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Integrated global analysis reveals a vitamin E-
vitamin K1 sub-network, downstream of COLD1,
underlying rice chilling tolerance divergence
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In brief

Asian cultivated rice, japonica and indica,
exhibit clearly different chilling tolerance.
The underlying regulatory network,
however, remains obscure. Luo et al.
reveal a vitamin E-vitamin K1 sub-
network in chloroplasts, downstream of
cold sensor COLD1 and responsible for
chilling tolerance divergence. The results
suggest ways to improve stress tolerance
in crops.
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SUMMARY

Rice, a staple food with tropical/subtropical origination, is susceptible to cold stress, one of the major con-
straints on its yield and distribution. Asian cultivated rice consists of two subspecies with diverged chilling
tolerance to adapt to different environments. The mechanism underlying this divergence remains obscure
with a few known factors, including membrane protein CHILLING-TOLERANCE DIVERGENCE 1 (COLD1).
Here, we reveal a vitamin E-vitamin K1 sub-network responsible for chilling tolerance divergence through
global analyses. Rice genome regions responsible for tolerance divergence are identified with chromosome
segment substitution lines (CSSLs). Comparative transcriptomic and metabolomic analysis of chilling-
tolerant CSSL4-1 and parent lines uncovered a vitamin E-vitamin K1 sub-network in chloroplast with tocoph-
erol (vitamin E) mediating chloroplast-to-nucleus signaling. COLD1, located in the substitution segment in
CSSL4-1, is confirmed as its upstream regulator by transgenic material analysis. Our work uncovers a
pathway downstream of COLD1, through which rice modulates chilling tolerance for thermal adaptation,

with potential utility in crop improvement.

INTRODUCTION

Environmental temperature, one of the most important factors
affecting plant growth and development, restricts crop produc-
tivity and distribution, especially for species that originated
from tropical and subtropical regions, such as rice. As the staple
food for more than one-half of the global population, rice is
planted across a wide latitudinal range, including tropical and
temperate zones. Asian cultivated rice has two major subgroups,
namely, japonica and indica. Typical japonica rice, namely
temperate japonica, exhibit more robust cold tolerance than ind-
ica and are mainly grown in areas with low environmental
temperature. A major global cooling event that occurred approx-
imately 4,200 years ago is the driving force for the diversification
of temperate and tropical japonica (Gutaker et al., 2020). Tem-
perature is likely the critical environmental factor driving rice
evolution.

Cold stresses on plants are divided into different levels. Chill-
ing (0-18°C) is typically experienced by plants from tropical or
subtropical regions. In rice, chilling sensing and signaling path-
ways have been identified, with membrane protein CHILLING-
TOLERANCE DIVERGENCE 1 (COLD1) as the sensor for cold
signal (Ma et al., 2015; Korner, 2016). Chilling signal is first
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perceived by G-protein regulator COLD1, which triggers calcium
influx together with G-protein o subunit 1 (RGA1) and leads to
activation of cold-responsive genes and other possible regulons
(Ma et al., 2015; Moon et al., 2019). Other protein-kinase-medi-
ated cold signaling pathways were also uncovered (Zhang
et al., 2017, 2019). Chilling activates mitogen-activated protein
kinase 3 (MPK®), which leads to the activation of trehalose-6-
phosphate phosphatase 1 (TPP1) and the accumulation of treha-
lose. Rice chilling tolerance, therefore, increased with the aid of
osmotic regulation (Zhang et al., 2017).

Japonica rice varieties, usually grown in higher latitude or alti-
tude areas, exhibit more robust chilling tolerance than indica va-
rieties grown in tropical and subtropical regions. Elucidating its
underlying mechanism is critical for rice chilling tolerance
improvement. A number of natural variations between japonica
and indica, such as single nucleotide polymorphisms (SNPs),
have been proven to contribute to their different chilling toler-
ance. COLD1 has a nonsynonymous SNP in the fourth exon,
leading to different levels of RGA1 activation and cold-stimu-
lated inward current signal and resulting in different chilling toler-
ance between japonica and indica (Ma et al., 2015; Manishankar
and Kudla, 2015). One functional polymorphism in the exon of
transcription factor bZIP73 also contributes to cold tolerance
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divergence (Liu et al., 2018). The nucleotide variations in the pro-
moter region of Ghd8 and HAN1, encoding a transcription factor
and an oxidase finely regulating jasmonate (JA) -mediated chill-
ing response, respectively, also lead to different chilling toler-
ance between japonica and indica (Mao et al., 2019; Wang
et al., 2019a).

Chilling tolerance is a complex agricultural trait controlled by
multiple genes (Guo et al., 2018). The diverged japonica-indica
chilling tolerance, therefore, is unlikely to be attributed to one or
two genes. It is of great importance to detect the regulatory
pathway or network through a global analysis of the whole cold
response system. In this study, we screened the rice genome
with chromosome segment substitution lines (CSSLs), in which
the genome of indica variety 93-11 was substituted segment by
segment withjaponica genomic DNA fragments, to identify the crit-
ical genomic region responsible for cold tolerance divergence (Xu
etal., 2010). We obtained a substitution line CSSL4-1, whose chill-
ing tolerance can be shifted to near the japonica level through the
substitution of genomic segments. CSSL4-1, with indica back-
ground and near-japonica level chilling tolerance, is an ideal plant
material to clarify the cold tolerance divergence mechanism. Thus,
it was exposed to global transcriptional and metabolic profiling.
Comparing CSSL4-1 and its parent lines helps to uncover
response pathways mediated by the introgression genomic
segment and reveal the regulation point by which plants modulate
their chilling response system to adapt to different environments,
paving the way for cold-tolerance molecular breeding.

