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Abstract

Low temperature is a major factor limiting rice growth and yield, and seedling is one of the developmental stages at which sensitivity to
chilling stress is higher. Tolerance to chilling is a complex quantitative trait, so one of the most effective approaches to identify genes and
pathways involved is to compare the stress-induced expression changes between tolerant and sensitive genotypes. Phenotypic responses
to chilling of 13 Japonica cultivars were evaluated, and Thaibonnet and Volano were selected as sensitive and tolerant genotypes,
respectively. To thoroughly profile the short-term response of the two cultivars to chilling, RNA-Seq was performed on Thaibonnet and
Volano seedlings after 0 (not stressed), 2, and 10 h at 10 °C. Differential expression analysis revealed that the ICE-DREB1/CBF
pathway plays a primary role in chilling tolerance, mainly due to some important transcription factors involved (some of which had
never been reported before). Moreover, the expression trends of some genes that were radically different between Thaibonnet and
Volano (i.e., calcium-dependent protein kinases OsCDPK2] and OsCDPK23, cytochrome P450 monooxygenase CYP76MS, etc.)
suggest their involvement in low temperature tolerance too. Density of differentially expressed genes along rice genome was determined
and linked to the position of known QTLs: remarkable co-locations were reported, delivering an overview of genomic regions
determinant for low temperature response at seedling stage. Our study contributes to a better understanding of the molecular mecha-
nisms underlying rice response to chilling and provides a solid background for development of low temperature-tolerant germplasm.
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Introduction grain represents a staple food for more than half of the world
population (FAO 2015). With 234,134 ha of cultivated area in
2016 (Ente Nazionale Risi 2017), Italy is the first rice produc-

er in Europe. Rice is highly sensitive to low temperature

Rice (Oryza sativa L.) is one of the most important crops
cultivated in both tropical and temperate regions, since its

Key message Short-term transcriptional response to chilling stress of
rice seedlings was profiled. Novel genes implicated in tolerance
mechanism were found, and relationships between gene expression
profiles and known QTLs were reported, contributing to a better
understanding of mechanisms underlying it.
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(Andaya and Tai 2006), and chilling is a major factor limiting
its productivity (Zhao et al. 2013). The world’s population is
going to largely grow in the next decades, thus stabilizing rice
production by increasing tolerance to low temperatures would
be crucial.

Seedling is one of the rice developmental stages at which
thermal sensitivity is higher, especially in temperate regions
where low temperatures occurring after rice sowing may dras-
tically affect crop productivity (Andaya and Mackill 2003; Ji et
al. 2008). Chilling stress affects chlorophyll content, interferes
with photosynthesis (Kanneganti and Gupta 2008; Kim et al.
2009), and causes accumulation of reactive oxygen species
(ROS) and malondialdehyde (MDA) that can impair metabo-
lism activity via cellular oxidative damage (Nakashima et al.
2007; Xie et al. 2009). Rice can also tolerate cold stress: for
example, cold-treated rice plants accumulate the amino acid
proline and antioxidant species that are able to stabilize protein
synthesis and scavenge ROS (Sato et al. 2011). Accessions
belonging to the Japonica group usually show higher levels
of cold tolerance compared to Indica ones (Mackill and Lei
1997; Pan et al. 2013). A better understanding of plants molec-
ular response to chilling stress is thus essential to breed tolerant
rice cultivars through genetic improvement.

From a genetic point of view, more than 250 quantitative
trait loci (QTL) controlling cold tolerance were identified on
all 12 rice chromosomes at different growth and developmen-
tal stages (Mao et al. 2015; Xiao et al. 2015; Yang et al. 2015;
Zhu et al. 2015), suggesting that cold tolerance in rice is a
complex quantitative trait (Maruyama et al. 2014), and ap-
pears more complicated in comparison to what observed for
other Poaceae species (Pecchioni et al. 2014). Among these
QTLs, several have been fine mapped, including some QTLs
related to low temperature tolerance at seedling stage (Andaya
and Tai 2006, 2007; Koseki et al. 2010; Kim et al. 2014; Xiao
et al. 2015). One of the most interesting loci—named
COLD1—confers chilling tolerance in Japonica rice seed-
lings and encodes a regulator that interacts with the G-
protein & subunit to activate the Ca®* channel for sensing
low temperature and accelerate G-protein GTPase activity
(Ma et al. 2015). Recently, Wang et al. (2016) performed a
genome-wide association study (GWAS) for cold tolerance at
seedling stage using 295 rice cultivars of different subspecies
and found 67 QTLs on 11 chromosomes (46 of which were
located in genomic regions lacking previously known QTLs).
Most of the genomic regions determining rice response to low
temperature are reported in the Gramene QTL database (http://
archive.gramene.org/qtl/), showing loci spanning all
chromosomes putatively linked to the trait.

From a molecular and physiological point of view, there are
three known main pathways through which rice can react to
low temperature (Zhang et al. 2014): an ICE-DREB1/CBF
pathway, an ABA-dependent pathway and a MAPK cascade.
The DREBI1/CBF (dehydration responsive element binding/
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cold-binding factor) cascade is the most characterized one
and involves the upstream regulator ICE (Inducer of CBF
Expression) and the DREB1/CBF transcription factors that
modulate the downstream COR (Cold-Regulated genes) effec-
tors (Zhou et al. 2011). DREB1/CBF transcription factors spe-
cifically interact with the cis-acting C-repeat/dehydration-re-
sponsive (CRT/DRE) elements and control the expression of
whole sets of COR genes called the “CBF regulon”
(Chinnusamy et al. 2007; Zhou et al. 2011; Pan et al. 2013;
Pecchioni et al. 2014). In rice, genes OsDREBIA and
OsDREBIB are early induced upon chilling stress, while
OsDREBIC was reported to be not modulated (Dubouzet et
al. 2003). Another DREB1/CBF, OsDREBID, is involved in
the ABA-dependent pathway activated in response to cold
(Haake et al. 2002), thus representing a crossroad of signaling
transduction cascades. Abscisic acid affects the expression of
ABA-responsive genes via cis-acting ABA-response elements
(ABRE) and the ABRE-binding bZIP transcription factors
(ABF) (Hossain et al. 2010). OsNAC transcription factors trans-
duce the ABA signal and regulate the expression of genes
containing the NAC recognition sequence (NACRS) increas-
ing cold tolerance in rice (Nakashima et al. 2007, 2012; Song et
al. 2011). The mitogen-activated protein kinase (MAPK) cas-
cade is the third cold response pathway identified in plants
(Boudsocq and Laurie 2005): in cold-treated rice cells, accu-
mulation of reactive oxygen species (ROS) triggers a down-
stream cascade involving MAPK genes (OsMKK6-OsMPK3)
that affects the expression of target COR genes (Xie et al.
20009).

Advances in large scale RNA-Seq provided highly efficient
and low cost methods to analyze whole transcriptomes,
allowing a better understanding of chilling response genetic
control: in recent years, several comparisons between the
transcriptomes of tolerant and sensitive rice plants in stressed
and non-stressed conditions have been made. Da Maia et al.
(2016) used this technique with plants at germination stage,
comparing transcriptomes of /ndica and Japonica genotypes.
Shen et al. (2014) used seedlings of four contrasting geno-
types: Indica 93-11 cultivar as cold sensitive, and three cold-
tolerant accessions (Dongxiang and Chaling wild rices, and an
F2 line derived from a cross between Dongxiang and 93-11).
Wang et al. (2017) studied differentially expressed genes
(DEGS) in a tolerant chromosome segment substitution line
and in its sensitive recurrent parent 93-11 under chilling stress.
Results of these comparisons between tolerant and sensitive
genotypes in control and stress conditions expanded our un-
derstanding of the complex mechanisms involved in chilling
tolerance in rice but, to the authors’ knowledge, no studies
comparing the transcriptome response of two contrasting cul-
tivated Japonica genotypes have been reported so far.
Moreover, all available previous studies compared
transcriptomes of contrasting genotypes under standard and
low temperatures conditions only (Zhang et al. 2012; Ma et
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al. 2015; Xiao et al. 2015; da Maia et al. 2016),without pro-
viding any information on gene expression changes at differ-
ent time-points after chilling exposure.

