active, displaying up-regulation of genes related
739  to photosynthesis during cold treatment. In addition, GT1 probably has a more efficient strategy
740  for strengthening the cell wall, as revealed through GO enrichment analysis.

741  Rubber tree breeding programs are interested in genotypes resistant to cold and that exhibit latex
742  production that does not cease during the cold season. The elucidation of different chilling
743  tolerance strategies linked to information about possible genes involved in such responses,
744 including the identification of molecular markers in these genes associated with information on
745  AS events, provides a powerful tool for the genetic and genomic analysis of the rubber tree for
746  breeding strategies and future studies involving GWAS and GS.

747  Conflict of Interest
748  The authors have no conflicts of interest to declare.
749  Author Contributions

750  Conceived and designed the experiments: CCM and APS. Performed the experiments: CCM and
751  CCS. Analyzed the data: CCM, CS and LB. Contributed reagents/materials/analysis tools: CCM,
752 LB, CCS, ESJ, PSG, BB, and APS. Wrote the paper: CCM. All authors read and approved the
753  final manuscript.

754  Funding


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

755  This work was supported by grants from the Fundacdo de Amparo a Pesquisa do Estado de Séo
756  Paulo (FAPESP) (2007/50392-1;2012/50491-8), Conselho Nacional de Desenvolvimento
757  Cientifico e Tecnolégico (CNPqg) (478701/2012-8;402954/2012), Coordenacdo de
758  Aperfeicoamento de Pessoal de Nivel Superior (CAPES Computational Biology Program) and
759  US National Science Foundation (10S-1547787). Scholarships were provided by FAPESP to
760 CCM (2014/18755-0) and CCS (2015/24346-9). APS and PSG are recipients of a research
761  fellowship from CNPq.

762  Acknowledgements

763  We would like to thank Dr. André Ricardo Oliveira Conson for helping with the sequences
764  submission to NCBI database.

765  References

766  Alscher, R. G., Erturk, N., & Heath, L. S. (2002). Role of superoxide dismutases (SODs) in
767  controlling oxidative stress in plants. Journal of experimental botany, 53, 1331-1341.

768 Bak, G., Lee, E.J., Lee, Y., Kato, M., Segami, S., Sze, H., et al. (2013). Rapid structural changes
769 and acidification of guard cell vacuoles during stomatal closure require
770 phosphatidylinositol 3,5-bisphosphate. Plant Cell 25, 2202-2216.

771  Barbazuk, W.B., Fu, Y., and McGinnis, K.M. (2008). Genome-wide analyses of alternative
772 splicing in plants: opportunities and challenges. Genome Res. 18, 1381-1392.

773  Bose, J., Pottosin, I., Shabala, S.S., Palmgren, M.G., and Shabala, S. (2011). Calcium efflux
774 systems in stress signaling and adaptation in plants. Front. Plant Sci. 2, 85.

775 Bourdais, G., Burdiak, P., Gauthier, A., Nitsch, L., Salojarvi, J., Rayapuram, C., et al. (2015).

776 Large-scale phenomics identifies primary and fine-tuning roles for CRKSs in responses
777 related to oxidative stress. PLoS Genet. 11, e1005373.

778  Bouwmeester, K., and Govers, F. (2009). Arabidopsis L-type lectin receptor kinases: phylogeny,
779 classification, and expression profiles. J. Exp. Bot. 60, 4383-4396.

780  Burdiak, P., Rusaczonek, A., Witon, D., Gtow, D., and Karpinski, S. (2015). Cysteine-rich
781 receptor-like kinase CRKS5 as a regulator of growth, development, and ultraviolet
782 radiation responses in Arabidopsis thaliana. J. Exp. Bot. 66, 3325-3337.

783  Campbell, M.S., Holt, C., Moore, B., and Yandell, M. (2014). Genome annotation and curation
784 using MAKER and MAKER-P. Curr. Protoc. Bioinformatics 48, 4.11.1-39.

785 Chamala, S., Feng, G., Chavarro, C., and Barbazuk, W.B. (2015). Genome-wide identification of
786 evolutionarily conserved alternative splicing events in flowering plants. Front. Bioeng.
787 Biotechnol. 3, 33.

788  Chen, M., and Manley, J.L. (2009). Mechanisms of alternative splicing regulation: insights from
789 molecular and genomics approaches. Nat. Rev. Mol. Cell Biol. 10, 741-754.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

790  Chinnusamy, V., Zhu, J., and Zhu, J.K. (2007). Cold stress regulation of gene expression in
791 plants. Trends Plant Sci. 12, 444-451.

792  Chinnusamy, V., Zhu, J.K., and Sunkar, R. (2010). Gene regulation during cold stress

793 acclimation in plants. Methods Mol. Biol. 639, 39-55.

794  Chow, K.S., Wan, K.L., Isa, M.N., Bahari, A., Tan, S.H., Harikrishna, K., et al. (2007). Insights
795 into rubber biosynthesis from transcriptome analysis of Hevea brasiliensis latex. J. Exp.
796 Bot. 58, 2429-2440.

797  Cramer, G.R., Urano, K., Delrot, S., Pezzotti, M., and Shinozaki, K. (2011). Effects of abiotic
798 stress on plants: a systems biology perspective. BMC Plant Biol. 11, 163-163.

799  Dai, N., Wang, W., Patterson, S.E., and Bleecker, A.B. (2013). The TMK subfamily of receptor-
800 like kinases in Arabidopsis display an essential role in growth and a reduced sensitivity to
801 auxin. PLoS One 8, e60990.