RESULTS

The introgression of the NIP segment in 93-11
background results in CSSL4-1 with chilling tolerance
similar to NIP

The chilling tolerance of japonica variety Nipponbare (NIP) and
indica variety 93-11 was analyzed with different levels of chilling
treatment. No phenotypic changes were observed after mild chill-
ing treatment (4°C for 10 h) and recovery (normal temperature for
3 days) for both varieties. After severe chilling treatment (4°C for
41 h) and recovery, leaves of 93-11 severely wilted, but NIP still ex-
hibited no noticeable phenotypic changes (Figures 1A and 1B),
indicating that NIP and 93-11 have different cold tolerances.

To clarify the genetic basis for rice chilling tolerance diver-
gence, we performed a screen with 62 CSSLs, in which various
NIP chromosome segments were inserted into the 93-11 back-
ground (Xu et al., 2010). Twenty-two CSSLs showed cold toler-
ance higher than 93-11 (Figure S1A), among which CSSL4-1
was the most tolerant one. After severe chilling treatment and re-
covery, all NIP seedlings survived (survival rate, 100%) and only
4% of CSSL4-1 died (survival rate, 96%). The survival rate of 93-
11 and other CSSLs, however, was lower (2%-59%; Figures 1A,
1B, S1A, and S1B). These findings suggest that the NIP seg-
ments inserted into CSSL4-1 can enhance the chilling tolerance
of 93-11 to a level similar to that of NIP.

To study the molecular regulation mechanism contained in the
NIP genomic segments in CSSL4-1, we searched this region for
known chilling-tolerance-related quantitative trait loci (QTL). A
QTL identified with recombinant inbred lines generated from a
cross between japonica variety NIP and indica variety 93-11
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was mapped to this region, with COLD1 being the responsible
gene (Ma et al., 2015; Figure S1C). To gain a comprehensive un-
derstanding of mechanisms underlying differential chilling toler-
ance between japonica and indica, we chose to use CSSL4-1, an
ideal plant material with 93-11 background and near-NIP-level
chilling tolerance, for further study.

Comparative transcriptomic analysis detects pathways
showing similar change patterns for CSSL4-1 and NIP in
chilling response

To identify transcriptional regulatory networks underlying the dif-
ferential chilling tolerance between japonica and indica, high-
throughput sequencing-based transcriptomic analyses were
performed for CSSL4-1, NIP, and 93-11 with mild and severe
chilling treatments (Figure 1C). For each sample, more than 40
million high-quality sequencing reads were obtained, and the ex-
pressions of more than 25 thousand genes were detected (Table
S1). A significant proportion of them showed varied expression
upon chilling treatment (Figures 2A and S2A). Quantitative real-
time PCR was performed for verification (Figures S2B and S2C).

We performed a principal-component analysis (PCA) by using
the expression levels of all detected genes, after being normal-
ized by the expression levels in seedlings collected at the
same growth stage without chilling treatment. Under mild chilling
treatment, CSSL4-1 separated from both NIP and 93-11, prob-
ably reflecting the genetic incompatibility between NIP and 93-
11. Under severe chilling treatment, CSSL4-1 clustered with
93-11, echoing that they shared the majority of their genetic
background (Figure 2B).

To explore the mechanism responsible for japonica-indica
divergence in cold tolerance, we attempted to identify genes
that showed similar change patterns between CSSL4-1 and chill-
ing-tolerant japonica variety NIP, but not chilling-sensitive indica
variety 93-11 (see STAR Methods for details). These genes were
further classified into the following four groups according to chill-
ing treatment (10 h and 41 h) and change trend: 10 h up, 10 h
down, 41 h up, and 41 h down. Then, we identified enriched
pathways for different group of genes based on the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database using KEGG
Orthology Based Annotation System (KOBAS) 3.0 (Xie et al,,
2011). Multiple enriched (p < 0.05) pathways were identified
and classified into different classes and subclasses according
to their biological function. Two subclasses, namely, cofactors/
vitamins and translation, contained obviously more pathways
than others. Interestingly, in the cofactors/vitamin subclass the
ubiquinone/terpenoid-quinone biosynthesis pathway and its
related one, the diterpenoid biosynthesis pathway, were both
identified (Figure 2C). Terpenoid and quinone biosynthesis in-
cludes the synthetic pathway of vitamin E (tocopherol) attaching
to the photosynthetic membrane and vitamin K1 (phylloquinone),
belonging to electron carriers in photosynthesis (Basset et al.,
2017; Mufoz and Munné-Bosch, 2019) .

Metabolic comparison reveals metabolites showing
similar change patterns between CSSL4-1 and NIP in
chilling response

We performed unbiased global metabolic profiling for CSSL4-1,
NIP, and 93-11, in parallel with transcriptomic analyses
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Figure 1. Chilling tolerance analysis of chromosome segment substitution line CSSL4-1 and experiment design
(A and B) Representative images and survival rates of substitution line CSSL4-1 and its parent lines NIP and 93-11 exposed to chilling treatment (4°C) for 10 and
41 h (10 h, 41 h) with recovery growth. Bar, 5 cm. Mean and standard deviation were calculated by at least three independent experiments. p values are given by

the Student’s t test with untreated plants as control (*p < 0.01).

(C) A schematic diagram shows the workflow. Parallel transcriptomic and metabolomic profiling were performed for substitution line CSSL4-1 and its parent lines
NIP and 93-11 exposed to chilling treatment (4°C) 10 h and 41 h (10 h, 41 h), followed by 3 days (3 d) of recovery growth at a normal temperature (28°C day/25°C
night). Blue and red arrows denote sampling time points of transcriptomic and metabolomic profiling, respectively.