The aims of this study are to profile the short-term tran-
scriptional response of rice to chilling at different time-points
and to identify genes that are putatively responsible for cold
stress-tolerance. Twelve rice varieties cultivated in Italy, to-
gether with reference cultivar Nipponbare, were exposed to
chilling stress at the seedling stage, monitoring phenotypic
traits related to tolerance/sensitivity. On these bases, two con-
trasting genotypes were selected and used for further experi-
ments. The short-term molecular responses of the two geno-
types to low temperatures at two different time-points (re-
ferred to as “early” and “late”) between those two cultivars
were analyzed by RNA-Seq. The results of our studies may
contribute to elucidate the molecular mechanisms involved in
rice response to chilling and to identify novel genes putatively
involved in low temperature tolerance.

Materials and methods
Plant material and phenotypic evaluation

Thirteen rice (Oryza sativa ssp. Japonica) cultivars namely
Baldo, Arborio, Augusto, Balilla. Carnaroli, Eurosis, Gange,
Loto, S. Andrea, Thaibonnet, Vialone Nano, Volano, and the
reference cultivar Nipponbare, were tested in controlled condi-
tions to observe the effects of chilling stress and to identify two
contrasting genotypes for the following transcription profiling
studies. Seeds were kindly provided by Dr. Giampiero Valé of
the Council for Agricultural Research and Economics,
Research Centre for Cereal and Industrial Crops (CREA-CI),
Vercelli, Italy. Three different experiments were carried out in
growth chamber: the first one was designed to test the effects of
several stress durations, while second and third ones were per-
formed (according to first experiment results) in order to select
a tolerant and a sensitive genotype among the 13 cultivars.

Experiment 1 Rice seeds were germinated on filter paper
soaked in sterile water at 28 °C in the dark for 4 days. Five
seedlings for each of the 13 genotypes were transplanted in
pots filled with water-saturated soil and moved for 4 days to a
growth chamber (Binder KBW 720, Tuttlingen, Germany)
with a 14-h photoperiod under an irradiance of
180 umol m 2 s~ (white fluorescent tubes Fluora 18 W/77,
Osram, Munich, Germany), day/night temperatures of 28/
20 °C, and a relative humidity of 60%. Soil was then covered
with a 2 cm water layer and plants—rotated around the cham-
ber daily to minimize within-chamber effects—were grown at
the same (control) conditions up to 2-leaves stage. To observe
the effects of stress at different durations, chilling (10 °C) was
applied for 0, 2, 7, and 14 days at 28/10 °C (day/night

temperatures) under a 14-h day/10-h night cycle. Three bio-
logical replicates (five plants each) were carried out, and the
whole experiment was repeated twice. Electrolyte leakage test
was used to assess cell membrane stability according to
Caffagni et al. (2014): briefly, freshly cut leaf discs (ca.
0.5 cm diameter) were placed in vials containing 25 cm® of
deionized water and stirred at 25 °C for 2 h 30 min. The
conductivities of the solution (C1) and of deionized water
(Cw) were determined with a digital conductance meter
(GLP 31, Crison Instruments, Barcelona, Spain); samples
were then autoclaved at 120 °C for 15 min, and conductivity
(C2) was measured again to determine electrolyte leakage (%)
according to the formula: EL(%) = (C1-Cw)/(C2-Cw) x 100.

Experiment 2 Adopting the same growing conditions used in
Experiment 1, three traits were measured after 7 or 14 days of
chilling stress. Visual Score: plant health after cold stress was
visually scored according to the IRRI-CTol guidelines (IRRI
2002); Leaf Area: plants were cut 2 cm from soil level and
total leaf area was estimated with software GIMP 2.6 from
images captured using a standard flatbed scanner at 300 dpi
resolution; Electrolyte Leakage: measured as described in
Experiment 1.

Experiment 3 The 13 genotypes were also characterized in an
independent experiment in terms of shoot elongation under
low-temperature stress following a modification of the growth
protocol adopted by Niroula et al. (2012). Briefly, rice seeds
were de-hulled, sterilized with 5% (v/v) hypochlorite and
washed several times with sterile water. Seeds were main-
tained in 1%-agar plate /2 MS medium in the dark at 30 °C
for 3 days. Seedlings were then grown in a growth cabinet
under a 14-h-light photoperiod, PAR 50 umol m?s™" provid-
ed by fluorescent lamps under two different temperature re-
gimes: (i) 28/28 °C day/night; (ii) 28/10 °C day/night. Shoot
length measures were scored after 7 and 14 days of chilling
stress.

All phenotypic data obtained from the described experi-
ments were analyzed through GenStat 17th Edition software
(Payne 2014). Linear mixed models and estimation of vari-
ance components using the method of residual maximum like-
lihood (REML) were applied. For each analysis, Levene’s test
was carried out to assess the assumption of equality of vari-
ances of standardized residuals. Approximate least significant
differences (LSD p value < 0.05) of REML means were then
used for multiple comparisons.

RNA extraction and quantitative PCR
A preliminary real-time quantitative PCR (RT-qPCR) experi-
ment was carried out to select the best two time-points for

profiling short-term transcriptome response to chilling stress.
Ten-day-old seedlings of Volano and Thaibonnet (the two
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cultivars chosen as tolerant and sensitive to chilling stress,
respectively) were grown under a 14-h day/10-h night cycle
under control (28/28 °C) and stress (28/10 °C). Samples were
collected 0, 12, 16, 24, 36, 40, and 48 h after the beginning of
the experiment, immediately frozen in liquid nitrogen and
kept at — 80 °C until RNA isolation. Total RNA was extracted
from shoots using Spectrum™ Plant Total RNA Kit (Sigma
Aldrich, USA) and DNA was removed using the Turbo DNA-
free™ Kit (Ambion by Life Technology, USA). DNAase-
treated RNA was reverse-transcribed using the iScript™
cDNA Synthesis Kit (Biorad, USA), according to the manu-
facturer’s instructions.

OsDREBIA (050920522200, The Rice Annotation Project
Database, 2017-08-04) is well-known to be upregulated short-
ly after the initiation of chilling treatment (Mao and Chen
2012). In particular, an induction of OsDREBIA transcription
is evident after less than 1 h of exposure to low temperatures
(Dubouzet et al. 2003). OsMYB4 (0s01g0695900, The Rice
Annotation Project Database, 2017-08-04) is reported to be
induced later, between 6 and 12 h after the initiation of chilling
treatment (Yun et al. 2010). On the basis of these evidences,
we assumed OsDREBIA and OsMYB4 genes to act as models
for “early” and “late” transcriptional short-term response to
chilling stress, respectively. Their relative expression levels
were measured via RT-qPCR in our cDNAs and used to iden-
tify two critical time-points, when “early” and “late” tran-
scriptional differences between sensitive and resistant geno-
types are more evident.

Primers for RT-qPCR were designed with Primer3
(Koressaar and Remm 2007; Untergasser et al. 2012) using
the following conditions: primer size 18-30 bp, primers Tm
58-62 °C, product Tm 70-90 °C, primer GC% 40—60%, prod-
uct size 80—150 bp. NetPrimer software (Premier Biosoft,
USA) was used to control hairpins, self dimers and cross di-
mers AG. Real time PCR was performed using the iTaq
Universal SYBR Green Supermix (Biorad, USA) with
primers specifically designed for OsDREBIA and OsMYB4
genes and Actin-1 as internal control (Online Resource 1).
The relative expression levels of each gene were quantified
as described in the ABI PRISM 7000 Sequence Detection
System (User Bulletin No 2, Applied Biosystems, USA).
RT-qPCR reactions were performed in duplicate.

