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Abstract

Rice (Oryza sativa L.) is highly sensitive to cold stress during
the seedling stage and of the two cultivated subspecies, japonica
rice varieties tend to be more tolerant to low temperatures than are
indica rice varieties. In this study, we performed comparative tran-
scriptome analysis and found 171 genes that respond to cold under
four different conditions in the two rice subspecies. gRT-PCR assays
and natural variation analysis were further carried out to identify the
differentially-expressed Cold Responsive genes (CORs) involved in
the difference in cold tolerance between the japonica and indica rice
subspecies. We identified four genes, OsDREB1A, OsABCB5, Os-
PHIL2 and OsREMA4. 1 that showed consistently different expression
patterns in the two rice subspecies in response to low temperature.
Based on the results of nature variation analysis of these four genes,
we predicted they respond to cold through the CBF/DREB1or plant
hormone pathway, respectively. The four differentially expressed
genes may be key genes lead to different cold tolerance between
two rice subspecies. These results not only contribute to a compre-
hensive understanding of the differences in transcriptome levels of
low temperature response genes between rice subspecies, but also
provide candidate genes for molecular breeding of cold-tolerant rice
cultivars.
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Introduction

Rice (Oryza sativa L.) is the most important staple crop that feeds
nearly half of the world’s population. Because originated in tropical
or subtropical areas, rice is sensitive to low temperatures throughout
its entire life cycle. Cold stress can inhibit photosynthesis by reducing
the chlorophyll concentration, inducing the accumulation of Reactive
Oxygen Species (ROS) and by causing severe damage to various cel-
lular components including membrane lipids, structural proteins and
enzymes [1-3]. Low temperatures have the potential to negatively
affect the growth and development of rice plants during any devel-
opmental stage, from germination to grain filling, resulting in large
losses in rice production [4].

Plants have developed several strategies to respond to low tem-
peratures that are known collectively as ‘cold acclimation’ [5]. Nu-
merous studies of cold acclimation have been reported in recent years,
and they showed that many pathways participate in the cold-response
process [6,7]. The Dehydration-Responsive Element Binding protein
(DREBI1)/C-repeat binding factor (CBF)-dependent cold-responsive
pathway is the most well-known among all the pathways [8]. Anoth-
er pathway with a central role in the rice response to cold stress is
the MYBS3-dependent pathway. Interestingly, DREBIA responds
early and transiently, while MYBS3 responds relatively slowly to
cold stress in rice, suggesting that theMYBS3-dependent pathway
is important for long-term adaptation to persistent cold stress [9]. In
addition to these two pathways, the plant hormone systems play an in-
dispensable role in cold stress tolerance [10]. For example, Jasmonate
(JA) positively regulates cold tolerance in plants because it can pos-
itively modulate the CBF-dependent or —independent pathway, lead-
ing to accumulation of cryoprotective compounds such as polyamine,
glutathione and anthocyanins [11]. DELLA proteins, the key compo-
nents of the Gibberellic Acid (GA)-signaling pathway, are involved
in the CBF1-mediated cold stress response [12]. The cross-talk be-
tween Cytokinin (CK) and Abscisic Acid (ABA) are also important in
cold stress signaling. Components of CK signaling, Histidine Kinases
(AHKs) and the cold-inducible A-type ARRs, play negative regula-
tory roles in cold stress response via inhibition of the ABA response
[13]. Components of Brassinosteroid (BR) and ethylene signaling
were also found to modulate freezing tolerance in Arabidopsis plants
[14,15].

There are two major subspecies of rice, Oryza sativa ssp. Indica
and Oryza sativa ssp. japonica. Generally, japonica rice varieties are
more tolerant to low temperatures than varieties of indica rice [16].
Therefore, cold tolerance in indica rice can be improved by introduc-
ing genes from japonica rice through molecular breeding. Recent ad-
vances in next generation sequencing technology provide a powerful
strategy for discovering new genes associated with cold tolerance in
rice [17-21]. In this study, we combined transcriptome sequencing
with genome re-sequencing to identify the Cold-Responsive-genes
(CORs) that are differentially-expressed between the two rice sub-
species. Using this approach, we found four COR genes that are
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differentially-expressed between indica and japonica varieties. More-
over, these genes show important natural variation between the two
subspecies which predicted to result in changes of cold responsive
cis-elements. Therefore, these CORs may be useful for improving
cold tolerance in rice through molecular breeding.