802  Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A, et al. (2011). The
803 variant call format and VVCFtools. Bioinformatics 27, 2156-2158.

804 Das, K., and Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of
805 antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ.
806 Sci. 2, 53.

807  Demidchik, V., Straltsova, D., Medvedev, S.S., Pozhvanov, G.A., Sokolik, A., and Yurin, V.
808 (2014). Stress-induced electrolyte leakage: the role of K+-permeable channels and
809 involvement in programmed cell death and metabolic adjustment. J. Exp. Bot. 65, 1259-
810 1270.

811 Du, Y.Y., Wang, P.C., Chen, J., and Song, C.P. (2008). Comprehensive functional analysis of
812 the catalase gene family in Arabidopsis thaliana. J. Integr. Plant Biol. 50, 1318-1326.

813  Dusotoit-Coucaud, A., Brunel, N., Kongsawadworakul, P., Viboonjun, U., Lacointe, A., Julien,
814 J.L., et al. (2009). Sucrose importation into laticifers of Hevea brasiliensis, in relation to
815 ethylene stimulation of latex production. Ann. Bot. 104, 635-647.

816  Filichkin, S.A., Priest, H.D., Givan, S.A., Shen, R., Bryant, D.W., Fox, S.E., et al. (2010).
817 Genome-wide mapping of alternative splicing in Arabidopsis thaliana. Genome Res. 20,
818 45-58.

819  Florentino, L.H., Santos, A.A., Fontenelle, M.R., Pinheiro, G.L., Zerbini, F.M., Baracat-Pereira,
820 M.C., et al. (2006). A PERK-like receptor kinase interacts with the geminivirus nuclear
821 shuttle protein and potentiates viral infection. J. Virol. 80, 6648-6656.

822  Fowler, S., and Thomashow, M.F. (2002). Arabidopsis transcriptome profiling indicates that
823 multiple regulatory pathways are activated during cold acclimation in addition to the CBF
824 cold response pathway. Plant Cell 14, 1675-1690.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

825 Foyer, C.H., and Noctor, G. (2005). Redox homeostasis and antioxidant signaling: a metabolic

826 interface between stress perception and physiological responses. Plant Cell 17, 1866-
827 1875.

828  Fujii, Y., Tanaka, H., Konno, N., Ogasawara, Y., Hamashima, N., Tamura, S., Hasegawa, S.,
829 Hayasaki, Y., Okajima, K., Kodama, Y. (2017). Phototropin perceives temperature based
830 on the lifetime of its photoactivated state. Proceedings of the National Academy of
831 Sciences, 114, 9206-9211.

832  Furuya, T., Matsuoka, D., and Nanmori, T. (2013). Phosphorylation of Arabidopsis thaliana
833 MEKK1 via Ca?* signaling as a part of the cold stress response. J. Plant Res. 126, 833-
834 840.

835 Garrison, E., and Marth, G. (2012). Haplotype-based variant detection from short-read
836 sequencing. arXiv preprint arXiv:1207.3907.

837 Gill, S.S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in abiotic
838 stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909-930.

839  Gonzalez-Guzman, M., Pizzio, G.A., Antoni, R., Vera-Sirera, F., Merilo, E., Bassel, G.W., et al.
840 (2012). Arabidopsis PYR/PYL/RCAR receptors play a major role in quantitative
841 regulation of stomatal aperture and transcriptional response to abscisic acid. Plant Cell
842 24, 2483-2496.

843  Haas, B.J., Delcher, A.L., Mount, S.M., Wortman, J.R., Smith, R.K., Hannick, L.1., et al. (2003).
844 Improving the Arabidopsis genome annotation using maximal transcript alignment
845 assemblies. Nucleic Acids Res. 31, 5654-5666.

846  Harris, M.A., Clark, J., Ireland, A., Lomax, J., Ashburner, M., Foulger, R., et al. (2004). The
847 Gene Ontology (GO) database and informatics resource. Nucleic Acids Res. 32, D258-
848 D261.

849  Hashimoto, M., Negi, J., Young, J., Israelsson, M., Schroeder, J.I., and Iba, K. (2006).
850 Arabidopsis HT1 kinase controls stomatal movements in response to CO,. Nat. Cell Biol.
851 8, 391-397.

852  Henriksson, K.N., and Trewavas, A.J. (2003). The effect of short-term low-temperature
853 treatments on gene expression in Arabidopsis correlates with changes in intracellular
854 Ca’* levels. Plant Cell Environ. 26, 485-496.

855 Ilan, N., Moran, N., and Schwartz, A. (1995). The role of potassium channels in the temperature
856 control of stomatal aperture. Plant Physiol. 108, 1161-1170.

857 Jacob J., Annmalainathan K., Alam B.M., Sathick M.B., Thapaliyal A.P., et al. (1999)
858 Physiological constraints for cultivation of Hevea brasiliensis in certain unfavorable agro
859 climatic regions of India. Indian J Nat Rub Res 12: 1-16.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

860 Jing, Y., and Lin, R. (2015). The VQ motif-containing protein family of plant-specific
861 transcriptional regulators. Plant Physiol. 169, 371-378.

862  Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic
863 Acids Res. 28, 27-30.