(Figure 1C). A total of 305 metabolites were identified, and the
average level of each metabolite in each sample was calculated
from biological replicates. To eliminate the growth effect, metab-
olomic data from chilling-treated samples were normalized using
those from corresponding untreated controls (Tables S2 and S3).
The PCA plot of metabolomic data was different from that of the
transcriptome. Under mild chilling treatment, CSSL4-1, NIP, and
93-11 clustered together. Under severe chilling treatment, how-

ever, CSSL4-1, 93-11, and NIP separated clearly on the PCA
plot. CSSL4-1 and 93-11, with their similar background, grouped
together to some extent, which is consistent with the results at
the transcriptional level (Figures 2B and 3A). Interestingly,
when PCA was performed just for samples of mild chilling
treatment, the results showed that CSSL4-1, NIP, and 93-11
separated from one another with or without chilling treatment,
suggesting that differences among these samples also exist
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Figure 2. Transcriptomic comparison of CSSL4-1 and its parent lines, NIP and 93-11, under chilling stress

(A) Heatmap showing the effect of chilling stress on gene expression in CSSL4-1, NIP, and 93-11 with mild (10 h) and severe (41 h) chilling treatment. The mRNA
expression changes in each sample were normalized by that in corresponding untreated samples and shown by different colors.

(B) Principal-component analysis for transcriptomic profiles of CSSL4-1, NIP, and 93-11 with mild and severe chilling treatment. The first two principal com-

ponents explain 32.36% and 21.08% of the variance, respectively.

(C) Enrichment of pathways was performed based on Kyoto Encyclopedia of Genes and Genomes (KEGG) with KOBAS (KEGG Orthology Based Annotation
System) 3.0 for genes showing similar change patterns between CSSL4-1 and NIP, but not 93-11, under chilling stress. Significantly enriched biological pathways
are shown (*p < 0.05, **p < 0.01, **p < 0.001; hypergeometric test). Subclass sections are colored in gray (>2) or dark gray (>3) according to their containing
biological pathway number. Connecting ribbons are colored according to the type of subclasses.

but are relatively weaker than those under severe chilling treat-
ment, and may be covered up by the latter when they were
analyzed together (Figures 3A, S3A, and S3B).

The content of various types of metabolites changed upon
chilling stress, suggesting a profound effect of chilling stress
on rice metabolism (Figure 3B). We detected the accumula-
tion of a wide range of the amino acids and peptides under
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severe chilling treatment, implying the disorder of their meta-
bolism. The accumulation of peptides was relatively weak in
NIP, echoing its high survival rate (Figures 1A, 1B, and 3B).
The contents of lipids and carbohydrates increased for all
three rice varieties upon severe treatment, implying lipid
metabolism is a general response to chilling temperature
(Figure 3B).
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Figure 3. Metabolomic comparison of the
response of CSSL4-1 and its parent lines,
NIP and 93-11, under chilling stress
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Antioxidative response and related metabolic adjustment
were also detected. The accumulation of putrescine, a poly-
amine possessing antioxidant activities, was observed initially
in NIP and then in CSSL4-1 and 93-11 as the treatment level
increased (Cuevas et al., 2008; Verma and Mishra, 2005). It is
also the same case for glutamine and glutamate, metabolites
related to the glutathione-ascorbate cycle (Table S4; Noctor
et al., 2012; Ohkama-Ohtsu et al., 2008). Upon mild treatment,
an increase was detected in NIP for nicotinamide ribonucleotide
(NMN), an intermediate in nicotinamide adenine dinucleotide
(NAD) synthesis, which is involved in plant cellular redox homeo-
stasis (Hashida et al., 2009; Jayaram et al., 2011). The increase
was detected both in NIP and CSSL4-1 under severe treatment,

41h
relative metabolic level

|
3

(D) Relative changes of chilling-tolerance-diver-
gence-related metabolites in the cofactor/electron
carrier/vitamin category (Figure 3C), in CSSL4-1
(CSSL), NIP, and 93-11 under mild (10 h, left col-
umn) or severe (41 h, right column) chilling treat-
ment. The relative metabolic level for each sample
was normalized by that in the corresponding un-
treated samples, with log, transformation. Dashed
lines denote the level of CSSL4-1, and arrows
denote the difference between CSSL4-1 and NIP
or CSSL4-1 and 93-11.

(E) Weighted co-expression network of metabo-
lites with mild and severe chilling treatment, based
on Pearson’s correlation coefficient with a
threshold of 0.1. Chilling-tolerance-divergence-
related metabolites are enlarged and colored in
purplish red. The names of vitamin E («-tocopherol
and y-tocopherol) and vitamin K1 are labeled.
Details are shown in Figure S4A.

|
2-10 1 2 3

e, e r‘
"
® but never observed for 93-11, consistent
A with the relatively higher chilling tolerance
Ve for CSSL4-1 and NIP (Figures 1A and 1B;
Table S4)