Results

Global mRNA expression profiles in rice seedlings in
response to cold stress

In general, japonica rice varieties display a higher potential for
cold tolerance than do indica varieties [16] (Figure S1). In order to
fully understand the genetic basis of the difference in the cold re-
sponse between the two subspecies, we subjected seedlings of two
cultivars, Teqing and 02428, to low temperature treatments at 4°C and
10°C. As shown in figure S1, the seedlings showed contrasting cold
tolerance in response to the two treatments, suggesting that these two
cultivars, Teqing and 02428 are representative of the cold sensitivity
of indica rice and the cold tolerance of Japonica rice.

e

Figure S1: Phenotypes of the seedlings of the indica and japonica rice cul-
tivars before (A) and after exposure at 4°C for 4 days (B) and 100C for 5
days(C).Teqing and 02428 are indicated with red arrows). Graphical repre-
sentation of the relative survival rates of 7 indica and 6 japonica seedlings
following exposure to cold stress at 4°C for 4 days (D) or10°C for 5 days
(E). Mean values with one or two asterisks were found to be significantly
different by Student’s t test (*P<0.05; **P<0.01; n<6).

A total of 10 sequencing libraries were constructed from RNA ex-
tracted from the shoot tissues of three-leaf stage rice seedlings of the
indica rice cultivar Teqing and the japonica cultivar 02428exposed
to low temperature conditions (4°C and 10°C) for Ohr, 3hr and 24hr.
Because there was no difference between the two 0-hr cold treatment
samples, two common controls, 10 and JO, were used for the low tem-
perature treatments (4°C and 10°C) in the indica and japonica rice
cultivars, respectively.

The Solexa Genome Analyzer was used to perform high-through-
put Tag-seq analysis on these libraries. As shown in table 1, we ob-
tained5.8 to 6.2 million raw sequence tags per library, of which 251,
288 to 301,590 tag sequences were distinct. After filtering out the 3’
adaptor sequence, empty reads, low-quality tags, unexpected-length
tags and single-copy tags, approximately 5.7 to 6.0 million clean tags
remained in each sample. Finally, we obtained 111,174 to 136,023
unique tags for each of the ten libraries. Saturation analysis was ap-
plied to estimate whether or not new unique tags can be detected with
increases in the total number of tags. The numbers of unique tags
increased with the total number of tags and reached a plateau shortly
after 1 million tags; no new unique tag was identified as the total
number of tags approached 2 million. Therefore, the ten libraries are
full representations of transcripts under the different treatments.

We then annotated the sequence tags based on the Os-Nippon-
bare-Reference-IRGSP-1.0 genome assembly (http://rice.plantbi-
ology.msu.edu) and only clean and unambiguous tags that matched
perfectly or had only a single mismatch were analyzed further [22].
Based on these criteria, 45.50%-49.31% of the clean tags in all the ten
libraries mapped to unique positions on the reference genes. 8.27%-
12.59% of the clean tags from these same libraries were matched to
the reference genome database. However, 3.67%-8.54% of the clean
tags database from the 10 libraries did not map to the reference ge-
nome.

Identification of COR genes in the indica and japonica rice
cultivars

Based on hierarchical clustering of the 10 transcriptomes, the
10 experimental samples were classified into two clades (Figure 1).
The first clade contained the samples exposed to the low temperature
treatments (4 or 10°C) for a short time (3hr) and the O-hr controls
without cold treatment, while the second clade contained the samples
exposed to the cold treatments (4 or 10°C) that lasted for 24hr. More-
over, in the second clade, there are two sub-clades that correspond to
the two temperatures, and each sub-clade contained both indica and
Jjaponica rice cultivars.

Samples Raw Tags Distinct Tags | Clean Tags | Distinct Clean Tags Map to Gene Tags Unique Map to Gene Tags Map to Genome Tags Unknown Tags
Jo 5858191 251288 5721402 115619 4967023(86.81%) 2821188 (49.31%) 473352 (8.27%) 281027 (4.91%)
4]3 5846716 284227 5688748 126879 4896262(86.07%) 2747337 (48.29%) 530238 (9.32%) 262248 (4.61%)
4124 5913697 294409 5745004 127466 4829848(84.07%) 2780519 (48.40%) 704593 (12.26%) 210563 (3.67%)
10J3 6215714 301590 6048834 136023 4993999(82.56%) 2788766 (46.10) 576051 (9.52%) 478784 (7.92%)
10J24 5867356 280913 5714812 128893 4730647(82.78%) 2552274 (44.70%) 496393 (8.68%) 487862 (8.54%)

10 5972875 241437 5841753 111174 4865519(83.29%) 2747870 (47.04%) 548967 (9.40%) 427267 (7.31%)
413 5800974 259563 5657990 117336 4638484(81.98%) 2574611 (45.50%) 566161 (10.01%) 453345 (8.01%)
4124 6145845 272766 5996689 124950 4889203(81.53%) 2810809 (46.87%) 755255 (12.59%) 352231 (5.87%)
1013 6104075 289808 5941508 128383 4916259(82.74%) 2781934 (46.82%) 607244 (10.22%) 418005 (7.04%)
10124 5882748 292303 5713363 124585 4710977(82.46%) 2603310 (45.57%) 5226813 (9.22%) 475573 (8.32%)

Table 1: Numbers of sequence tags in the 10 transcriptome libraries from rice cultivars Teqing and 02428 exposed to low temperatures.
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These results suggest that the differences between the duration of
cold treatment were more significant than the differences between ei-
ther the two low temperature treatments or between the two cultivars,
and that the cultivar difference was the smallest.