864  Kawarazaki, T., Kimura, S., lizuka, A., Hanamata, S., Nibori, H., Michikawa, M., et al. (2013).

865 A low temperature-inducible protein AtSRC2 enhances the ROS-producing activity of
866 NADPH oxidase AtRbohF. Biochim. Biophys. Acta 1833, 2775-2780.

867 Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: a fast spliced aligner with low
868 memory requirements. Nat. Methods 12, 357-360.

869 Kim, M.H., Sasaki, K., and Imai, R. (2009). Cold shock domain protein 3 regulates freezing
870 tolerance in Arabidopsis thaliana. J. Biol. Chem. 284, 23454-23460.

871 King, L.S., Kozono, D., and Agre, P. (2004). From structure to disease: the evolving tale of
872 aquaporin biology. Nat. Rev. Mol. Cell Biol. 5, 687-698.

873  Kovtun, Y., Chiu, W.L., Tena, G., and Sheen, J. (2000). Functional analysis of oxidative stress-
874 activated mitogen-activated protein kinase cascade in plants. Proc. Natl. Acad. Sci. U. S.
875 A. 97, 2940-2945.

876  Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nat.
877 Methods 9, 357-359.

878 Law, C.W., Chen, Y., Shi, W., and Smyth, G.K. (2014). voom: Precision weights unlock linear
879 model analysis tools for RNA-seq read counts. Genome Biol. 15, R29.

880 Le Gall, H., Philippe, F., Domon, J.M., Gillet, F., Pelloux, J., and Rayon, C. (2015). Cell wall
881 metabolism in response to abiotic stress. Plants 4, 112-166.

882 Lee, Y.K, Kim, G.T., Kim, LJ., Park, J., Kwak, S.S., Choi, G., et al. (2006). LONGIFOLIA1
883 and LONGIFOLIA2, two homologous genes, regulate longitudinal cell elongation in
884 Arabidopsis. Development 133, 4305-4314.

885 Li, B., and Dewey, C.N. (2011). RSEM: accurate transcript quantification from RNA-Seq data
886 with or without a reference genome. BMC Bioinformatics 12, 323.

887 Li, D., Wang, X., Deng, Z., Liu, H., Yang, H., and He, G. (2016). Transcriptome analyses reveal
888 molecular mechanism underlying tapping panel dryness of rubber tree (Hevea
889 brasiliensis). Sci. Rep. 6, 23540.

890 Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler
891 transform. Bioinformatics 25, 1754-1760.

892  Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence
893 alignment/map format and SAMtools. Bioinformatics 25, 2078-2079.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

894 Liu, Y., and Zhang, S. (2004). Phosphorylation of 1-aminocyclopropane-1-carboxylic acid

895 synthase by MPKG6, a stress-responsive mitogen-activated protein kinase, induces
896 ethylene biosynthesis in Arabidopsis. The Plant Cell, 16, 3386-3399.

897  Liu, H., Ouyang, B., Zhang, J., Wang, T., Li, H., Zhang, Y., et al. (2012). Differential
898 modulation of photosynthesis, signaling, and transcriptional regulation between tolerant
899 and sensitive tomato genotypes under cold stress. PLoS One 7, e50785.

900 Ma, S., and Bohnert, H.J. (2007). Integration of Arabidopsis thaliana stress-related transcript
901 profiles, promoter structures, and cell-specific expression. Genome Biol. 8, R49.

902 Mai, J., Herbette, S., Vandame, M., Cavaloc, E., Julien, J.L., Ameglio, T., et al. (2010).

903 Contrasting strategies to cope with chilling stress among clones of a tropical tree, Hevea
904 brasiliensis. Tree Physiol. 30, 1391-1402.

905 Mantello, C.C., Cardoso-Silva, C.B., da Silva, C.C., de Souza, L.M., Scaloppi Jr, E.J.,
906 Goncalves, P.S., et al. (2014). De novo assembly and transcriptome analysis of the rubber
907 tree (Hevea brasiliensis) and SNP markers development for rubber biosynthesis
908 pathways. PL0oS One 9, e102665.

909 Meng, D., Yu, X,, Ma, L., Hu, J., Liang, Y., Liu, X,, et al. (2017). Transcriptomic response of
910 chinese yew (Taxus chinensis) to cold stress. Front. Plant Sci. 8, 468.

911  Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen species
912 homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33,
913 453-467.

914  Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7, 405-
915 410.

916  Mittler, R., Kim, Y., Song, L., Coutu, J., Coutu, A., Ciftci-Yilmaz, S., et al. (2006). Gain- and

917 loss-of-function mutations in Zatl0 enhance the tolerance of plants to abiotic stress.
918 FEBS Lett. 580, 6537-6542.

919  Monroy, A.F., and Dhindsa, R.S. (1995). Low-temperature signal transduction: induction of cold
920 acclimation-specific genes of alfalfa by calcium at 25 degrees C. Plant Cell 7, 321-331.
921 Mourad, G.S., Tippmann-Crosby, J., Hunt, K.A., Gicheru, Y., Bade, K., Mansfield, T.A., et al.
922 (2012). Genetic and molecular characterization reveals a unique nucleobase cation
923 symporter 1 in Arabidopsis. FEBS Lett. 586, 1370-1378.

924  Oliveira, R.R., Viana, A.J., Reategui, A.C., and Vincentz, M.G. (2015). Short Communication
925 An efficient method for simultaneous extraction of high-quality RNA and DNA from
926 various plant tissues. Genet. Mol. Res. 14, 18828-18838.