RNA sequencing

Thaibonnet and Volano seedlings were grown adopting the
same conditions described in the previous paragraph. Since
the aim for RNA-Seq experiment was to observe the transcrip-
tional changes in seedlings caused by stress, the control point
was set right before the onset of the chilling treatment (i.e.,
14 h after the beginning of the experiment). Total RNAs were
extracted from Thaibonnet and Volano seedlings leaves at
control time-point and after 2 and 10 h (i.e., 14, 16, and 24 h
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from the beginning of the time course experiment) using the
method described above. Three biological replicates of RNA
were extracted and eluted in TE buffer for each genotype and
time point for a total of 18 RNA samples. Total RNAs con-
centration was quantified using a Nanodrop ND-1000 spec-
trophotometer (Thermo Scientific, USA) and RNAs integrity
was assessed with Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). Samples returning a RIN value > 8.0
were considered acceptable for sequencing. A total of
500 ng for each of the 18 high-quality RNA samples were
sent in dry ice to Beckman Coulter Genomics, Inc.
(Danvers, USA) for libraries construction, multiplexing and
paired-ends sequencing with Illumina HiSeq (2 x 75 bps)
using three chip lanes. After assessing their quality with
FastQC (Andrews 2010), RNA-Seq reads have been deposit-
ed in the ArrayExpress database at EMBL-EBI (www.ebi.ac.
uk/arrayexpress) under accession number E-MTAB-5941.

Differential expression analysis

Trimmomatic (Bolger et al. 2014) was used to filter out adap-
tors sequences and low-quality bases, then filtered RNA reads
were mapped to Oryza sativa ssp. Japonica (Nipponbare
IRGSP-1.0) and Oryza sativa ssp. Indica cultivar 93—11 (Yu
etal. 2002) genome assemblies with Bowtie2/TopHat?2 aligner
(Kim et al. 2013). Read counts were generated from alignment
files with HTSeq software (Anders et al. 2015) in
“intersection-nonempty” mode.

Differential expression analysis was carried out with
EdgeR version 3.16.5 (Robinson et al. 2010) on the 37,830
rice genes (non-coding RNA genes were excluded). EdgeR
was used to (i) filter out the not expressed or poorly expressed
genes (we considered as “active” the genes with counts per
million bases > 1 in at least 2 libraries), (ii) normalize the RNA
libraries, and (iii) do the differential expression analysis with
likelihood ratio test of 2- and 10-h treatments comparing to
control samples for both Volano and Thaibonnet. False
Discovery Rate (FDR) < 0.05 and log|FC| > 1.00 were consid-
ered as the conditions to state the genes as differentially
expressed. Functional annotations of the rice transcripts were
taken from RAP-DB website (http://rapdb.dna.affrc.go.jp/).

GO enrichment and MapMan analysis

GO enrichment analyses were conducted with GOseq
Bioconductor package release 1.26.0 (Young et al. 2010).
GOseq software is specifically designed to bias the RNA-
Seq data by transcripts length, so median length of the tran-
scripts for each gene were calculated with GenomicFeatures
Bioconductor package version 1.26.2 (Lawrence et al. 2013)
using Ensembl .gtf file as input (Ensembl plants; Nipponbare;
Oryza_sativa.IRGSP-1.0.34). A .tsv file including the GO an-
notation of all the rice genes was retrieved from BioMart
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EnsemblPlants (Oryza sativa ssp. Japonica genes IRGSP-
1.0). GO enrichment analysis was based on the Wallenius
approximation, and only GO categories with p value <0.05
were considered as enriched. MapMan 3.5.1 software (Usadel
etal. 2009) was also used as a tool for pathway-based analysis
to further characterize the genes that were upregulated earlier
in Volano than in Thaibonnet.

Data availability The RNA-Seq datasets generated and ana-
lyzed during the current study are available in the
ArrayExpress database at EMBL-EBI under accession num-
ber E-MTAB-5941. https://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-5941

Results
Cultivar phenotyping

Cold stress (10 °C during nighttime) was effective on the 13
tested rice cultivars, in terms of EL%, starting from the second
day of treatment, but differences among varieties became sig-
nificant at 7 and, even more, at 14 days (Online Resource 2).
Electrolyte leakage, visual score, leaf area of seedlings and
shoot length were then measured before chilling and after 7
and 14 days of overnight 10 °C treatment. The measured pa-
rameters showed different responses of rice cultivars to chilling
stress (Table 1): according to statistical tests, Thaibonnet
showed the highest sensitivity to chilling, while both Arborio

Table 1  Chilling tolerance characterization of the 13 tested cultivars.
For each trait (electrolyte leakage, visual score, leaf area, 7- and 14-day
shoot length), value and standard error of restricted maximum likelihood
(REML) means are reported. Shoot length average genotypic values are
shown separately for 7 and 14 days as the interaction “stress duration-by-
genotype” was significant, while electrolyte leakage, visual score, and

and Volano resulted the most resistant genotypes. Therefore,
Thaibonnet was chosen as sensitive cultivar for the gene expres-
sion profiling experiment and, after an overall evaluation,
Volano was selected as tolerant (e.g., it is a more widely diffused
cultivar in Italy than Arborio, 18,121.34 cultivated hectares vs.
919.6, according to 2016 statistics by Ente Nazionale Risi).

Stress time-points choice for RNA-Seq analysis

According to literature, we assumed OsDREBIA
(0s09g0522200) and OsMYB4 (0s01g0695900) as represen-
tative of genes whose short-term transcriptional response to
chilling is “early” and “late,” respectively. Yun et al. (2010)
reported a strong increasing in OsMYB4 gene activity after 6—
12 h at 10 °C, while Dubouzet et al. (2003) observed an
induction of OsDREBIA gene transcription within 40 min af-
ter exposure to low temperatures. Relative expression levels of
OsDREBIA and OsMYB4 genes were measured via RT-qPCR
in 10-day-old seedlings of Thaibonnet and Volano grown un-
der a long-day (14/10 h, day/night) photoperiod, and subse-
quently under control (28 °C/28 °C) and overnight cold
(28 °C/10 °C) conditions. As shown in Fig. 1, RT-qPCR of
OsDREBIA and OsMYB4 genes showed an upregulation un-
der the 10 °C treatment overnight for both genotypes.
Expression profiles of these two genes revealed that 2 and
10 h of plant exposure to 10 °C in the dark (which means 16
and 24 h after the beginning of the experiment) could be
assumed as critical time-points for the “early” and “late” re-
sponse in transcriptional activity.

leaf area are presented as a single mean because the interaction was not
significant. Means followed by same letter do not significantly differ
based on the approximate least significant differences (LSD, p <0.05).
Electrolyte leakage, visual score, and leaf area were collected in
Experiment 2, while shoot length data were collected in Experiment 3
(see the “Materials and Methods” section)

Genotype Electrolyte leakage (%)  Visual score Leaf area (pixels x 1000) ~ 7-day shoot length (mm)  14-day shoot length (mm)
Mean SE Mean SE Mean SE Mean SE Mean SE
Arborio 2288 2.8l a 200 052 a 85027 13768 a 7.60 068 e 57.94 5.23 a
Volano 30.10 565 ab 217 054 ab 73997  81.65 ab 2540 339  ab 44.83 4.61 bc
Carnaroli 34.55 6.66 abc 3.67 033 cd 599.01  81.65 bc 2520 199  ab 51.15 4.50 ab
Baldo 37.35 398 abc 233 0.6l abc 58777 59.32 bc 2040 284 abcd 2823 2.82 de
S. Andrea 38.65 490 abc  3.00 026 abed 51018  62.21 cd  13.20 139  de 36.05 2.81 cd
Loto 40.87 732  abc 350 050 bed 57076 61.72 bc  23.80 128  abc 52.37 1.84 ab
Vialone Nano 45.02 1.93 bc 3.17 0.87 abcd 58635  58.71 bc  27.80 292  a 57.00 4.44 a
Augusto 46.87 330 bc 200 045 a 299.23  39.75 de 2320 1.59  abc 47.71 4.88 ab
Balilla 4846 530  bc 3.00 093 abed 346.63  46.27 de  22.00 095  abcd  34.62 3.56 cde
Nipponbare  49.42 550  be 233  0.61 abc 30830  59.69 de 1820 086  bed 44.65 2.98 be
Eurosis 4984 724  bc 233 0.67 abc 29992 2335 de 1840 1.89  bed 33.53 2.37 de
Gange 50.81 6.67  bc 417 048 d 281.98  34.19 e 14.60 136  cde 27.39 245 e
Thaibonnet 51.86 531 c 400 045 d 223.02  33.23 e 6.80 074 e 21.17 5.21 e
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OsDREB1A
(0s0190695900)