In order to find CORs in the two cultivars, we compared gene
expression between cold treatment samples and the control samples
for the same cultivar. The transcripts with at least two-fold differ-
ences (|log,Ratio| >1 and FDR < 0.001) were referred as CORs. As
shown in figure 1, there were a total of 1610 CORs in Teqing and
1307 CORs in 02428 under the 4°C/3hr treatment. After 3-hour expo-
sure to 10°C, 1654 CORs were expressed in Teqing, and 2325 CORs
were expressed in 02428. Following 24-hour cold treatment, more
CORs were identified in these two cultivars: for the 4°C/24hr treat-
ment, 4870 and 5613 CORs were expressed in Teqing and 02428,
respectively, while there were 4712 and 5125 CORs expressed in Te-
qing and 02428 under the 10°C/24hr treatment, respectively.

Figure 1: (A) Hierarchical cluster analysis of gene expression based on the log ratio
fold-change data. 10 and JO indicate the control samples of Teqing (I) and 02428 (J)
before cold treatments, respectively. The number before the letter (I or J) indicates the
temperature, the number after the letter indicates the hours of exposure. For example,
10124 means the Teqing sample exposed in 10°C for 24 hours. (B) Number of up- and
down-regulated Cold-Responsive genes (CORs) from Teqing and 02428 rice seedlings
exposed to cold (4°C and 10°C) for 3 and 24hr.

Gene ontology and pathway enrichment analysis of the
rice CORs

In order to reveal functions of the CORs identified above, we per-
formed Gene Ontology (GO) enrichment analysis. As shown in fig-
ure 2, the CORs in the two cultivars were enriched in the “molecular
function” terms “transferase activity”, “protein binding”, “hydrolase
activity”, “DNA binding”, “protein binding” and “hydrolase activity”.
The CORs in Teqing and 02428 were both enriched in the “biologi-
cal process” terms “metabolic process” and “cellular process”. Genes
involved in “intracellular organelle”, “membranes” and “cytoplasm”
were also significantly enriched among the “cellular component” GO
terms. However, there were no GO terms enriched only in Teqing or

02428.

According to the KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) analysis, there were 15 significantly enriched KEGG path-
ways in both cultivars (Figure 3), included “plant hormone signal
transduction”, “phenylpropanoid biosynthesis”, “spliceosome”,
“ABC transporters”, “glycerophospholipid metabolism”, “Glyco-
sylphosphatidylinositol (GPI)-anchor biosynthesis”, “phenylalanine
metabolism”, “limonene and pinene degradation”, “isoflavonoid

9 <

biosynthesis”, “glutathione metabolism”, “glycerolipid metabolism”,
“arginine and proline metabolism”, “aminoacyl-tRNA biosynthesis”,
“fatty acid elongation in mitochondria” and “vitamin B6 metabo-
lism”. Among these pathways, the pathway with the most significant
representation was “plant hormone signal transduction”. These results
suggest that plant hormones could play an important role in regulating

cold tolerance in rice.

Figure 2: Gene Ontology (GO) analysis of COR genes in the “molecular function”
(A), “biological process” (B) and “cell component” (C) GO classes in Teqing and
02428 at 4°C and 10°C for 3hr and 24hr. The y-axis and x-axis indicate the percentage
of genes in a GO category and the names of the clusters, respectively. The numbers
before the letter (I or J) indicate the temperatures, the numbers after the letter (I or J)
indicate the hours of exposure, J and I mean Teqing and 02428, respectively. For ex-
ample, ‘CORs in 413’ means differentially expressed genes in Teqing between before
(Ohr) and after (3hr) cold treatment (413 vs 10, [log2Ratio| >1 and FDR < 0.001).
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Figure 3: KEGG pathway analysis of CORs in Teqing and 02428.

BG refers to all the genes in the background. ‘CORs in 413’ means differentially ex-
pressed genes in Teqing between before (Ohr) and after (3hr) cold treatment (413 vs
10, [log2Ratio| >1 and FDR < 0.001). By analogy, the numbers before the letter (I or J)
indicate the temperatures, the numbers after the letter (I or J) indicate the hours of ex-
posure; J and I mean Teqing and 02428, respectively.* indicates significantly enriched
KEGG pathways with correct P value <0.05.