To identify the functional metabolites

contributing to the higher chilling toler-

ance of CSSL4-1 and NIP, we chose metabolites showing
similar changes between CSSL4-1 and japonica variety
NIP but different between CSSL4-1 and indica variety 93-
11 (see STAR Methods for details). A total of 39 candidate
metabolites, eligible under either mild (10 h) or severe (41
h) chilling treatment, were selected as chilling-tolerance-
divergence-related metabolites, including amino acids and
peptides, carbohydrates, lipids, nucleotides, cofactors, vita-
mins, and secondary metabolites (Table S5). The most
apparent enrichment (p < 0.05, hypergeometric test) was
observed for cofactors/electron carriers/vitamins, including
vitamin E (tocopherol) and vitamin K1, echoing the transcrip-
tional analysis results (Figures 2C, 3C, and 3D; Table S6).
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Both vitamin E and vitamin K1 are mainly synthesized in the
chloroplast, and their biosynthesis is part of the ubiquinone/
terpenoid-quinone biosynthetic network and has a common
precursor, phytyl-PP (PDP). The biosynthetic pathways of
vitamin E and vitamin K1 form a sub-network (Basset
et al., 2017; Méne-Saffrané, 2017). We also analyzed nucle-
otide diversity of this sub-network. Only one gene, namely,
VTE4 encoding tocopherol O-methyltransferase, was found
to possess two nonsynonymous SNPs that are different
between japonica and indica, implying that it is the one
exposed to divergence-related natural selection (Table S7;
Bergmduller et al., 2003). Enrichment (p < 0.05, hypergeomet-
ric test) was also detected for phospholipids in membrane,
phosphoethanolamine, oleoylglycerophosphocholine, and li-
noleoylglycerophosphocholine (Figures 3C and S3C; Table
S6), which might be the polyunsaturated membrane lipids
protected by tocopherol against peroxidation (Chen et al.,
2009; Hullin-Matsuda et al., 2016; Sanchez-Migallén et al.,
1996). The 12,13-hydroxyoctadec-9(Z)-enoate, whose meta-
bolism is associated with waxes, was also detected, in con-
cert with the appearance of wax biosynthesis in enriched
pathway analysis of genes with similar change patterns be-
tween CSSL4-1 and NIP at the transcriptional level (Figures
2C and S3C; Kosma et al., 2015).

We constructed a co-variation network from the metabolic
profiles to explore the relationship among metabolites. The
network, containing 296 nodes (metabolites) and 2,145 edges
(co-variation relationship), included 2 core modules (Figures 3E
and S4A). Vitamin E and its biosynthesis-related metabolites
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Figure 4. Network showing connection be-
tween transcriptome and metabolome in
chilling stress response

Weighted co-expression network of highly vari-
able (their variance ranked at the top 5%) genes
and metabolites with mild and severe chilling
treatment, based on Pearson’s correlation coeffi-
cient with a threshold of 0.2. Classes 1-5 are
outlined with different colors. The name of path-
ways under classes 1-5 resulted from KEGG
pathway enrichment analysis (p < 0.05, hyper-
geometric test, only top 5 were shown) (Table S9).
Chilling-tolerance-divergence-related metabolites
are denoted with big triangles, filled with colors of
corresponding modules. The triangles for vitamin
E (z-tocopherol and y-tocopherol) and vitamin K1
are highlighted with red and vyellow color,
respectively. Details are shown in Figures S4B-
S4D and Tables S8 and S9.

a0
oo o
o

are mainly located in the larger core mod-
ule, suggesting synchronized regulation
in chilling response. Vitamin K1 also lo-
cates in the same core module, consis-
tent with the fact that vitamins E and K
form a sub-network. Approximately one-
third of the 39 diverged-chilling-toler-
ance-related compounds were also
located in the core areas, suggesting
the adaptation of the vital regulatory point underlying chilling
tolerance divergence (Figure 3E).

sugar metabolism

Integrative analyses of metabolomics and
transcriptomics reveal a critical role of the vitamin E-
vitamin K1 sub-network

We constructed weighted co-expression networks from the pro-
files comprising metabolite levels together with transcriptional
data from CSSL4-1, NIP, and 93-11 with mild and severe chilling
treatment. The edges in such networks were established be-
tween two nodes if the corresponding variables were signifi-
cantly correlated based on Pearson’s correlation coefficient.
This network included 830 highly variable genes (ranked at the
top 5%) and 259 metabolites. A total of 12,468 edges and 12
modules were identified, which were further grouped into 5 clas-
ses (Figures 4 and S4B-S4D; Table S8). Class 1, with genes
largely related to photosynthesis, contained the largest number
of connections, implying a significant association between tran-
scriptional and metabolic levels for this biological process
(Tables S8 and S9).

To uncover the role of diverged-chilling-tolerance-related com-
pounds in the whole regulation system, their position in the co-
expression network was analyzed. a-Tocopherol is located in
class 1, consistent with its function in photosynthetic antioxida-
tion. y-Tocopherol and vitamin K1 are located in class 2, consis-
tent with their chemical structures. Interestingly, a-tocopherol
and y-tocopherol belong to two different classes, suggesting a
difference in function and interaction with other metabolites. Clas-
ses 1-4 are close to each other and compose a relatively
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Figure 5. Analysis of transgenic materials for COLD1

(A) Representative images of COLD1 overexpression line (COLD7/#°0X8) and mutant (cold7-17) after chilling treatment for 0 and 84 h with recovery growth, with
Zhonghua 10 (ZH10) and Dongjin (DJ) as corresponding controls. Bar, 5 cm.

(B) Survival rate of COLD1 transgenic lines and mutants after chilling treatment (4°C, 84 h) with ZH10 and DJ as corresponding controls. Mean and stand deviation
are given by three independent experiments. ***p < 0.001, from Student’s t test.

(legend continued on next page)
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independent region. Class 5 stays in the surrounding area and
shows a relatively loose relationship to the core region. The 39
diverged-chilling-tolerance-related metabolites are distributed
dispersedly in the network, with classes 1-4 as an aggregation re-
gion, implying its potential as the core for the regulation network
responsible for rice chilling tolerance divergence (Figure 4).