Fig. 1 Relative expression levels
of OsDREBIA and OsMYB4
genes in Thaibonnet and Volano
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od (14/10 h, light/dark) for two
consecutive days. Data are
expressed as relative units, as-
suming as reference the value of
Thaibonnet at the beginning of
the first day. Gray background
indicates dark time
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RNA-Seq data analysis

Total RNA of treated and control leaves from Thaibonnet
(sensitive) and Volano (tolerant) plants was paired end-
sequenced with [llumina HiSeq. Overall, the number of paired
reads ranged from 24 to 43 million across the 18 RNA sam-
ples (Table 2), and after a quality check of the libraries with
FastQC (Andrews 2010), adapters and low-quality nucleo-
tides were filtered out. Filtered reads (90 to 94%, Table 2)
were aligned to Oryza sativa ssp. Japonica (IRGSP-1.0 as-
sembly) and Oryza sativa ssp. Indica (ASM465v1 assembly)

Table 2 RNA libraries sequencing and mapping statistics. For each
RNA library (Thaibonnet and Volano rice genotypes after 0, 2, and 10 h
of chilling stress, 3 biological replicates each), the number of raw reads,

genomes: as expected, the percentage of reads mapping to
Japonica genome was higher than to Indica one for both
Thaibonnet and Volano, confirming that both cultivars are
genetically closer to Japonica than to Indica subspecies.
Among the 37,830 Oryza sativa ssp. Japonica annotated cod-
ing genes, the inactive ones in all the samples were filtered out,
and thus, 22,376 active genes were analyzed for Thaibonnet and
22,747 for Volano. Normalization factor was calculated accord-
ing to each library size (Online Resource 3); expression values of
all transcribed genes are reported as EdgeR-normalized read
counts on Online Resource 4. Online Resource 5 reports multi-

the number (and percentage) of reads after filtering out the adapters and
low quality sequences, and the number (and percentage) of reads mapped
to rice Japonica and Indica genomes are reported

RNA sample  N° paired reads ~ N° reads after trim/filt % trim/filt ~ Oryza sativa Japonica Oryza sativa Indica
Aligned pairs % Aligned pairs %
Al. Pairs Al. Pairs
Thaibonnet T Oh 1 27,769,812 25,946,498 93.43% 24,217,013 93,33% 22,944,076 88.43%
T Oh 2 24,681,152 23,226,514 94.11% 21,642,264 93,18% 20,429,085 87.96%
T Oh 3 33,509,787 31,016,336 92.56% 29,182,760 94,09% 27,681,663 89.25%
T 2h 1 25,453,392 23,917,695 93.97% 22,466,164 93,93% 21,317,827 89.13%
T 2h 2 38,086,176 35,002,868 91.90% 33,122,187 94,63% 31,571,861 90.20%
T 2h 3 30,492,959 28,076,356 92.07% 26,498,923 94,38% 25,149,910 89.58%
T 10h 1 27,798,388 25,947,498 93.34% 24,506,011 94,44% 23,309,133 89.83%
T 10h 2 32,945,582 30,889,936 93.76% 29,055,282 94,06% 27,669,084 89.57%
T 10h 3 33,041,654 30,891,197 93.49% 28,941,861 93,69% 27,629,203 89.44%
Volano V Oh 1 25,426,009 23,551,539 92.63% 22,274,830 94,58% 20,835,862 88.47%
V_0Oh 2 40,503,119 37,467,324 92.50% 35,400,371 94,48% 33,274,635 88.81%
V_0Oh 3 37,970,176 34,451,809 90.73% 32,603,369 94,63% 30,563,197 88.71%
V 2h 1 40,844,086 38,048,035 93.15% 36,173,469 95,07% 33,860,878 89.00%
V 2h 2 43,206,955 40,060,136 92.72% 38,037,476 94,95% 35,658,458 89.01%
V 2h 3 24,419,216 22,599,522 92.55% 21,521,527 95,23% 20,213,162 89.44%
V_ 10h_1 32,052,041 29,680,888 92.60% 28,187,313 94.97% 26,490,209 89.25%
V_10h 2 31,890,878 29,510,436 92.54% 28,097,977 95,21% 26,469,159 89.69%
V_10h_3 36,180,957 33,227,596 91.84% 31,559,734 94,98% 29,712,649 89.42%
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dimensional scaling (MDS) plots for Thaibonnet and Volano
libraries generated with EdgeR: this visualization of the differ-
ences between the samples expression profiles shows a very high
reproducibility between biological replicates and a remarkable
difference between samples.

Differential expression analysis

Normalized read counts of transcribed genes were used as
input data for differential expression analysis, using EdgeR
likelihood test: results for all genes were reported in
Online Resource 6 and graphically represented in Fig. 2, while
a list of genes that were differentially expressed in at least one
of the 4 DE analysis is reported on Online Resource 7. As
shown in Fig. 3 and Table 3, the number of DEGs were higher
after 10 h of chilling stress than after 2 h. Moreover, the num-
ber of DEGs in Volano was slightly higher than in Thaibonnet.
Common and specific DEGs up- and downregulated in the

four genotype/stress conditions were also represented in the
Venn diagrams of Fig. 4.

As evident in Fig. 3 and Table 3, upregulated genes in 2-h-
stressed samples almost doubled the downregulated ones for
both genotypes, while no significant differences were ob-
served between the numbers of up- and downregulated genes
in 10-h-stressed samples. This was mainly due to the higher
number of commonly upregulated genes that was almost three
times the downregulated one (1483 vs. 593) at 2 h.

To better observe the entity of “early” and “late” gene
regulation in the two varieties, DEGs were divided in 6 clus-
ters on the basis of their expression trend, and the distribution
of log, (fold change) at 2 and 10 h of stress was reported in
Online Resource 8. While no relevant differences between the
cultivars were observed in clusters of genes regulated at 2 or
10 h only, a trend of stronger modulation can be noticed in
Volano for genes up- or downregulated in both stress condi-
tions. In fact, for those clusters of genes regulated in both time

a Thaibonnet 2h Volano 2h
o _| o
w w
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5 © 5 ©
o o
© o © o
S 2
T T T T T T T T T T T T T T
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
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Fig.2 Scatter plots of mean log, counts-per-million versus log, fold change plots. Transcriptional changes are presented in Thaibonnet and Volano at 2 h
(a) and 10 h (b) of chilling at 10 °C. Thaibonnet and Volano significant DEGs (FDR < 0.05) are indicated in red and blue, respectively
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Fig.3 Stacked bars plot of the number of up- and downregulated genes at
2 and 10 h of chilling (10 °C). Common regulated genes are indicated in
black, while Thaibonnet- and Volano-specific genes are indicated in red
and blue, respectively

points, expression changes were basically stronger in Volano
than in Thaibonnet.

To confirm the reliability of RNA-Seq data, we evaluated the
consistence between differential expression analysis and RT-
qPCR results for OsMYB4 and OsDREBIA genes. As shown
in Table 4, expression trends for OsDREBIA and OsMYB4
genes obtained with the two methods were coherent, and vali-
dated the RNA-Seq experiment for further data interpretation.