Identification of consistent differentially-expressed COR
genes in multiple rice cultivars

CORs that are present in many rice varieties and that respond to
different low temperature conditions may be key genes in cold re-
sponse pathways. To screen such genes, we used Venn diagrams to
classify CORs in Teqing and 02428. Based on the results shown in
figure 4, we conducted a further Venn diagram analysis and found a
total of 171 CORs that were shared by both cultivars and consistently
responded to the four different cold treatments. Thus, they may repre-
sent crucial cold responsive genes that act in specific pathways.

Figure 4: Venn diagrams showing the shared COR genes in Teqing and
02428 after exposure to cold treatments. (A) 563 COR genes respond to
cold in both cultivars at 4°C for 3 hours; (B) 3361 COR genes respond to
cold in both cultivars at 4°C for 24 hours; (C) 716 COR genes respond to
cold in both cultivars at 10°C for 3 hours; (D) 3219 COR genes respond to
cold in both cultivars at 10°C for 24 hours (CORs only in Teqing are shown
in blue circle with the number written in white, CORs only in 02428 are
shown in yellow circle with the number written in black, CORs shared by
both cultivars are shown in center part of the Venn diagrams with the num-
ber written in white). (E) among all the common CORs we get from picture
A, B, CandD, 171 COR genes respond to cold in both cultivars in all these
cold treatments (Words above the pictures indicate the source of CORs. For
example, common CORs in 4°C/3hr means CORs shared by Teqing and
02428, when they are treated in 4°C for 3 hours).

To find the key genes representing the specific pathways, we
screened out 13 of the 171 genes we found that were included in pre-
dicted cold-response pathways (Supplemental Data 1). To confirm
the cold-induced expression of these genes, gene-specific primers
were designed for all13 genes and qRT-PCR assays were performed
(Figure 5). The expression patterns of these 13 genes agreed with the
RNA-seq results, confirming the high quality of the datasets. Among
these genes,OsABCBS(LOC _0Os01g50100, encoding a member
of ABCB subgroup 5 in ABC transporter super family), OsPHIL2
(LOC_0s02g52010, encoding a member of Phi-1-like phosphate
induced protein) and OsDREB1A (LOC_0s09g35030, encoding a
member of the CBF/DREBI1 protein family) had higher expression
levels in Teqing than in 02428, while OsCDPK7 (LOC_0s04g49510,
encoding a member of calcium-dependent protein kinase family) and
OsREM4.1 (LOC_0s07g38170, encoding a member of the remorin
family) had significantly lower expression levels in Teqing than in
02428 in response to the cold treatments.

Figure 5: qRT-PCR analysis of 13 selected COR genes identified by RNA-seq in
leaves of Teqing and 02428 plants before (Ohr) and after 3 h or 24 h of cold treatment
at 4°C or 10°C. The data of expression levels were separately compared with the Te-
qing sample before cold treatment (Ohr). OsActin was used as an internal standard
(Student’s t test, *P<0.05, **P<0.01, n=3).

To determine whether the observed differences in expression for
the five genes are associated with cold tolerance in other cultivars
of the two subspecies, we included an additional five cold tolerant
Japonica rice cultivars (Nipponbare, Ta Hung Ku, Taibei309, Baber,
Zhonghua 11) and five cold sensitive indica rice cultivars (9311,
Lal-Aman, Pao-Tou-Hung, Ai-Chiao-Hong, Guan-Yin-Tsan) to the
study. Details of the cold responses of these 10cultivars are shown
in figure S1. All of the japonica rice cultivars showed significantly
stronger cold tolerance than the indica cultivars, as expected. We then
we assayed the expression levels of the five genes (OsABCBS, Os-
PHIL2, OsDREB1A, OsCDPK7 and OsREM4.1) in the 10 cultivars.
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Among these five genes, the expression profiles of OsABCBS5, Os-
PHIL2, OsDREB1A and OsREM4. l1still showed clear distinctions
between the indica and japonica subspecies, while OsCDPK7 did not
show the indica-japonica difference in the multi-cultivar compari-
son (Figure 6). In the initial comparison between Teqing and 02428,
OsABCBS, OsPHIL2 and OsDREB1Awere expressed at higher levels
in Teqing than in 02428; similarly, in the comparison of the five cul-
tivar pairs, the expression of the three genes was also higher in indica
than in japonica. OsREM4.1 showed higher expression levels in the
Jjaponica rice cultivars, confirming the results from the comparison
of Teqing and 02428. After cold treatment, expression of OSABCBS,
OsPHIL2, OsDREBI1A and OsREM4. 1 was significantly higher
than in the control, and the expression of OsPHIL2 was up-regulated
>400-fold after 4°C treatment in the indica cultivars.