The vitamin E-vitamin K1 sub-network is downstream of
COLD1 signaling

A QTL with COLD1 being the responsible gene is known to be
located in the NIP genomic segments in CSSL4-1 (Ma et al.,
2015; Figure S1C). We, therefore, focused on COLD1, although
we could not rule out the possibility that other genes in this
genomic region also contribute to the higher chilling tolerance
of CSSL4-1. The contribution of COLD1 to chilling tolerance
was confirmed with an analysis of its transgenic plant materials.
The COLD12° (haplotype for japonica)-overexpression lines
exhibit a higher survival rate than wild-type control Zhonghua
10 (ZH10) (57.7% versus 24.5%) with chilling treatment, whereas
loss-of-function mutant cold7-1 exhibited a significantly lower
survival rate than corresponding control Dongjin (DJ) (58.4%
versus 84.7%) (Figures 5A, 5B, S5A, and S5B).

Given that COLD1 encodes a membrane protein sensing cold
signal, we hypothesized that it might serve to initiate the down-
stream response of vitamins E and K1 biosynthetic pathways
(Ma et al., 2015). Thus, we examined metabolite concentration
and gene expression for the transgenic plant materials of
COLD1. Under chilling treatment, the a-tocopherol level was
higher in the COLD1"%°-overexpression line but lower in cold1-
1, compared with that in the control (Figure 5C). The overexpres-
sion and loss-of-function mutants for VTE4, the gene respon-
sible for a-tocopherol biosynthesis, showed increased and
decreased chilling tolerance, respectively, confirming its role in
cold signaling (Figures S5E-S5J). The expression of VTE4 was
elevated in COLD1/2°0X8 and suppressed in cold7-1 compared
with the wild-type control, consistent with the change of
a-tocopherol (Figures 5C and 5D). Similarly, the level of phyllo-
quinone was higher in COLD71°P0X8, but at similar level in
cold1-1 as in the control, probably due to some kind of compen-
satory mechanism (Figure 5C). VKORC1, the key gene in the
vitamin K1 pathway, also showed increased expression in
COLD13P0X8, but decreased expression in cold1-1 under chill-
ing stress (Figure 5D; Furt et al., 2010). These data suggest that
the vitamin E-vitamin K1 sub-network is downstream of COLD1.

COLD1 interacts with G protein o subunit to activate the cal-
cium channel for cold sensing (Ma et al., 2015). To analyze
whether the vitamin E-vitamin K1 sub-network is regulated by
a calcium signal, we blocked the calcium channel with
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lanthanum chloride and checked the chilling response of genes
involved in these pathways (Rentel and Knight, 2004). The
response for most genes, including VTE4 and VKORC1, were
obviously weakened, suggesting that the vitamin E-vitamin K1
sub-network is regulated by calcium signaling at the transcrip-
tional level (Figure S6). This is in accordance with the above
conclusion that they are downstream of COLD1. Two of these
genes showed an unchanged or even stronger chilling response,
implying there exists a more complicated regulation mechanism
(Figure S6).

The production of a-tocopherol is in connection with chloro-
phyll metabolism (Gutbrod et al., 2019). The CSSL4-1 is greener
than 93-11 when exposed to low environmental temperature in
the field (Figure S7). Consistently, cold7-1 growing under unfa-
vorable illumination also showed decreased chlorophyll content
when exposed to chilling treatment, and could be recovered to a
nearly normal level through overexpressing COLD1 (Figures 5E,
5F, S5C, and S5D). These data suggest that similar metabolic
pathways are modulated in CSSL4-1 and cold1-1, and COLD1
is probably one of the major genes responsible for the higher
chilling tolerance of CSSL4-1.

DISCUSSION

Low environmental temperature limits plant growth and distribu-
tion. Rice, as a plant with tropical origination, has evolved a
complicated chilling-response network, for which the compo-
nent sensing cold signal, namely, COLD1, has been identified,
but its downstream signaling remains unknown (Ma et al.,
2015). Our study identified the vitamin E-vitamin K1 sub-
network, located in the chloroplast, as the downstream pathway
for COLD1. Moreover, this sub-network has been proven to be
responsible for chilling tolerance divergence, with tocopherol,
one form of vitamin E, mediating further chloroplast-nucleus
retrograde signaling (Fang et al., 2019). Membrane protein
COLDf1, the vanguard of the cold response system, probably
possesses many downstream pathways responsible for different
aspects of cold response. Taking advantage of integrated global
analysis and the CSSLs between japonica and indica varieties
with clearly different abilities to tolerate chilling stress, our study
revealed one of the cold response pathways downstream of
COLD1, which is crucial for chilling tolerance divergence
(Figure 6).

The identification of vitamin E-vitamin K1 sub-network
underlying chilling tolerance divergence

The pathway responsible for diverged chilling tolerance was
revealed at the transcriptional level. The vitamin E-vitamin K1

(C) Change of concentration (fold change relative to untreated control) for a-tocopherol (vitamin E) and phylloguinone (vitamin K1) in COLD#/#°0X8 and cold1-1
mutant under chilling treatment (4°C, 84 h) with ZH10 and DJ as corresponding controls. Mean and stand deviation are given by at least three independent

experiments. *p < 0.05, “*p < 0.01, ***p < 0.001; from Student’s t test.

(D) Change of the expression (fold change relative to untreated control) for VTE4 and VKORC1 in COLD 1/ 0X8 and cold -1 mutant under chilling treatment (4°C,
10 h) were measured with quantitative RT-PCR, with ZH10 and DJ as corresponding controls. ACTIN was included as the reference gene. Mean and stand
deviation are given by at least three independent experiments. **p < 0.01, from Student’s t test.