DEG distribution along rice genome and relationship
with known QTLs

With the aim of better understanding the genetic bases of re-
sponse to chilling, the relationship between DEGs and their
physical position on the genome was investigated. The number
of common and cultivar-specific DEGs for each mega-base
along rice chromosomes was calculated, and normalized by the
number of annotated genes in order to minimize the bias due to

Volano 2h Volano 10h

Fig. 4 Venn diagram of up- (a) and downregulated (b) genes in
Thaibonnet and Volano after 2 and 10 h of chilling at 10 °C

irregular gene distribution along the chromosomes (Mizuno et al.
2011). A map of DEG distribution over the rice genome was
produced using these normalized frequency values (Fig. 5).
Some chromosome regions (e.g., Chr 1: 35-40Mb; Chr 3: 5—
10Mb; Chr 4: 25-30Mb; Chr 9: 15Mb-end; Chr 10: 20Mb-end)
show a high frequency of genes that are differentially expressed
under chilling stress in both genotypes. Moreover, several re-
markable regions in which the density of specific DEGs sensibly
diverge between Volano and Thaibonnet were observed (e.g.,
Chr 1: 30-35Mb; Chr 2: 20-25Mb; Chr 5: 20-25Mb; Chr 7:
20-25Mb; Chr 9: 0-5Mb; Chr 10: 15-20Mb; Chr 12: 20-
25 Mb). These loci harbor groups of physically linked genes

Table 3 Differential expression

analysis statistics for Thaibonnet Thaibonnet Volano Common Specific T Specific V TOT
and Volano rice genotypes.
Numbers of up- and Total genes 37,830 37,830 37,830 - - 37,830
downregulated genes after 2 and of which active 22,376 22,747 21,685 691 1062 23,438
10'h of stress and numbers of DE genes 2 h 3144 3376 2085 1059 1291 4435
common and genotype-specific )
DEGs are reported. Statistics of of which upreg. 1948 2151 1483 465 668 2616
the number of active genes (genes of which downreg. 1196 1225 593 603 632 1828
whose transcripts were foundinat  DE genes 10 h 8412 8557 6416 1996 2141 10,553
i‘l’;s:v‘l’q“e oftheRNA sets)arealso o 1ok ipreg. 4304 4399 3411 893 988 5292
of which downreg. 4108 4158 2992 1116 1166 5274

@ Springer



Funct Integr Genomics (2018) 18:627-644 635

Table 4 Validation of RNA-Seq

experiment. DE analysis and RT- Sample OsMYB4 (0s0120695900) OsDREBIA (0s09g0522200)

qPCR results for OsDREBIA and log,(FC) log,(FC)

OsMYB4 genes are compared.

RNA-Seq and RT-qPCR data are RNA-Seq RT-qPCR RNA-Seq RT-gPCR

expressed as log,(Fold Change)

compared to the control stage of  Thaibonnet—control 0.00 0.00 0.00 0.00

the respective genotype Thaibonnet—2 h stress 1.77 3.04 6.93 6.67
Thaibonnet—10 h stress 522 6.63 1.23 4.76
Volano—control 0.00 0.00 0.00 0.00
Volano—2 h stress - —045 10.67 441
Volano—10 h stress 5.73 4.74 4.88 1.73

whose expression varies only (or mainly) in one of the two
cultivars, indicating a possible role in chilling tolerance. To cor-
relate the DEG distribution map with known variations in this
trait phenotype, genomic regions related to cold tolerance at
different developmental stages (including seedling and spike)
and to other traits that could influence it (osmotic adjustment,
cell membrane stability) were collected from Gramene database
(www.gramene.org; Tello-Ruiz et al. 2016). Moreover, QTLs for
cold tolerance at seedling stage not reported in Gramene were
also added to the map: qCTS12 (Andaya and Tai 2006), qCTS4
(Andaya and Tai 2007), qCtss11 (Koseki et al. 2010), gSCT1

and qSCT11 (Kim et al. 2014), gLOP2 and qPSR2-1 (Xiao et al.
2015), COLD1 (Ma et al. 2015). Physical positions on rice ge-
nome of these QTLs were inferred by searching sequences of
associated markers (including flanking and peak) by BLASTN
in Os-Nipponbare-Reference-IRGSP-1.0 pseudomolecules
(Online Resource 9). When overlapping, QTLs related to the
same trait were merged and reported as unique loci in Fig. 5,
so that interesting co-location with density peaks of common and
genotype-specific DEGs could be identified (e.g., the distal part
of Chr 1 long arm; Chr 6: 5-10Mb; Chr 8: 18-28Mb; Chr 9 long
arm; Chr 11 short arm).

Chr 01 Chr 02 Chr 03 Chr 04 Chr 05 Chr 06
DEGs/Mb DEGs/Mb DEGs/Mb DEGs/Mb DEGs/Mb DEGs/Mb
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3 Cold tolerance QTL regions

Fig. 5 Frequency distribution map of common and genotype-specific
DEGs. Frequency is expressed as number of DEGs for each chromosome
Mb, normalized by the number of annotated genes in the same Mb.
Common DEG frequency is represented with black lines, while red and
blue ones stand for Thaibonnet and Volano specific DEG frequencies,

B Cold related traits QTL regions (membrane stability, osmotic adj. capacity)

respectively. Chromosomal position refers to the Oryza sativa ssp.

Japonica IRGSP-1.0 pseudomolecules. QTLs associated to cold toler-

ance and to either membrane stability or osmotic adjustment capacity
are reported on the left of each chromosome as white and gray bars,
respectively
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Gene ontology enrichment analysis

Gene ontology (GO) enrichment analysis of the four DEG sets
was conducted to reveal biological processes differentiating
the two contrasting genotypes. GO terms were considered as
enriched if their p value was lower than a 0.05 threshold: a
total 0of407 GO terms were found to be enriched in at least one
of the four genotype/stress combinations (Online Resources
10 and 11).

In total, 193 enriched GO terms were shared by both geno-
types. Among the 95 GO terms related to Biological Processes
(BP), some were consistent with responses to low tempera-
tures stress, including “response to stress” (G0O:0006950),
“MAPK cascade” (GO:0000165), “regulation of defense
response” (GO:0031347) and “stress-activated protein kinase
signaling cascade” (GO:0031098). Other GO terms not direct-
ly attributable to chilling response, but whose importance
could be relevant due to the linkages between response path-
ways to different abiotic stresses (Nakashima et al. 2014),
such as “response to water deprivation” (GO:0009414) and
“response to wounding” (GO:0009611), were found to be
enriched in the transcriptomes of both genotypes. As far as
genotype specific enriched gene ontology terms belonging to
Biological Process (BP) class are concerned, 55 BP GO terms
were enriched in Volano but not in Thaibonnet (Fig. 6).
Among them, GO terms related to hormones such as “auxin
efflux” (GO:0010315), “jasmonic acid metabolic process”
(GO:0009694) and “response to gibberellin” (GO:0009739)
resulted to be enriched only in Volano and only after 10 h of
chilling stress. On the other hand, 67 GO terms were enriched
in Thaibonnet (sensitive) but not in Volano (resistant). Some
of these GO-terms related to hormones such as “cytokinin-
activated signaling pathway” (G0:0009736), “cellular re-
sponse to abscisic acid stimulus” (GO:0071215), “gibberellin
catabolic process” (GO:0045487) and “abscisic acid binding”
(GO:0010427) were enriched already at 2 h, while GO terms
“response to water” (GO:0009415) and “response to salt
stress” (GO:0009651) were enriched only after 10 h of chill-
ing. These differences in enriched GO terms between contrast-
ing genotypes indicate that pathways related to these terms
could be differentially implicated in response to chilling stress
in sensitive and resistant genotypes.

Discussion

Differential expression analyses in Thaibonnet and Volano
after 2 and 10 h at low temperatures identified interesting
short-term “early” and “late” transcriptional responses, and
were compared to previous reports on rice response to chilling
stress. The high number of DEGs found here (about 8500 in
each genotype after 10 h of chilling), is in accordance with do
Amaral et al. (2016), who studied the effects of 3 abiotic
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stresses (low temperatures, salinity and iron toxicity) on rice
transcriptome and, interestingly, chilling was reported to mod-
ulate the highest number of genes. According to Zhang et al.
(2014), rice is known to react to low temperature through three
main signal cascades: an ICE-DREB1/CBF pathway, a
MAPK cascade and an ABA-dependent pathway. Some as-
pects of the observed Volano and Thaibonnet response are
discussed below in relation to these three cascades and other
chilling-related pathways. For ease of reference, DE analysis
results for the genes mentioned in this paragraph were extract-
ed from Online Resource 7 and reported in Table 5.