Figure 6: Relative expression levels determined by qRT-qPCR of the OsABCBS5 (A),
OsREM4.1 (B), OsPHIL2 (C), OsDREBI1A (D) and OsCDPK?7 (E) genes in leaves of
6 indica and 6 japonica plants before (Ohr) and after 3 h or 24 h of cold (4°C or 10°C)
treatment. Values are the averages of three samples + SE. Error bars indicate the stan-
dard deviation. Mean values with one asterisk were found to be significantly different
by Student’s t test (*P<0.05; NS, not significant; n=3).

Analysis of natural variation in these COR genes in multi-
ple rice cultivars

To investigate the natural variations in the sequences of OsAB-
CBS5, OsPHIL2, OsDREBIA and OsREM4.1, we extracted the se-
quences of their 2.0-kb promoter regions and coding regions from the
re-sequencing dataset of a diversity panel of 575 rice cultivars that
included 294 indica and 239 japonica lines. The original sequencing
datasets have been deposited in the Genome Sequence Archive of the
Bejing Institute of Genomics, Chinese Academy of Sciences (bigd.
big.ac.cn/gsa) under Accession numbers CRA000778, CRA000779
and CRA000995 (Figure 7).

Figure 7: Schematic diagrams showing the position of SNP/Indels in the2.0-kb
promoter regions and Coding Regions (CDS) of the OsABCBS (A), OsPHIL2 (B),
OsDREBIA (C) and OsREM4.1(D) genes. The phylogenetic tree was generated by
MEGAS.0 software using neighbor joining method, with the segment length of interior
branches indicating bootstrap values (1000 replications). The scale shows nucleotide
substitutions per site. In gene schematic diagrams, gray bars indicate exons, and black
lines indicate introns, the red vertical lines indicate the SNPs in coding regions while
the black vertical lines indicate the SNPs in promoter regions. In the left table, Aus,
Indica, Japonica and MIX represent the ecotypes of cultivated rice, such as aus, indi-
ca, japonica and mixture of other ecotypes, and the numbers in each block show the
number of varieties. In the right table, the position of TSS is 0, negative and positive
numbers indicate the positions of polymorphic sites in the promoter and coding region,
respectively.

Based on nucleotide polymorphisms, we could divide the sequenc-
es of the 575 lines into four haplotypes for OsABCBS; among these,
Hapll was the most represented in japonica lines, and Hap I was the
most represented in indica lines. There were 12 SNP/Indel variations
identified in the OSABCBS5 promoter region between indica and ja-
ponica lines. Of these, four were predicted to be located within low
temperature responsive cis-elements. For example, Hap II and Hap I
differed in the nucleotides located at positions -642 G/A, -1633 A/G,
-1638 G/A, and -1808 G/A upstream of the start codon; these four
SNPs were related to theMYBST1, WRKY710S/ARRIAT, WB-
BOXPCWRKY!1 and LTRECOREATCORI15motifs, respectively,
that are predicted to function in the cold response.

Based on the 79 polymorphic nucleotide sites, a total of five hap-
lotypes of OsPHIL2were identified; among them, Hap I and Hap III
were unique to japonica and indica rice lines, respectively. In the pro-
moter region of OsPHIL2, we found 8SNP variations between Hap
I and Hap I1I, and of these, no SNP was related to the cold response
directly, but both -639A/G and -1136C/T were predicted to be associ-
ated with cytokinin.

By analyzing the candidate regulatory region of OsDREBIA in
the 575 accessions, we found four haplotypes; Hap I and Hap II were
unique to japonica and indica lines, respectively. In the promoter

J Genet Genomic Sci ISSN: HGGS, Open Access Journal

DOI: 10.24966/GGS-2485/100011

Volume 4 + Issue 1+ 100011


http://doi.org/10.24966/GGS-2485/100011

Citation: Mao D (2019) Four Cold Responsive Genes That Show Consistent Differential Expression between the Japonica and Indica Subspecies of Rice. ] Genet

Genomic Sci 4: 011.

e Page 6 of 10 ¢

region, we identified 11SNPs/In Dels, among them, seven SNPs are
located at -180, -741, -771, -720, -879, -1009 and -1070bp upstream
of the TSS (transcription start site), and correspond to G-A, T-C, T-C,
T-C, T-C, T-C, C-T and G-A changes, respectively. The single In Delis
11bpin length (CACAAGCAAAG) and is located 1346-1356bp up-
stream of the TSS. The SNPs located at positions -180 and -1070 were
predicted to be related to auxin, SNPs located at -771 and -1009 were
predicted to be related to MYB, SNPs at -741, -879, and the In Del
were related to WRKY710S, ARR1AT,and MYBI1AT, respectively.
Among these motifs, WRKY710S and MYBIAT were related to
MYB while ARR1AT was related to cytokine in.