927  Oquist, G., and Huner, N.P. (2003). Photosynthesis of overwintering evergreen plants. Annu.
928 Rev. Plant Biol. 54, 329-355.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

929  Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L.-S.P. (2014). Response of plants to water
930 stress. Front. Plant Sci. 5, 86.

931 Patel, R.K., and Jain, M. (2012). NGS QC toolkit: a toolkit for quality control of next generation

932 sequencing data. PLoS One 7, e306109.

933  Pootakham, W., Ruang-Areerate, P., Jomchai, N., Sonthirod, C., Sangsrakru, D., Yoocha, T., et
934 al. (2015). Construction of a high-density integrated genetic linkage map of rubber tree
935 (Hevea brasiliensis) using genotyping-by-sequencing (GBS). Front. Plant Sci. 6, 367.
936  Pootakham, W., Sonthirod, C., Naktang, C., Ruang-Areerate, P., Yoocha, T., Sangsrakru, D., et
937 al. (2017). De novo hybrid assembly of the rubber tree genome reveals evidence of
938 paleotetraploidy in Hevea species. Sci. Rep. 7, 41457,

939  Priyadarshan, P.M., Hoa, T.T.T., Huasun, H., and De Gongcalves, P.S. (2005). Yielding potential
940 of rubber (Hevea brasiliensis) in sub-optimal environments. Journal of Crop
941 Improvement 14, 221-247.

942  Pushparajah, E. (2001). "Natural rubber,” in Tree Crop Ecosystems, ed. F.T. Last. (Amsterdam,
943 The Netherlands: Elsevier Science), 379-407.

944  Rao P., Saraswathyamma C., Sethuraj M. (1998) Studies on the relationship between yield and
945 meteorological parameters of para rubber tree (Hevea brasiliensis). Agr Forest Meteorol
946 90: 235-245

947 Rhoads, A.R., and Friedberg, F. (1997). Sequence motifs for calmodulin recognition. FASEB J.
948 11, 331-340.

949  Ross, J., Li, Y., Lim, E., and Bowles, D.J. (2001). Higher plant glycosyltransferases. Genome
950 Biol. 2, Reviews3004.

951 Rothberg, J.M., Jacobs, J.R., Goodman, C.S., and Artavanis-Tsakonas, S. (1990). Slit: an
952 extracellular protein necessary for development of midline glia and commissural axon
953 pathways contains both EGF and LRR domains. Genes Dev. 4, 2169-2187.

954  Sakdapipanich, J.T. (2007). Structural characterization of natural rubber based on recent
955 evidence from selective enzymatic treatments. J. Biosci. Bioeng. 103, 287-292.

956 Salgado, L.R., Koop, D.M., Pinheiro, D.G., Rivallan, R., Le Guen, V., Nicolas, M.F., et al.
957 (2014). De novo transcriptome analysis of Hevea brasiliensis tissues by RNA-seq and
958 screening for molecular markers. BMC Genomics 15, 236.

959  Sevillano, L., Sanchez-Ballesta, M.T., Romojaro, F., and Flores, F.B. (2009). Physiological,
960 hormonal and molecular mechanisms regulating chilling injury in horticultural species.
961 Postharvest technologies applied to reduce its impact. J. Sci. Food Agric. 89, 555-573.

962  Sewelam, N., Kazan, K., and Schenk, P.M. (2016). Global plant stress signaling: reactive oxygen
963 species at the cross-road. Front. Plant Sci. 7, 187.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

964  Shankar, A., Agrawal, N., Sharma, M., Pandey, A., and Girdhar, K.P.M. (2015). Role of protein

965 tyrosine phosphatases in plants. Curr. Genomics 16, 224-236.

966  Sharma, M., and Laxmi, A. (2016). Jasmonates: emerging players in controlling temperature
967 stress tolerance. Front. Plant Sci. 6, 1129.

968  Shearman, J.R., Sangsrakru, D., Jomchai, N., Ruang-Areerate, P., Sonthirod, C., Naktang, C., et
969 al. (2015). SNP identification from RNA sequencing and linkage map construction of
970 rubber tree for anchoring the draft genome. PLoS One 10, e0121961.

971  Shen, Y., Zhou, Z., Wang, Z., Li, W., Fang, C., Wu, M., et al. (2014). Global dissection of
972 alternative splicing in paleopolyploid soybean. Plant Cell 26, 996-1008.

973  Singh, P., and Zimmerli, L. (2013). Lectin receptor kinases in plant innate immunity. Front. Plant
974 Sci. 4, 124,

975  Soneson, C., and Delorenzi, M. (2013). A comparison of methods for differential expression

976 analysis of RNA-seq data. BMC Bioinformatics 14, 91.

977  Souza, L.M., Gazaffi, R., Mantello, C.C., Silva, C.C., Garcia, D., Le Guen, V., et al. (2013).
978 QTL mapping of growth-related traits in a full-sib family of rubber tree (Hevea
979 brasiliensis) evaluated in a sub-tropical climate. PLoS One 8, e61238.

980  Stone, J.M., and Walker, J.C. (1995). Plant protein kinase families and signal transduction. Plant
981 Physiol. 108, 451-457.

982  Sui N.,Li M, Liu X.Y., Wang N., Fang W., Meng Q.W. (2007) Response of xanthophyll cycle

983 and chloroplastic antioxidant enzymes to chilling stress in tomato over-expressing
984 glycerol-3-phosphate acyltransferase gene, Photosynthetica 45, 447-454.