ICE-CBF/DREB1 pathway This response pathway has been
widely studied in the model plant Arabidopsis since the end
of 1990s and many of its components have also been identi-
fied in rice (Chinnusamy et al. 2007; Zhu et al. 2007; Zhang et
al. 2013; do Amaral et al. 2016). The transduction cascade is
triggered by a transient increase of cytosolic Ca>*, whose sig-
nal is integrated by various family proteins such as calcium-
dependent protein kinases (CDPKs) (Asano et al. 2012) and
calmodulin binding transcription activators (CAMTA)
(Doherty et al. 2009). These kinases induce the activity of
the basic helix-loop-helix transcription factor ICE (Inducer
of CBF Expression), which in turn activates the key drought
responsive element binding (DREB)/C-repeat/dehydration-re-
sponsive element binding factor (CBF) genes. DREBs/CBFs
encode AP2/EREBP transcription factors that act as major
“regulatory hubs” for downstream cold-regulated (COR) ef-
fector genes (Zhou et al. 2011).

In our analysis, transcription of many CDPK genes, such as
OsCDPK4 (0s02g0126400), OsCDPK5 (0s02g0685900), and
OsCDPK7 (0s04G0584600), was observed to be activated in
both cultivars during chilling exposure. Expression of
OsCDPK7 was already reported to be induced under salt and
cold treatments (Saijo et al. 2000). Two other OsCDPKs seem to
have a different behavior between sensitive and tolerant geno-
types: OsCDPK21 and OsCDPK23 corresponding to
050820540400 and Os10g0539600, respectively. OsCDPK21
showed a striking increase (ca. 16-fold) of gene activity in
Volano already after 2 h of stress, while a weaker and later
response was observed in Thaibonnet (ca. 4-fold at 10 h). A
similar trend (but with lower induction) was observed for
OsCDPK?23 (Table 5). Interestingly, these two genes had never
been specifically reported as cold-responsive: OsCDPK21 was
known to enhance tolerance to salt stress (Asano et al. 2011),
while OsCDPK23 was previously reported as a protein kinase
required for storage product accumulation during seed develop-
ment (Asano et al. 2002). This differential transcript accumula-
tion between contrasting rice cultivars suggest that these two
calcium-dependent protein kinases might putatively be involved
in tolerance to low temperatures. As firstly reported in
Arabidopsis by Chinnusamy et al. (2003), CDPKSs proteins acti-
vate the inducer of CBF expression (/CET) transcription factor, a
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Fig. 6 Genotype-specific enriched GO-terms (p < 0.05) belonging to Biological Process class in Thaibonnet and Volano upon 2 and 10 h of chilling at

10 °C. GO-terms 1/p values are indicated on horizontal axis

bHLH protein that acts as a positive regulator of CBF3 expres-
sion. The rice homolog of ICE! gene (OsICE!), whose activity
was demonstrated to improve photosynthetic performance under
abiotic stresses (Chander et al. 2018), was studied by Nakamura
etal. (2011), who observed that cold stress increased the levels of
OsICE] proteins, whereas no difference in gene expression was
revealed. On the contrary, in our experiment, OsICE]
(0s01g0705700) was firmly upregulated equally at 2 and 10 h,
although in Volano absolute values of transcription enhancement
were slightly higher than in Thaibonnet. As far as OsDREBI
transcription factors are regarded, OsDREB1A (0s09g0522200),
OsDREBIB (0s09g0522000), and OsDREBIH
(0s09g0522100) activities peak at 2 h and have a log,FC of
about 7 in Thaibonnet and 10 in Volano in our experiment,

which means that in tolerant genotypes they are 8 times more
induced than in sensitive ones. These results are coherent with
the findings of Dubouzet et al. (2003) who observed that
OsDREBIA and OsDREBIB are early induced upon chilling
stress. However, while no alterations in OsDREBIC
(0Os06g0127100) activity were observed in their analysis, in
our experiment, this latter gene was early-induced by low tem-
peratures only in tolerant genotype with a log,FC of about 3.
Noteworthy, in our experiment, OsDREBIG (0s02g0677300)
had a peculiar behavior that could suggest its role in tolerance
to chilling, besides drought (Chen et al. 2008). This gene was
strongly upregulated after 2 h in both genotypes (log,FC of 3.30
in Thaibonnet and 5.86 in Volano) but then, while its expression
fully decreases in Thaibonnet, it remained firmly active in
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Table 5 Excerpt from Online
Resource 7 reporting the DE
analysis results for the genes
mentioned in the text. ID,
description and log, Fold Change
resulting from EdgeR analysis are

Log?2 fold change

Thaibonnet Volano

reported for each gene

Gene Gene ID 2h 10h 2h 10h
ICE-CBF/DREBI pathway OsCDPK4 0s02g0126400  1.80 2.67 2.25 2.70
OsCDPK5 0s02g0685900  1.96 234 2.12 2.35
OsCDPK7 0s04G0584600 2.64 329 2.63 3.25
OsCDPK21 050820540400 - 2.18 433 3.64
OsCDPK23 0s10g0539600 - 1.76  1.50 1.85
OsICE] 0s01g0705700  2.58 293  3.66 3.96
OsDREBIA 0s09g0522200 693 123 10.67 4.88
OsDREBIB 0s09g0522000  6.71 2.06 9.52 5.16
OsDREBIH 0s09g0522100 693 236 9.53 3.59
OsDREBIC 0s06g0127100 - - 2.99 2.96
OsDREBIG 0s02g0677300  3.30 - 586 495
OsMYB2 0s03g0315400  3.68 1.53 323 1.95
OsMYB3R-2 0s01g0841500 - 236 - 2.03
OsMYBS3 Os10g0561400 129 226 - 1.99
MAPK cascade OsMKK6 0s01g0510100 - 135 - 1.45
OsMPK6 0s10g0533600 - - - 1.08
OsMPK3 050320285800 246 225 293 3.04
OsMYB4 0s01g0695900  1.77 522 - 5.73
OsTRX23 0s07g0186000 - - - -
ABA-dependent pathway OsABF3 0s06g0211200 - - -1.28 -
OsABF1 0s01g0867300 - 138 - -
OsABF2 0s02g0766700 - 205 - 1.23
bZIP72 050920456200 - - - -
OsABF5 0s08g0472000 - - - -
bZIP42 0s05g0489700 - - - -
bZIP62 0s07g0686100 - - - -
OsNAC4 Os01g0816100 441 320 4.41 3.78
OsNAC6 0s01g0884300  2.33 1.73 227 1.05
OsNACS Os11g0184900 - 339 - 1.60
OsDREBID 050620165600 - - - -
Other genes involved in response to CYP74A2 05030225900  2.68 252 240 2.73
low temperatures CYP74Al 0s03g0767000  1.72 - 233 196
OsJAZS 0s09g0439200  1.15 1.19 - -
CYP76M8 0s02g0569400 - - 3.48 4.94
Similar to 0s01g0688900 - - 3.66 428
HSP70B prot.
POX-1 050420688200 - - 2.71 5.43

Volano, possibly extending the COR genes activation period
and, consequently, contributing to Volano’s major tolerance to
chilling stress. MYB transcription factors are part of ICE-CBF/
DREBI signal cascade too, as some of them regulate DREB1/
CBEFs activity. In particular, OsMYB3R-2 (0s01g0841500) and
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OsMYB2 (0s03g0315400) were previously reported to increase
low temperatures tolerance (Zhang et al. 2014) and, consistently,
in our experiment we observed that those genes increased their
activity after chilling stress. While OsMYB2 was sensibly acti-
vated at 2 h and decreased at 10 h, OsMYB3R-2 transcript was



Funct Integr Genomics (2018) 18:627-644

639

higher at 10 h stage only. OsMYBS3 (0Os10g0561400) gene was
upregulated since 2 h in the sensitive genotype, while justat 10 h
in the tolerant one and, as it was reported to negatively regulate
cold tolerance (Zhang et al. 2012, 2014), our results confirm its
role in chilling response.