We analyzed the promoter and CDS region of OsSREM4.1by DNA
sequencing and identified 48 variations. Analysis of these variations
indicated that two major haplotypes were present in the 575 acces-
sions; Hap I was present in 217 indica rice lines, and Hap II was
present in 119 japonica rice lines. We found four In Dels and five
SNPs in the candidate regulatory region. There is a SNP located at
-483upstream of the TSS, corresponding to a G-C change and related
to the ABRELATERD Imotifwhichis related to ABA.

Discussion

The japonica subspecies of Oryza sativa has adapted to a temper-
ate climate, while the indica subspecies has adapted to tropical and
subtropical environments. As a result, japonica rice cultivars are gen-
erally more tolerant to cold stress than indica rice cultivars (Figure
S1). In our study, we used comparative transcriptome analysis on two
rice cultivars to identify a group of COR genes in these two cultivars.
From the CORs, we further identified four key genes, OsABCBS,
OsPHIL2, OsDREB1A and OsREM4.1, that showed ubiquitous and
distinctive activity in indica and japonica cultivars in an integrative
study using KEGG and GO annotations, Venn diagram analysis, qRT-
PCR, and natural variation analysis.

The DREB1/CBF pathway is a well-known cold-responsive path-
way in plants [23]. The pathway includes the CBF1, CBF2 and CBF3
genes, which are also known as DREB1B, DREB1C and DREBIA,
respectively, in Arabidopsis [24]. However, not all three transcription
factors act as positive regulators in the CBF/DREB1 pathway. In Ara-
bidopsis, freezing tolerance of the cbf2 mutant is enhanced by up-reg-
ulating the expression of CBF1/DREB1B and CBF3/DREB1A, which
means that CBF2/DREBI1C plays a negative role in the cold response
[25]. OsDREB1A has been reported previously to be induced by cold
stress [26,27]. Consistent with these results, we found that the expres-
sion of OsDREB1Aincreased after cold treatment. Lourenco et al.,
have claimed that in OsHOS1 knockdown plants, the reduced expres-
sion of OsHOS1 promoted the accumulation of OsICE1 protein and
resulted in the up-regulation of OsDREB1A. However, the transgenic
plants did not show increased cold tolerance [28]. In our study, the
expression level of OsDREBI1A was higher in indica rice compared
to japonica rice. Therefore, we speculate that OsDREB1Amay play
a negative role in cold signaling. In our natural variation analysis,
we discovered a SNP related to MYB in the promoter region of Os-
DREBI1Ain Hapl (japonica). Interestingly, a MYB-like transcription
factor has been reported to be involved in the cold regulation of CBF
genes, and MYBI15 over expression reduced the expression of CBF
genes under cold treatment [29]. Thus, the MYB negative regulation
of OsDREB1A may result in the stronger cold tolerance observed in
Japonica rice cultivars.

Among the four genes we screened, OsREMA4.1 is related to the
plant hormone ABA, which is known as a cold stress-responsive hor-
mone. Two SNP variations within ABA responsive or MYB elements
were located within the promoter region of OsREM4.1. Interestingly,
OsREMA4.1 was previously characterized and found to be up-regulat-
ed by ABA signaling; the OsSREM4.1 protein can bind to OsSERK1
and inhibit the formation and activation of the OsBRI1-OsSERK1 re-
ceptor complex, which is crucial for BR signaling [30]. In Arabidopsis
thaliana, application of exogenous ABA can enhance cold tolerance
and induce the expression of several COR genes, including RABI1S,
RD29A and KIN2 [31,32]. Several studies showed that plants treated
with BR grew better at low temperature compared to optimal condi-
tions [33]. In addition, Li et al., described two key components of BR
signaling, BIN2 and BZR1, regulate plant freezing tolerance; BIN2
and its homologs play negative roles, while BZR1 plays a positive
role in the cold response [14]. In our study, OsREM4.1hada higher
level of expression in japonica rice, so we predicted that OsREM4. 1
may play a positive role in regulating cold tolerance via crosstalk be-
tween the ABA and BR pathways.

Another gene we found that is associated with the BR pathway is
OsPHIL2, which encodes a Phosphate-Induced protein (PHI). Inter-
estingly, two BR-response genes in Arabidopsis, EXORDIUM (EXO)
and EXORDIUM-LIKE1 (EXL1), were previously reported to have
the same PHI conserved region [34]. Expression of the EXO gene
is up-regulated by BR and EXL1 has a similar expression pattern
to EXO in Arabidopsis in that it can be induced by BR [35,36]. We
therefore predicted that OsPHIL2 may be similarly connected to BR
signaling pathway. Considering that OsPHIL?2 is expressed at higher
levels in indica cultivars when exposed to low temperature, OsPHIL2
may negatively regulate cold stress via BR signaling.