(E and F) The phenotype and chlorophyll content measurement for COLD % 0X8, cold1-1 and its COLD1"®-complemented line, COLD1/#°-OE/cold1-1 L1, with
ZH10 and DJ as corresponding controls. Mean and stand deviation are given by at least three independent experiments. **p < 0.01, from Student’s t test. Bar,

5cm.
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Figure 6. Schematic diagram of the
possible signaling pathway underlying chill-
ing tolerance divergence between japonica
and indica

COLD1d

cowot» 19

/ | V |
! i e . \

/ | transcriptional regulation |
! ; !

cytoplasm

1
¥ 13

Jjaponica

strong tolerance weak tolerance

indica

In chilling stress, the cold signal is first sensed by
o COLD1, which affects calcium influx. Calcium
terpenoid backbone biosynthesis < Phe‘Tyr Trp biosynthesis signals activate components involved in the
?Lﬂast M . Y vitamin E-vitamin K1 sub-network in the chloro-
___________________ ¥ N eSS S i
e i L ohywiep tyrosine | vitaminE plast, such as VTE4 and VKORC1, through stim
| biosynthesis i/ [Py \ | biosynthesis | ulating their gene transcription or other possible
R e s (PDP) ) VI neir ¢ >
| "— HGA ways. Vitamin E functions as a node regulator
‘ MenA L2 . MPBQ initiating further downstream cold responses,
v VTE3 such as PAP-mediated miRNA biogenesis regu-
DMPQ DMPBQ lation. Japonica and indica possess distinct cold
v NDC1 v VTE1 sensors and different types of regulation modes,
" DMPQL y-tocopherol resulting in divergent chilling tolerance. Broken-
VKORC1* ‘v v MenG v VTE4 line arrows, postulated regulation; thick-line ar-
tamin KA tamin K1 a-tocopherol | —————— ] row, induction of chilling stress response. Me-
vitamin «— vitamin = S " .
et hydroquinone - N . ﬂm tabollte§ are colored with b.lue ba.ckground, and
antioxidation PAP L™ metabolic pathways are outlined with blue arrows.
—~ N e Metabolites involved in chilling tolerance diver-
W chilling .
responsive gence are colored with red border. Yellow cell
enes represents a gene possessing nonsynonymous

nucleus

SNPs that is different between japonica and ind-
ica. Details are shown in Table S7. Arrows and
words in brown denote signaling pathway re-
ported in Fang et al. (2019).

COLD7#P, haplotype for japonica; COLD™,
haplotype for indica; DMPBQ, 2,3-dimethyl-5-
phytyl-1,4-benzoquinone; DMPQL, demethyl-
phylloquinol; DMPQ, demethyl-phylloquinone;
HGA, homogentisic acid; MPBQ, 2-methyl-6-
phytyl-1,4-benzoquinone; PAP, 3'-phosphoade-
nosine 5'-phosphate; phytyl-PP, phytyl
pyrophosphate; MenA, 2-carboxy-1,4-naph-
thoquinone phytyltransferase; NDC1, NAD(P)H

DEHYDROGENASE C1; MenG, demethylphylloquinol methyltransferase; VKORC1, vitamin-K-epoxide reductase complex subunit 1; VTE1, tocopherol cyclase;
VTE2, homogentisatic acid phytyltransferase/homogentisate geranylgeranyltransferase; VTE3, MPBQ/2-methyl-6-solanyl-1,4-benzoquinone methyltransferase;

VTE4, y-tocopherol methyltransferase.

sub-network was first outlined through KEGG analysis of genes
exhibiting similar change patterns in transcriptomic profiling be-
tween substitution line CSSL4-1 and its chilling-tolerant parent
line NIP and then confirmed with a similar analysis at the metab-
olomic level (Figures 2C, 3C, and 3D). The co-expression
network of chilling-responsive genes and metabolites further un-
covered the central role of vitamin E and vitamin K1, as well as
their close connection with photosynthesis (Figure 4).

Vitamin E is a lipid-soluble antioxidant protecting against
membrane lipid peroxidation, with a-tocopherol being the high-
est biologically activity form (Mufoz and Munné-Bosch, 2019).
There are also reports for its role in photoassimilation and stress
tolerance in plants (Hofius et al., 2004; Maeda et al., 2006;
Munné-Bosch, 2005; Munné-Bosch et al., 2007). Vitamin K1
(phylloquinone), a membrane-anchored naphthoquinone, func-
tions as an electron carrier in photosystem | (Basset et al,
2017). Our results not only uncovered the function of vitamin E
and vitamin K1 in chilling response but also outlined their roles
in mediating diverged chilling tolerance between japonica and
indica (Figures 2C, 3C, and 3D). Both vitamin E and vitamin K1
belong to the prenylquinone family. They are mainly synthesized
in the chloroplast, and their biosynthetic pathways form a sub-
network, which is responsible for japonica-indica chilling toler-

ance divergence, as indicated by transcriptomic, metabolomic,
and combined analysis (Figures 2C, 3C, 3D, and 4).

Uncovering cold sensor COLD1 as an upstream
regulator for the vitamin E-vitamin K1 sub-network
COLD1, a gene encoding a sensor for low environmental tem-
perature in rice, is located in NIP insertion fragments in
CSSL4-1 (Figure S1C). Although COLD1 is known to contain a
SNP contributing to japonica-indica chilling tolerance diver-
gence, its downstream regulation mechanism is still unclear
(Ma et al., 2015). A correlation between chlorophyll loss and
tocopherol production has been reported (Gramegna et al.,
2019). Both CSSL4-1 and cold1-1 exhibited a change in chloro-
phyll content, suggesting that probably the same metabolic
pathway was modified in these plant materials (Figures 5E, 5F,
and S7). The vitamin E-vitamin K1 synthetic pathway, thus,
may be the downstream regulon of COLD1.