985 Sullivan, S., Thomson, C.E., Lamont, D.J., Jones, M.A., and Christie, J.M. (2008). In vivo
986 phosphorylation site mapping and functional characterization of Arabidopsis phototropin
987 1. Mol. Plant 1, 178-194.

988  Supek, F., Bosnjak, M., Skunca, N., and Smuc, T. (2011). REVIGO summarizes and visualizes
989 long lists of gene ontology terms. PLoS One 6, €21800.

990 Tack, D.C., Pitchers, W.R., and Adams, K.L. (2014). Transcriptome analysis indicates
991 considerable divergence in alternative splicing between duplicated genes in Arabidopsis
992 thaliana. Genetics 198, 1473-1481.

993 Takagi, H., Ishiga, Y., Watanabe, S., Konishi, T., Egusa, M., Akiyoshi, N., et al. (2016).
994 Allantoin, a stress-related purine metabolite, can activate jasmonate signaling in a
995 MY C2-regulated and abscisic acid-dependent manner. J. Exp. Bot. 67, 2519-2532.

996 Takahashi, R., and Shimosaka, E. (1997). cDNA sequence analysis and expression of two cold-
997 regulated genes in soybean. Plant Sci. 123, 93-104.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

998 Tang, C., Huang, D., Yang, J., Liu, S., Sakr, S., Li, H., et al. (2010). The sucrose transporter

999 HbSUT3 plays an active role in sucrose loading to laticifer and rubber productivity in
1000 exploited trees of Hevea brasiliensis (para rubber tree). Plant Cell Environ. 33, 1708-
1001 1720.

1002 Tang, C., Yang, M., Fang, Y., Luo, Y., Gao, S., Xiao, X., et al. (2016). The rubber tree genome
1003 reveals new insights into rubber production and species adaptation. Nat. Plants 2, 16073.

1004  Teige, M., Scheikl, E., Eulgem, T., Doczi, R., Ichimura, K., Shinozaki, K., et al. (2004). The

1005 MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. Mol. Cell 15, 141-
1006 152.

1007  Thatcher, S.R., Zhou, W., Leonard, A., Wang, B.B., Beatty, M., Zastrow-Hayes, G., et al.
1008 (2014). Genome-wide analysis of alternative splicing in Zea mays: landscape and genetic
1009 regulation. Plant Cell 26, 3472-3487.

1010  Tyystjarvi, E. (2013). Photoinhibition of photosystem II. Int. Rev. Cell Mol. Biol. 300, 243-303.

1011 van der Biezen, E.A., and Jones, J.D. (1998). The NB-ARC domain: a novel signalling motif

1012 shared by plant resistance gene products and regulators of cell death in animals. Curr.
1013 Biol. 8, R226-R227.

1014  van Ooijen, G., Mayr, G., Kasiem, M.M., Albrecht, M., Cornelissen, B.J., and Takken, F.L.
1015 (2008). Structure-function analysis of the NB-ARC domain of plant disease resistance
1016 proteins. J. Exp. Bot. 59, 1383-1397.

1017 Wang, Y., Nsibo, D.L., Juhar, H.M., Govers, F., and Bouwmeester, K. (2016). Ectopic
1018 expression of Arabidopsis L-type lectin receptor kinase genes LecRK-1.9 and LecRK-
1019 IX.1 in Nicotiana benthamiana confers Phytophthora resistance. Plant Cell Rep. 35, 845-
1020 855.

1021  Watanabe, S., Matsumoto, M., Hakomori, Y., Takagi, H., Shimada, H., and Sakamoto, A.
1022 (2014). The purine metabolite allantoin enhances abiotic stress tolerance through
1023 synergistic activation of abscisic acid metabolism. Plant Cell Environ. 37, 1022-1036.

1024  Werck-Reichhart, D., Bak, S., and Paquette, S. (2002). Cytochromes P450. The Arabidopsis
1025 Book 1, e0028.

1026  Wilkinson, S., Clephan, A.L., and Davies, W.J. (2001). Rapid low temperature-induced stomatal

1027 closure occurs in cold-tolerant Commelina communis leaves but not in cold-sensitive
1028 tobacco leaves, via a mechanism that involves apoplastic calcium but not abscisic acid.
1029 Plant Physiol. 126, 1566-1578.

1030  Yamori, W., Noguchi, K., Hikosaka, K., and Terashima, I. (2010). Phenotypic plasticity in
1031 photosynthetic temperature acclimation among crop species with different cold
1032 tolerances. Plant Physiol. 152, 388-399.


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1033  Yang, Q.S., Gao, J., He, W.D., Dou, T.X., Ding, L.J., Wu, J.H., et al. (2015). Comparative

1034 transcriptomics analysis reveals difference of key gene expression between banana and
1035 plantain in response to cold stress. BMC Genomics 16, 446.

1036  Yang, T., Chaudhuri, S., Yang, L., Du, L., and Poovaiah, B.W. (2010). A calcium/calmodulin-
1037 regulated member of the receptor-like kinase family confers cold tolerance in plants. J.
1038 Biol. Chem. 285, 7119-7126.

1039  Yoshida, R., Umezawa, T., Mizoguchi, T., Takahashi, S., Takahashi, F., and Shinozaki, K.
1040 (2006). The regulatory domain of SRK2E/OST1/SnRK2.6 interacts with ABI1 and
1041 integrates abscisic acid (ABA) and osmotic stress signals controlling stomatal closure in
1042 Arabidopsis. J. Biol. Chem. 281, 5310-5318.