ABC transporters constitute one of the largest protein families,
and are present in organisms ranging from bacteria to humans [37].
In plants, ABC proteins were originally identified as transporters in-
volved in the final detoxification process [38]. OSABCBS is predicted
to encode an MDR-like ABC transporter. There are several studies
that have reported that MDR-like ABC transporters are involved in
the auxin signaling pathway. Noh et al., showed that two MDR-like
genes, At MDR1 and AtPGP1, are required for auxin transport and
auxin-mediated development in Arabidopsis. Also, mutation of two
related MDR-like genes (MDR1 and PGP1) resulted in reduced polar
auxin transport [39]. Another study found that the Arabidopsis MDR-
like ABC transporter4 (AtPGP4) is involved in auxin-mediated root
development [40]. Although the role of auxin in cold stress remains
unclear, there are reports that potentially link cold stress to auxin by
showing that cold stress inhibits the inflorescence gravity response in
Arabidopsis thaliana [41,42]. An early study demonstrated that tem-
perature affects the speed of exogenous auxin transport in a variety of
plant species [43]. Considering that auxin is at the center of hormonal
crosstalk, auxin may mediate the response to cold by interacting with
other hormones [44]. These results indicate that OsABCB5may play
a crucial role in the cold response in rice seedlings by transporting
auxin.

Based on the expression profiles and predicted pathways of the
four key genes involved in the cold response in rice, we can conduct
further functional studies to determine the biological and biochemical
functions of the proteins encoded by these genes.
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Materials and Method
Plant materials and Evaluation of Phenotypes

In this study, we used Teqing and 02428 as the cold-sensitive in-
dica and cold-tolerant japonica cultivars, respectively. We also chose
an additional 5 japonica and 6 indica cultivars for cold temperature
treatment. Seeds were allowed to germinate for 3 days in distilled
water, after which they were transferred to moist filter paper. The
seedlings were grown in 0.5-fold Kimura B solution at pH 6.0 under a
13-h light (28°C)/11-h dark (25°C) photoperiod and 70-80% relative
humidity [45]. Three-leaf rice seedlings were transferred to a climatic
chamber (Percival Scientific, Perry, IA) and maintained at either 4°C
or 10°C or for 4 days and 5 days, respectively. After the plants had
recovered at 28°C /25°C day/night cycles for 7 days, the survival rates
were determined based on the percentage of surviving seedlings [46].
All treatments were repeated at least three times, and the average of
the replicates was used to characterize cold tolerance. The significant
differences between subspecies were analyzed using ANOVA or Stu-
dent’s t-test.

RNA isolation

Total RNA was isolated from plant tissue using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA). The RNA quality was assessed vi-
sually by electrophoresis on agarose gels, and the concentration was
determined with a NanoDrop spectrophotometer (ND-1000, Nano-
dropTechnologies, Wilmington, DE, USA).

Library construction and Illumina cDNA sequencing

Whole transcriptome analysis was performed using RNA isolated
from three-leaf rice seedlings that were cold-treated at 10°C or 4°C
for 0, 3 and 24 hours under continuous illumination. We extracted
total RNA, used oligo (dT) magnetic beads to purify the mRNA, and
then used Oligo (dT) as a primer to synthesize cDNA. The 5’ ends
of the cDNA tags can be generated with two different restriction end
nucleases, Nlalll or Dpnll, Usually, the bead-bound cDNA fragments
are digested with Nlalll, which recognizes and cuts atthe CATG
sites. The 3’ cDNA fragments connected to the oligo (dT) beads were
washed away and the Illumina adaptor 1 was ligated to the 5’sticky
ends of the digested bead-bound cDNA fragments. The junction of

the Illumina adaptor 1 and the CATG site is an Mmel recognition
site, and it cuts 17bp downstream of the CATG site, producing tags
containing adaptor 1. After removing the 3’ fragments with magnetic
beads precipitation, Illumina adaptor 2 was ligated to the 3’ ends of
the tags, resulting in tags with different adaptors on each end to form
a tag library. Following linear PCR amplification of the sample librar-
ies, the double-stranded cDNA fragments are purified by polyacryl-
amide gel electrophoresis prior to high-throughput cDNA sequencing
using the [llumina HiSeqTM 2000 instrument.