To determine whether the vitamin E-vitamin K1 synthetic
pathway is under the regulation of COLD1, the concentration
of a-tocopherol and the transcription of its biosynthesis gene
VTE4 were analyzed for transgenic plants of COLD1 (Bergmduller
et al., 2003). The results showed that both a-tocopherol and its
regulating gene VTE4 were induced in the overexpression line
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but suppressed in the knock-out mutant, consistent with their
increased and decreased chilling tolerance (Figures 5A-5D).
Similar results were also obtained for the content of phylloqui-
none and its biosynthetic gene, VKORC1, although some kind
of compensating mechanism was observed (Figures 5C and
5D; Furt et al., 2010). These data suggest that the vitamin E-
vitamin K1 sub-network is under the control of COLD1. COLD1
mediates the cold response through calcium signaling (Ma
et al., 2015). We, thus, blocked calcium channel and found that
most genes in the vitamin E-vitamin K1 sub-network showed a
weakened chilling response, implying that they are regulated
by calcium signaling, which is probably mediated by COLD1,
in chilling stress.

Among all these signaling pathways downstream of COLD1,
the vitamin E-vitamin K1 sub-network is highlighted in our study,
probably due to the phenotypes we are interested in and the se-
lection of our research objective. Further studies are needed to
reveal more downstream pathways and compare their contribu-
tion to the ultimate phenotype.

Chloroplast: an organelle critical for chilling tolerance
divergence with retrograde signaling

Our study detecting the mechanism underlying diverged chilling
tolerance drew attention to the chloroplast, an organelle acting
as an environmental sensor and modulating the expression of
thousands of genes in response to environmental stress (Chan
et al., 2016). The chloroplast is the organelle in which the vitamin
E-vitamin K1 sub-network is localized. Vitamin K1 belongs to
photosystem |. The a-tocopherol, closely attached to the lipid
bilayer of thylakoids or the inner chloroplast envelope, plays a
role in photoprotection (Havaux et al., 2005; Mufoz and
Munné-Bosch, 2019). This is consistent with the results of me-
tabolomic and transcriptomic co-expression network analysis,
which indicates that the function of vitamin E is closely related
to photosynthesis in cold stress response (Figure 4).

The chloroplast is very sensitive to environmental signals, and
photosynthesis belongs to the first group of biological processes
influenced by temperature fluctuation (Huner et al., 2012; Mathur
et al., 2014). Disturbance of photosynthesis results in the forma-
tion of reactive oxygen species (ROS) (Chan et al., 2016). Vitamin
E helps to eliminate ROS, and a-tocopherol is a nonenzymatic
antioxidant, which modulates the redox state of the chloroplast
and affects retrograde signaling from the chloroplast (Dong
et al., 2019; Havaux et al., 2005; Krieger-Liszkay and Trebst,
2006). Recently, another tocopherol-mediated chloroplast-to-
nucleus signaling pathway has also been reported, in which
tocopherol regulates the production of its downstream metabo-
lite 3'- phosphoadenosine 5'- phosphate (PAP), which regulates
microRNA (miRNA) biogenesis in the nucleus (Fang et al., 2019).
Tocopherol, modulating or being modulated by multiple phyto-
hormones, is the node of multiple signaling pathways, and not
surprisingly, it is selected as the regulating site for adaptation
to different environmental temperatures (Allu et al., 2017; Jiang
et al., 2017; Sereflioglu et al., 2017).

According to our results, a signaling pathway, ranging from
membrane protein to chloroplast and then to the nucleus, has
been outlined, although some gaps still exist. The cold signal is
first sensed by membrane protein COLD1, which triggers the
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influx of calcium, a ubiquitous intracellular second messenger.
Calcium signals activate components involved in the vitamin E-
vitamin K1 sub-network, possibly through stimulating their
gene transcription or other possible pathways (Kudla et al.,
2018; Navazio et al., 2020). Vitamin E functions as a node regu-
lator initiating further downstream cold responses, including
activating chloroplast-nucleus retrograde signaling mediated
by its downstream metabolite PAP (Fang et al., 2019; Navazio
etal., 2020; Stael, 2019; Wang et al., 2019b). Japonica and indica
possesss different type of cold sensors and probably different
kinds of regulation modes, which results in their differential ability
to tolerate chilling stress (Figure 6). Of course, further study is
needed to analyze how the vitamin E-vitamin K1 sub-network
is activated by the calcium signal in chilling response and to
identify more plant cold sensors besides COLD1. Our study
has uncovered that the vitamin E-vitamin K1 sub-network,
downstream of COLD1, is responsible for chilling tolerance
divergence with the aid of genetic population and integrated
transcriptomic and metabolomic analysis, revealing the regula-
tion point of the cold response system in rice. These results
may have great potential for rice cold tolerance improvement
through molecular breeding.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escheichia coli DH50. BioMed Cat# BC102
Agrobacerium tumefaciens EHA105 BioMed Cat# BC303
Chemicals, peptides, and recombinant proteins

TRIzol Invitrogen Cat# 15596026
M-MLV Reverse Transcriptase Promega Cat# M1701
DNA Polymerase | QIAGEN Cat# 200203