MAPK cascade This pathway is triggered by reactive oxygen
species (ROS) accumulation in cold-treated rice cells and, as
reported by Xie et al. (2009), by a subsequent activation of a
downstream cascade involving mitogen-activated protein ki-
nase (MAPK), MAPK kinase (MAPKK) and MAPKK kinase
(MAPKKK) genes. Plant MAPK are involved in signaling
pathways induced by abiotic stresses, including low tempera-
tures (Suarez-Rodriguez et al. 2010; Liu and He 2017). This
signal cascade activates transcriptional regulation genes that
promote the production of COR (cold-responsive) proteins
(Sinha et al. 2011; Zhao et al. 2017). In particular, OsMKK6
(Os01g0510100), OsMPK3 (0s03g0285800), and OsMPK6
(0Os10g0533600) were previously observed to increase cold
stress tolerance when over-expressed in transgenic rice plants
(Xie et al. 2012). In our experiment, OsMKK6 and OsMPK6
genes showed a weak “late” response (only in Volano for
OsMPKG6; Table 5), while OsMPK3 was induced immediately
after exposure to low temperatures, according to the findings
that this gene responds early to stress (Wang et al. 2013). On
the other hand, OsTRX23, a cold-induced thioredoxin that
negatively regulates kinase activity (Xie et al. 2009), was
not differentially expressed in our experiment. Therefore,
while confirming that OsMKK6, OsMPK6, and OsMPK3
genes are low-temperature responsive and thus supporting
their involvement in the common part of the response mech-
anism, they do not seem to be determinant for the chilling
tolerance difference between Volano and Thaibonnet. This is
also supported by the enrichment of “MAPK cascade” GO
term (GO:0000165) observed in both cultivars.

ABA-dependent pathway This cold response pathway is trig-
gered by abscisic acid (ABA) transient accumulation. Abscisic
acid interacts with ABA-responsive genes via cis-acting ABA-
response elements (ABRE) and ABRE-binding bZIP transcrip-
tion factor (ABF) (Hossain et al. 2010). Then, OsNAC gene
transduces the ABA signal through an AREB in its promoter
and regulates the expression of NACRS-containing genes to
increase cold tolerance in rice (Nakashima et al. 2007, 2012;
Song et al. 2011). Many OsABF and bZIP genes were investi-
gated in our experiment. However, they result poorly
(0s06g0211200, 0s02g0766700, Os01g0867300) or not differ-
entially expressed at all (0s09g0456200, Os08g0472000,
050520489700, Os07g0686100). OsNAC4 (0s01g0816100)
and OsNAC6 (0Os01g0884300) genes have a stronger upregula-
tion since early stage of low temperatures response, while
OsNAC5 (Os11g0184900) was upregulated only at the late
stage, and its induction was higher in Thaibonnet than in

Volano. DREBID is the only known DREB1/CBF gene in-
volved in Arabidopsis ABA-dependent cold-response (Haake
et al. 2002) and drought-tolerance (Guttikonda et al. 2014) path-
ways, but its rice orthologous (OsDREBID, Os06g0165600)
was not differentially expressed in our experiment. All this sug-
gest that ABA-dependent pathway are not determinant for the
differential response of the two cultivars. Such result was also
confirmed by the enrichment of “ABA-activated signaling
pathway” GO term (GO:0009738) common to Volano and
Thaibonnet.

Summarizing DEG analysis for the three major cold-
responsive pathways, a prominent role of the ICE-DREB1/
CBEF pathway in chilling tolerance mechanisms was revealed
in Japonica rice like in other Poaceae (Akhtar et al. 2012;
Miura and Furumoto 2013): the stronger upregulation of sev-
eral OsDREBI genes could explain phenotypic differences in
tolerance among cultivars. Interestingly, transcription trends
of some OsDREBI1 genes (OsDREBIC, OsDREBIH and
OsDREBIG) are novelties that expand our knowledge on
the set of genes involved in chilling tolerance mechanism.
Moreover, differential transcript accumulation of calcium-
dependent protein kinases (OsCDPK21 and OsCDPK23) sug-
gests their role in tolerance to low temperatures. Further re-
search is needed to clarify their role at the molecular level and
to unveil their specific contribution to chilling tolerance.

Hormonal cross-talk In abiotic stress conditions, signal cascades
modulate changes in transcriptional regulation, biosynthesis and
transport of phytohormones (Munné-Bosch and Miiller 2013).
As mentioned above, a cold response pathway is known to be
triggered by ABA accumulation (Zhou et al. 2011; Zhang et al.
2014), and changes in ABA generate non-linear regulations in
the production of other phytohormones such as salicylic and
jasmonic acids (da Maia et al. 2016). This “hormonal cross-talk”
is confirmed by our results where, among the GO-terms enriched
in both rice cultivars, several are related to biosynthesis, signal-
ing and response to hormones such as ABA (G0O:0009738),
salicylic acid (GO:0009751, GO:0010337, GO:0009863,
G0:0009697, GO:0080142), jasmonic acid (GO:2000022,
G0:0009753, GO:0009867), auxin (GO:0009733,
GO0:0009851) and ethylene (GO:0009723). In particular,
jasmonic acid (JA) is known to have a prominent role in abiotic
stress response: its level in stressed rice is reported to be signif-
icantly higher than in non-stressed control (Du et al. 2013).
Moreover, accumulation of JA was observed to be higher in
abiotic stresses-tolerant rice genotypes than in sensitive ones
(Kang etal. 2005). Our gene expression analysis confirmed these
findings, since genes involved in JA biosynthesis responded to
chilling stress: CYP74A2 (0s03g0225900) whose expression
was enhanced in both genotypes, while CYP74A1
(0Os03g0767000) was more upregulated in Volano. OsJAZS
(0s09g0439200) was interestingly upregulated just in
Thaibonnet and, since JAZ proteins are known to act as
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repressors of JA-responsive genes (Chung et al. 2008), OsJAZS
could putatively repress the plant response to JA only in chilling-
sensitive genotype. A role of JA in chilling tolerance was also
highlighted by GO enrichment analysis: “Jasmonic acid biosyn-
thetic process” GO-term (GO:0009695) was enriched in both
genotypes for genes modulated after 2 h of chilling stress while,
at 10 h, this GO category resulted enriched only in Volano
(Online Resource 11).

Other contributors? In addition to the genes involved in the
processes described above, some other transcripts were found
to have an interesting expression profile (Table 5), and their
differential short-term response to cold in the contrasting geno-
types Volano and Thaibonnet could suggest their involvement in
conferring chilling tolerance to rice seedlings. Plant cytochrome
P450 monooxygenases catalyze several enzymatic reactions for
various metabolites (Heitz et al. 2012; Hamberger and Bak 2013)
and some P450 genes were found to be upregulated in rice cold-
tolerant genotypes (da Maia et al. 2016). In our experiment,
genes belonging to P450 family did not show a diversified trend
in expression between the contrasting genotypes but, interesting-
ly, CYP76 M8 (0s02g0569400) resulted strongly upregulated on-
ly in tolerant genotype (at both early and late stage). In the present
study, also a heat shock protein similar to HSP70B
(0s01g0688900) resulted intensely upregulated since the early
stage of chilling stress exclusively in tolerant genotype as well: its
expression trend is coherent with the already known involvement
of heat shock proteins in response to cold (Zhang et al. 2012;
Dametto et al. 2015). Noteworthy, a peroxidase gene (POX-1,
0s04g0688200) was induced only in Volano at 2 h of stress, and
its upregulation rose up to log,FC=5.43 at 10 h, while in
Thaibonnet no differential expression was observed. This result
confirms the observations of Cheng et al. (2007) and could be
explained with the role of peroxidases as ROS scavengers: resis-
tant genotypes have an higher activity of this gene, whose prod-
uct contribute to lower the concentration of ROS in stressed cells,
conferring a higher level of tolerance to low temperatures.
Expression profiles of mentioned genes, although interesting
from the present research point of view, would need further mo-
lecular characterization to prove their role in chilling tolerance.