Identification of COR genes

The genes with differential expression between 0 hours and 3/24
hours of cold treatments are Called Cold Responsive genes (CORs).
Before comparing the differential expression of genes in response to
cold treatment, normalized gene expression levels were obtained by
normalizing the number of raw clean tags in each library to the num-
ber of Transcripts Per Million clean tags (TPM). A rigorous algorithm
method was performed to detect differential expression of genes
across samples. A combination of FDR <0.001 and the absolute value
of log 2 Ratio >1 were used as the threshold to determine the signifi-
cance of differentially-expressed genes. GO and pathway enrichment
analyses were based on the agriGO (http://bioinfo. cau.edu.cn/agri-
GO/index.php) and KEGG pathway databases (http://www.genome.
jp/kegg/) [47-49]. Cluster analysis was performed with CLUSTER3.0
and viewed using the TREEVIEW software program (http://rana.lbl.
gov/EisenSoftware.htm).

Quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR) analysis of gene expression

An independent experiment was performed to examine the expres-
sion of putative COR genes using qRT-PCR. Total RNA was extracted
from rice leaves before and after exposure to 4°C or 10°C for 3h and
24h using the TRIzol Reagent (Invitrogen).cDNA was synthesized
and qRT-PCR was performed according to the previous report [S0].
All reactions were performed with three biological and three technical
replicates. OsActin was used as an internal control. The sequences of
primers used for the qRT-PCR assays are listed in table S1. The gene
expression levels were calculated using the 2-AACt method. Student’s
t-test was used to determine whether there were significant differenc-
es between samples.

Locus Gene Annotation Forward Reverse
LOC 080252010 | oOspHIL2 | Thosphate-induced p ””“"”i rfg;f’:’(:t:: ed region domain contain- |\ - ATCAACCAGCTGTACC ATCCCGCCCTTCTTGGGCTT
LOC_0s01g50100 OsABCBI1 ABC transporter, ATP-binding protein GAGAGGAAACCAGAGATAG TTCGCCAGACTGTGGATCGTA
LOC_0s07g38170 OsREM4.1 remorin AGATTGTCATCAGCACCG GTAGGGAAGAGCTCACTT
LOC_0s09g35030 OsDREBIA dehydration-responsive element-binding protein TTCGAACTGGACGTCCTGAGT TAGTAGCTCCAGAGTGGGA
LOC_0s02g43790 OsBIERF3 ethylene-responsive transcription factor TTAATCCGGCGTCGAGAGA AAGCTTGAGCTCCGGCAGTA
LOC_0s04g45370 OsSAURI19 OsSAUR19 - Auxin-responsive SAUR gene family member TTGCAAGGAGGGGAGCGAAGAA TTGAAGTACACCACCGGCA
LOC_0s09g28740 OsGID1L2 Gibberellin receptor GID1L2 AAGTACCACGACTACCTGA TTCTTGGCCACCCAGTTCA
LOC_0s03g60840 OsBBTI13 BBTI13 - Bowman-Birk type bran trypsin inhibitor precursor CTCTGTTCTTGGCCTTTGT CGCAGTTGTCGCAGCA
LOC_0Os04g49510 OsCDPK7 CAMK includes calcium/calmodulin depedent protein kinases ACACCGAGATTCGTGATC TGCAAGCTTGCTGCAGTT
LOC_0s03g55240 OsLIP19 cytochrome P450 ATGTTGCTCATCAACGCGTA CAGTCGAAGCACTGGATCA
LOC_0Os10g37830 OsFBX391 OsFBX391 - F-box domain containing protein GAGTTTGCAGCACTGAGCAT ATCTGCGCCATCGAGAACTTCA
LOC_0s08g37670 OsPDCP1 Plastocyanin-like domain containing protein CTTGGCCAGAACTACGATAC TGGTCGAGCTGATCGAGTT
LOC_0s02g54600 OsMKK4 TE_ME fﬁfﬁi’yj ”"t f flgi ] j:[fs’;::f:; ;’j’;i‘;‘j;:’:s':"’l"gs o ACATCAAGCCATCCAACCT TAGAACTCGAGAATGCTCA
LOC_0s03g50885 OsActin ACACCGGTGTCATGGTCGG ACACGGAGCTCGTTGTAGAA

Table S1: Sequences of the oligonucleotide primers used in the qRT-PCR assays.
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Haplotype analysis and SNP discovery of the four key
COR genes

Haplotype analysis was performed on the genomic sequences
that included the OsABCBS5, OsPHIL2, OsDREB1A and OsREM4.
1 promoter and coding regions from the 575 rice accessions. A neigh-
bor-joining tree based on the nucleotide sequences of the four key
genes from the rice varieties was constructed using MEGA 5.0.

For a genome-wide association study, we used our own SNP da-
tabase to performed SNP analysis. Additionally, we used the Genome
Information Database System (https://sogo.dna.affrc.go.jp/cgi-bin/
s0go.cgi) to predict the functions of the SNPs that we found.
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