1043  Young, M.D., Wakefield, M.J., Smyth, G.K., and Oshlack, A. (2010). Gene ontology analysis for
1044 RNA-seq: accounting for selection bias. Genome Biol. 11, R14.

1045 Yu, J., Ge, H., Wang, X., Tang, R., Wang, Y., Zhao, F., et al. (2017). Overexpression of
1046 pyrabactin resistance-like abscisic acid receptors enhances drought, osmotic, and cold
1047 tolerance in transgenic poplars. Front. Plant Sci. 8, 1752.

1048  Yuan, Y.W,, Liu, C., Marx, H.E., and Olmstead, R.G. (2009). The pentatricopeptide repeat
1049 (PPR) gene family, a tremendous resource for plant phylogenetic studies. New Phytol.
1050 182, 272-283.

1051  Zhang, CJ., Zhao, B.C., Ge, W.N., Zhang, Y.F., Song, Y., Sun, D.Y., et al. (2011). An
1052 apoplastic h-type thioredoxin is involved in the stress response through regulation of the
1053 apoplastic reactive oxygen species in rice. Plant Physiol. 157, 1884-1899.

1054  Zhang, T., Zhao, X., Wang, W., Pan, Y., Huang, L., Liu, X,, et al. (2012). Comparative
1055 transcriptome profiling of chilling stress responsiveness in two contrasting rice
1056 genotypes. PLoS One 7, e43274.

1057  Zhao, C., Wang, P., Si, T., Hsu, C.C., Wang, L., Zayed, O., et al. (2017). MAP kinase cascades
1058 regulate the cold response by modulating ICE1 protein stability. Dev. Cell 43, 618-
1059 629.e615.

1060 Zsigmond, L., Rigo, G., Szarka, A., Szekely, G., Otvos, K., Darula, Z., et al. (2008). Arabidopsis
1061 PPR40 connects abiotic stress responses to mitochondrial electron transport. Plant
1062 Physiol. 146, 1721-1737.

1063


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1064  Figures

Glycosyl hydrolase famity 1
B3 DNA binding domain
Retrotransposon gag protein
APZ domain

Leucine rich repeat

Pentatricopeptide repeat domain

TIR domain

Protein phosphatase 2C

D-mannose binding lectin

= F-box domain
[
w—
o WD domain, G-beta repeat
Cytochrome P450
Myb-like DNA-binding domain
Rewerse transcriptase (RMNA-dependent DNA polymerase)
PPR repeat
RNA recognition motif. (a.k.a. RRM, RBD, or RNP domain)
NB-ARC domain
Leucine rich repeat N-terminal domain
Protein tyrozine kinaze
Protein kinase domain
=1 o o o
- 2 g g g
1065 Total number of transcripts

1066  Figure 1. Top 20 PFAM domains in the comprehensive transcriptome.
1067


https://doi.org/10.1101/395590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/395590; this version posted August 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

RRIM600 (0h) VS GT!1 (Oh) (A) RRIM600 (90m) VS GT1 (90m) (B)
© . .
] ": ¢ S.L " 9%
L V. |
4 . 14
4] 0
W . w
§ ¥ . ~ §
3 : 8
E o :
ol
1 1] T ] ] ] ] ] 1
10 5 0 5 10 10 5 0 5 10
logFC logFC
RRIM600 (24h) VS GT1 (24h) (D)
© - . e
E -
2 &
s v g
: :
ol
T

o -

10 10
lgFC
1068 G
1069  Figure 2. Volcano Plot of pair-wise comparison between RRIM600 and GT1 for each time-
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1073  Figure 3. Expression profile for RRIM600 and GT1 genotypes. (A) Venn diagram
1074  representing the up-regulated genes identified in RRIM600 throughout the chilling treatment. (B)
1075 Venn diagram representing the up-regulated genes identified in GT1 throughout the chilling
1076  treatment. (C) Hierarchical clustering of DEGs for the 208 common overexpressed genes in
1077  RRIMG600. (D) Hierarchical clustering of DEG of the 255 common overexpressed genes in GT1
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1080 Figure 4. gPCR expression analysis of the 14 genes identified in the in silico DEG analysis.
1081  The expression values represent the mean (n=3 or n=2) £ SEM. The bars indicate the standard
1082 error of the mean values and significant differences (p < 0.05) are indicated with asterisks.
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1085  Figure 5. Summary of AS detection in the comprehensive transcriptome.
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1087 Figure 6. Heat Map for ROS scavenging indicating the up-regulated genes for each
1088  genotype in each time series.
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regulated genes for each genotype in each time series.

Tables

Table 1. Summary of lllumina

Sequencing.

RRIMG600

GT1

Number of raw reads
Number of filtered reads

Percentage of high-quality data

529,339,330
432,005,062
81.6%

632,887,764
501,609,042
79.2%
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1096  Table 2. Summary statistics for the comprehensive transcriptome.

Total number of contigs 104,738
Total number of genes 49,304
Total number of nucleotides 196,309,369
Min contig length (bp) 500

Max contig length (bp) 22,333
Mean contig Length (bp) 1,874

N50 2,369

GC content 40.16%
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1098 Table 3. Top 10 overexpressed genes for each genotype in each time point.