Early response matters Cereals monitor temperature with a
high level of precision, and differences in the initial rates of
acclimation have been proposed as a fundamental mechanism
differentiating tolerant and susceptible varieties (Fowler 2008).
A demonstration of the faster rate of acclimation in resistant
genotypes was provided by Fowler and Limin (2004), who
linked differences in threshold temperatures and phenotypes
by comparing a set of reciprocal near isogenic lines in wheat.
From a molecular point of view, a similar approach was follow-
ed in the present study to compare “early” and “late” response
in rice. Genes that were upregulated in both tolerant and sensi-
tive genotypes, but whose activity grew up earlier in Volano
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than in Thaibonnet could be crucial: their early activation could
in fact trigger faster acclimation in Volano and determine in-
creased tolerance. Among the genes that were upregulated in
both tolerant and sensitive genotypes, 249 resulted activated
from 2 h after stress in Volano, but only after 10 h in
Thaibonnet. MapMan software (Usadel et al. 2009) analysis
showed that transcription factors were the most represented
class among these genes (Online Resource 12). In particular,
six helix-loop-helix DNA-binding domain containing proteins
(bHLH, the same class as ICE! gene) and three ethylene-
responsive binding proteins (AP2/EREBP, same class of
DREB transcription factors) (Online Resource 13) showed this
faster upregulation in Volano. Such evidence confirms the im-
portance of transcription factors for low-temperature response,
and suggest their contribution in chilling tolerance.

DEG distribution and QTLs position Analysis carried out on
positional relationships between DEGs and previously identified
QTLs revealed target regions that could be prioritized in breeding
superior rice genotypes (Fig. 5). Some chromosomal segments
were particularly dense of DEGs, showing their high frequency
in both genotypes. A probable explanation is that these regions
harbor groups of genes responsible for an important part of the
chilling response mechanism, shared by tolerant and sensitive
cultivars. Noteworthy, the density peak in the distal part of chro-
mosome 9 long arm coincided with the physical position of
DREB1/CBF genes cluster, where genes OsDREBIA,
OsDREBIB, and OsDREBIH were found upregulated in both
accessions, with higher induction in tolerant genotype. This clus-
ter is conserved in Poaceae (Tondelli et al. 2011), and its struc-
ture suggests a tendency to gene duplication in the course of
evolution: a greater number of genes belonging to DREB1/
CBF family usually means an increased level of low-
temperature tolerance (Francia et al. 2015, 2016). Some chromo-
somal regions in which the density of specific DEGs sensibly
diverge between contrasting genotypes could also be observed
(e.g., Chr 1: 30-35Mb; Chr 2: 20-25Mb; Chr 5: 20-25Mb; Chr
7: 20-25Mb; Chr 9: 0-5Mb; Chr 10: 15-20Mb; Chr 12: 20—
25Mb). These loci putatively include groups of physically linked
genes that respond to chilling only in one cultivar, so they can
contribute to rice chilling tolerance mechanism. Notably, Volano
specific DEGs density (blue lines in Fig. 5) overcome the
Thaibonnet one (red lines) in most of these regions, which also
suggests that DEGs in these loci are more often specific for the
tolerant genotype. This observation is in line with DE analysis
statistics in which the number of DEGs specific to Volano was
higher than the number of Thaibonnet, especially for the early
response (Fig. 3; Table 3). Our results also confirm the asymmet-
ric distribution of active genes in the centromeric regions of the
rice chromosomes (Mizuno et al. 2011) and, although more
abundant in chromosome distal regions, active genes could be
found close to centromeres as well. Some of these genes are
induced by chilling stress and could have a role in tolerance
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mechanism. This could represent a hurdle during the breeding
process, since the recombination frequency in pericentromeric
regions is lower compared to telomeres and subtelomeres. In this
case, recently developed techniques like CRISPR/Cas (Cong et
al. 2013) could be a functional instruments to edit genes included
in these regions, and to introduce positive or improved alleles in
elite germplasm. For some genomic loci, high DEG frequency
was correlated with QTLs known to be linked to cold tolerance
and to other traits that could influence it (osmotic adjustment and
cell membrane stability; e.g., the distal part of Chr 1 long arm;
Chr 6: 10-20Mb; Chr 8: 18-28Mb; Chr 9 long arm, and Chr 11
short arm): these genomic regions putatively play an important
role in low temperature response in rice. Some QTLs also
corresponded to regions where density of Thaibonnet and
Volano specific DEGs sensibly diverge (e.g., Chr 1: 30-35Mbj;
Chr 2: 20-25Mb; Chr 3: 30-35Mb; Chr 4: 25-25Mb; Chr 7: 20—
25Mb). Besides above mentioned DREB1/CBF genes that cor-
relates with a DEGs density peak, we observed other correspon-
dence between known QTLs, DEGs density and noteworthy
differentially expressed genes. For example, OsCDPK7
(0s04G0584600), OsCDPKS5 (0s02g0685900), OsCDPK21
(0s08g0540400) and OsMYB3R-2 (0s01g0841500) were in-
cluded respectively in AQDUO15, qPSR2-1, COLD2 and
CQP1 QTLs related to cold tolerance, and coincided with density
peaks of common DEGs. Although no coincidence was found
between OsMYB4 and the position of already known QTLs,
OsMYB?2 (0s03g0315400) coincided with a density peak of
common DEGs that co-located with a QTL putatively responsi-
ble for osmotic adjustment capacity (AQFTO003). These corre-
spondences indicated rice genome loci that are putatively highly
significant for chilling tolerance mechanism, and could possibly
be used for future breeding programs.

Conclusions

In this study, we used an RNA-Seq approach to profile the short-
term transcriptional response of Japonica rice to chilling. Most
known low-temperature response pathways were analyzed and,
interestingly, ICE-DREB1/CBF cascade resulted to play a prima-
ry role in differential response to chilling of the two contrasting
cultivars Volano (tolerant) and Thaibonnet (sensitive). A clear
involvement in tolerance mechanism of both known (OsICE],
OsDREBIA, OsDREBI1B) and novel (OsDREBIC, OsDREBIG,
and OsDREBIH) transcription factors was demonstrated.
Transcriptional regulators were in fact the most represented class
among the genes that were upregulated earlier in the tolerant than
in the sensitive genotype: this evidence confirms the primary role
of TFs in acclimation, and suggests their fast activation as a
physiological mechanism leading to higher tolerance. Besides
genes already known to be involved in chilling response, we
found some novel genes that show a different expression trend
between the two contrasting genotypes (i.e., calcium-dependent

protein kinases OsCDPK21 and OsCDPK?23, Cytochrome P450
monooxygenase CYP76M8, Peroxidase POX-1, etc.), and are
putatively implicated in short-term low temperature response in
rice. Differentially expressed genes density was calculated along
all the rice chromosomes, and related to the QTLs associated to
low temperature response. This co-localization of DEGs and
QTLs on the chromosomes delivers a general overview of rice
chromosomic regions that determine response to chilling in seed-
lings, and contributes to a better understanding of the molecular
mechanisms underlying it. Moreover, GO enrichment analysis
evidenced that phytohormones-related GO terms play a promi-
nent role in both common and genotype-specific response,
confirming their importance for low temperature response signal-
ing. Overall, a deep reconfiguration of the transcriptome in both
Volano and Thaibonnet succeeding the chilling stress was ob-
served, and a great number of molecular mechanisms and signal
transduction pathways were involved in these alterations.
However, we described some important evidences that could
provide an explanation for the differences between the contrast-
ing genotypes: a stronger upregulation of several OsDREBI
genes in the tolerant genotype, a slower activation of some tran-
scription factors in susceptible one, and an overlapping between
known chilling tolerance-related QTLs and genomic regions
where the density of cultivar-specific DEGs sensibly diverge.
Our results provide a solid background for future development
of chilling tolerant Japonica genotypes.
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