Genotype Treatment Transcript logFC  Best BLAST Hit
RRIM600 Oh PASA_cluster_21182 11.57 Copper transport protein ATX1
PASA cluster 147050 11.41 Cysteine proteinase RD21a
PASA cluster 11054 11.38 CASP-like protein 2Al
PASA _cluster 50627 10.54 UPF0481 protein At3g47200
PASA cluster_137657  10.06 Peptidyl-prolyl cis-trans isomerase CYP19-4
KH main-containin rotein
PASA cluster 1613 989 1 ioce /i?lg?)g 6‘;% taining prote
PASA cluster_45618 9.88 Putative UPF0481 protein At3g02645
PASA cluster_19186 9.58 Peptidyl-prolyl cis-trans isomerase CYP20-1
PASA cluster 121934 9.48 Probable adenylate kinase 7, mitochondrial
PASA cluster 35198 9.46 Endo-1,31,4-beta-D-glucanase
GT1 Oh PASA cluster_31733 11.29 -
PASA cluster 2191 11.11 -
PASA cluster_31 10.80 UPF0481 protein At3g47200
PASA cluster_30195 10.65 Heat shock 70 kDa protein 15
PASA cluster_108223  10.57 Peptidyl-prolyl cis-trans isomerase CYP19-4
Bifunctional aspartate aminotransferase and
PASA cluster_9697 10.46 glutamate/aspartate-prephenate
aminotransferase
PASA cluster_89270 10.24 Gibberellin 20 oxidase 1
PASA cluster 2511 9.98 Proton pump-interactor 1
PASA clustr 126332 996 Poble leucinerieh epeatreceporlk
PASA cluster_2190 9.80 -
RRIM600 90 m PASA cluster 21182 11.48 Copper transport protein ATX1
PASA cluster 11054 10.88 CASP-like protein 2A1
PASA _cluster 50627 10.64 UPF0481 protein At3g47200
PASA_cluster_1613 10.18 KH domain-containing protein
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At1g09660/At1g09670

PASA cluster_ 45618 10.15 Putative UPF0481 protein At3g02645

PASA cluster 35198 9.77 Endo-1,31,4-beta-D-glucanase

PASA cluster_147050 9.76 Cysteine proteinase RD21a

PASA cluster_137657 9.52 Peptidyl-prolyl cis-trans isomerase CYP19-4
PASA_cluster_19186 9.42 Peptidyl-prolyl cis-trans isomerase CYP20-1
PASA cluster_111534 9.40 -

GT1 90 m PASA cluster_30195 10.58 Heat shock 70 kDa protein 15
PASA cluster 2191 9.98 -
PASA cluster_31 9.98 UPF0481 protein At3g47200

PASA cluster_1535 9.90 MLP-like protein 31

PASA cluster_31733 9.66 -

PASA cluster_108223 9.35 Peptidyl-prolyl cis-trans isomerase CYP19-4
PASA cluster 3204 9.34 Albumin-2

PASA cluster_14043 9.22 CTL-like protein DDB_G0274487

PASA cluster_140805 9.15 -

PASA cluster 38383 9.06 MLP-like protein 31

Peptidyl-prolyl cis-trans isomerase FKBP20-
2, chloroplastic

PASA cluster_31733 10.18 -
PASA cluster_30195 9.95 Heat shock 70 kDa protein 15

GT1 12h PASA_cluster_19230 10.22

Bifunctional aspartate aminotransferase and
PASA _cluster_9697 9.69 glutamate/aspartate-prephenate
aminotransferase

PASA cluster 144897 9.60 U-box domain-containing protein 17
PASA cluster_145689 9.51 -

Probable disease resistance protein
At5g43740

PASA_cluster_2511 9.30 Proton pump-interactor 1
PASA _cluster_34367 9.22 Probable aquaporin PIP2-5

PASA_cluster_111457  9.39
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PASA cluster_1535 8.81 MLP-like protein 31
RRIM600 12 h PASA cluster 21182 11.24 Copper transport protein ATX1

PASA_cluster_4712 10.69 Mitochondrial uncoupling protein 4

PASA cluster_137657  10.57 Peptidyl-prolyl cis-trans isomerase CYP19-4

PASA cluster 11054 10.46 CASP-like protein 2Al

PASA cluster 62024 10.38 60S ribosomal protein L10

PASA cluster 1613  10.22 Zng 19660 /i(t’g%'gﬁ%mam'”g protein

PASA cluster 20276 9.72 Potassium channel SKOR

PASA cluster_111534  9.58 -

PASA cluster 121934 9.29 Probable adenylate kinase 7, mitochondrial

PASA cluster 95796 9.25 Probable E3 ubiquitin-protein ligase XERICO
RRIM600 24 h PASA_cluster_21182 10.72 Copper transport protein ATX1

KH main-containin rotein

PASA cluster 1613 1041 o ooce /ict)lg%g 6‘;% taining prote

PASA cluster_111534  10.23 -

PASA cluster_62024 10.19 60S ribosomal protein L10

PASA _cluster 976 10.14 Uncharacterized protein At5g01610

PASA cluster_4712 10.01 Mitochondrial uncoupling protein 4

PASA cluster 147050 9.70 Cysteine proteinase RD21a

PASA cluster 11054 9.64 CASP-like protein 2Al

PASA _cluster_93929 9.50 Carboxylesterase 1

PASA custer 139807 939 e FNOer AZ0 and AN domain-contining
GT1 24 h PASA cluster_30195 10.94 Heat shock 70 kDa protein 15

PASA _cluster_44007 10.51 Mitochondrial uncoupling protein 4

PASA _cluster_31733 10.38 -

PASA cluster 3204 9.78 Albumin-2

PASA_cluster_144897 9.76 U-box domain-containing protein 17
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PASA _cluster 15659 9.60
PASA cluster 2511 9.58

PASA cluster_111457 9.38

PASA _cluster_53610 9.18
PASA cluster 34367 9.14

Proton pump-interactor 1

Probable  disease resistance protein
At5g43740

Sorting nexin 2B

Probable aquaporin PIP2-5
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1100 Table 4. The 10 most representative Pfam protein domain annotations for DEGs.

Genotype  Treatment Number of Genes  Pfam Domain

RRIM600 0Oh 13 Protein tyrosine kinase
NB-ARC domain

[EEN
[EEN

Protein kinase domain

Plant protein of unknown function
Cytochrome P450

Leucine rich repeat N-terminal domain

PPR repeat

RNA recognition motif. (a.k.a. RRM, RBD, o
Ribosomal protein L7Ae/L30e/S12e/Gadd45 fa
ADP-ribosylation factor family

AP2 domain

D-mannose binding lectin

KH domain

Leucine Rich repeat

Ribosomal protein L11, N-terminal domain

A A A A B~ B b OO O OO O N

Ribosomal protein S8

GT1 Oh

[EEN
(op}

Leucine rich repeat N-terminal domain

Cytochrome P450

e
NN

Protein kinase domain

NB-ARC domain

e
o

PMRS5 N-terminal domain
Ankyrin repeats (3 copies)
Glycosyl transferase family 8
Microtubule binding

IQ calmodulin-binding motif

Legume lectin domain

o OO0 OO N 00 o

Multicopper oxidase
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6 Zinc-binding RING-finger
5 Myb-like DNA-binding domain
5 Peptidase inhibitor 19
5 Short chain dehydrogenase
5 TIR domain
RRIM600 90 m 13 NB-ARC domain
13 Protein tyrosine kinase
9 Leucine rich repeat N-terminal domain
8 Protein kinase domain
6 D-mannose binding lectin
5 Leucine Rich repeat
5 Plant protein of unknown function
4 Cytochrome P450
4 UDP-glucuronosyl and UDP-glucosyl transferase
3 Ammonium Transporter Family
CCAAT-binding transcription factor (CBF-
3 B/NF-YA) subunit B
3 Leucine rich repeat
3 TIR domain
3 Wall-associated receptor kinase C-terminal
Wall-associated receptor kinase galacturonan-
3 binding
GT1 90 m 25 Protein kinase domain
22 Leucine rich repeat N-terminal domain
15 NB-ARC domain
13 PMRS5 N-terminal domain
12 Cytochrome P450
11 Zinc-binding RING-finger
9 Ankyrin repeats (3 copies)
9 Glycosyl transferase family 8
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8 IQ calmodulin-binding motif
7 Microtubule binding
7 Short chain dehydrogenase
RRIM600 12h 17 NB-ARC domain
10 Protein tyrosine kinase
9 Leucine rich repeat N-terminal domain
7 Protein kinase domain
5 F-box domain
5 Plant protein of unknown function
5 TIR domain
5 UDP-glucuronosyl and UDP-glucosyl transfer
5 VQ motif
4 Cytochrome P450
4 D-mannose binding lectin
4 Leucine Rich repeat
4 PPR repeat
GT1 12 h 25 Protein kinase domain
22 Leucine rich repeat N-terminal domain
15 NB-ARC domain
13 PMRS5 N-terminal domain
12 Cytochrome P450
11 Zinc-binding RING-finger
9 Ankyrin repeats (3 copies)
9 Glycosyl transferase family 8
8 IQ calmodulin-binding motif
7 Microtubule binding
7 Short chain dehydrogenase
RRIM600 24 h 17 NB-ARC domain
15 UDP-glucuronosyl and UDP-glucosyl transferase
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14 Cytochrome P450
14 PPR repeat
12 Protein kinase domain
11 Leucine rich repeat N-terminal domain
11 Protein tyrosine kinase
9 D-mannose binding lectin
9 Short chain dehydrogenase
8 AP2 domain
GT1 24 h 23 Leucine rich repeat N-terminal domain
21 Protein kinase domain
20 NB-ARC domain
11 TIR domain
9 Protein tyrosine kinase
8 Ankyrin repeats (3 copies)
8 Cytochrome P450
7 Microtubule binding
7 PMRS5 N-terminal domain
6 Carbohydrate-binding protein of the ER
6 Salt stress response/antifungal
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1102  Table 5. Statistical summary of the results of searches for putative SSRs.

Total SSRs 27,111
Dinucleotide 16,621
AG/TC 12,075
AT/TA 2,939
ACITG 1,560
GCICG 47
Trinucleotide 9,336
Tetranucleotide 634
Pentanucleotide 283
Hexanucleotide 237
SSR frequency 1 per 7.2 Kb
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1104  Table 6. Statistical summary of the results of searches for putative SNPs.

Number of
Transcripts 104,738
Total Bases 196,309,369
Number of SNPs

GT1 202,949
Ts 120,451
AeG 61,110
CoT 59,341
Tv 82,456
AeC 20,497
AT 24,613
CeG 16,239
GeT 21,107
RRIM600 156,395
Ts 94,621
AoG 48,196
CoT 46,425
Tv 61,733
AC 15,460
AeT 18,525
CeG 12,231
GoT 15,517
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