Phusion High-Fidelity DNA Polymerase

New England Biolabs

Cat# M0530S

SYBR Green Real-time PCR Master mix Toyobo Cat# QPK-201
Lanthanum chloride (LaCls) Sigma Cat# 10099-58-8
Critical commercial assays

CRISPR/Cas vector construction Kit Biogle Cat# BGK03
RNeasy Plant Mini Kit QIAGEN Cat# 154041662
Gel Extraction Kit OMEGA Cat# D2500-01
Plasmid Mini Kit | OMEGA Cat# D6943-01

NEBNext® Ultra RNA Library Prep Kit for lllumina®
AMPure XP system

New England Biolabs
Beckman Coulter

Cat# E7770
Cat# A63880

Deposited data

RNA-seq datasets

The rice reference genome
Metabolomic datasets
Nucleotide diversity

Raw imaging data

This paper

IRGSP-1.0
This paper

Rice SNP-Seek Database
This paper; Mendeley Data

Genome Sequence Archive in National Genomics
Data Center: CRA003197 https://ngdc.cncb.ac.cn/
gsa/browse/CRA003197; the Mendeley Dataset:
http://doi.org/10.17632/74pvb35gg;j.1
https://rapdb.dna.affrc.go.jp/

See Tables S2 and S3

https://snp-seek.irri.org/
https://doi.org/10.17632/y4vt4xhvy7.1

Experimental models: Organisms/strains

Rice: Nippobare (NIP) This paper N/A
Rice: 93-11 This paper N/A
Rice: CSSL4-1 This paper N/A
Rice: Chromosome segment lines (CSSLs) Xu et al., 2010 N/A
Rice: Zhonghua10 (ZH10) This paper N/A
Rice: COLD1%°0X8 This paper N/A
Rice: Dongjin (DJ) Ma et al., 2015 N/A
Rice: cold1-1 Ma et al., 2015 N/A
Rice: COLD1P-OE/cold1-1 L1 Ma et al., 2015 N/A
Rice: Zhonghuail1 (ZH11) This paper N/A
Rice: VTE40X16 This paper N/A
Rice: VTE40X37 This paper N/A
Rice: vte4 L7 This paper N/A
Rice: vte4 L11 This paper N/A
Oligonucleotides

See Table S10 for oligonucleotide information This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pCRISPR/Cas Biogle Cat# BGK03
pUN1301 Ge et al., 2004 N/A
COLD1/2P-pUN1301 This paper N/A
VTE4-pUN1301 This paper N/A
PCRISPR/Cas-VTE4-sgRNA This paper N/A

Software and algorithms

Bowtie2

HISAT

HTSeq
JMP
WGCNA R package

KOBAS 3.0
Cytoscape
MEGA7

Langmead and Salzberg, 2012

Kim et al., 2015

Anders et al., 2015
SAS
Langfelder and Horvath, 2008

Xie et al., 2011
Shannon et al., 2003
Kumar et al., 2016

http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

http://www.ccb.jhu.edu/software/

hisat/index.shtml

https://htseq.readthedocs.io/en/master/

https://www.jmp.com/

https://cran.r-project.org/web/
packages/WGCNA/index.html

http://bioinfo.org/kobas/

https://cytoscape.org/

RRID: SCR_000667, https://megasoftware.net/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jingyu
Zhang (jingyuzhang@ibcas.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability

RNA-seq data reported in this paper have been deposited in the Genome Sequence Archive in National Genomics Data Center
(https://ngdc.cncb.ac.cn/gsa), under the accession number: CRA003197 (https://ngdc.cncb.ac.cn/gsa/browse/CRA003197), also
in the Mendeley Dataset under http://doi.org/10.17632/74pvb35ggj.1. Metabolomic data is provided in the Tables S2 and S3. Orig-
inal phenotype images and agarose gel electrophoresis images have been deposited at Mendeley Dataset under https://doi.org/10.
17632/y4vtdxhvy7.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Oryza sativa ssp. Geng/Japonica cultivar Nippobare (NIP), Zhonghua10 (ZH10), Zhonghua 11 (ZH11), Dongjin (DJ) and Oryza
sativa ssp. Xian/Indica cultivar 93-11 were used in this study. The chromosome segment substitution lines (CSSLs) generated
from NIP and 93-11 were kindly provided by Prof. Guohua Liang (Xu et al., 2010). The T-DNA insertion line PFG_1B-11312
(cold1-1) in the Dongjin background was obtained from RiceGE (http://signal.salk.edu/cgi-bin/RiceGE/), the Rice Functional Geno-
mics Express Database, in Pohang city, Korea, as described previously (Ma et al., 2015). To test chilling tolerance for NIP, 93-11,
CSSL4-1 and COLD1 transgenic lines, the rice seedling was planted in chamber with nutrient soil under 10 h/14 h light (34827
lux) /dark, light 28-30°C / dark 25°C conditions for 2 weeks, and then transferred into artificial incubator under 10 h /14 h light/
dark, at 4°C for 41 hours (NIP, 93-11 and CSSLs), 84 h (ZH10, ZH11, COLD173P0X8, cold1-1 and COLD1"2POE/cold1-1 L1). After chill-
ing treatment, the seedling was transferred back to normal growth conditions for 7 days (NIP, 93-11 and CSSLs) or 14 days (ZH10,
ZH11, COLD1#PQX8, cold1-1 and COLD1#PQE/cold1-1 L1). To test chilling tolerance for VTE4 transgenic lines, the rice seedlings
were cultured in Yoshida’s nutrient solution (Yoshida et al., 1976) under 10 h/14 h light (34827 lux) /dark, light 28-30°C / dark
25°C conditions for 2 weeks, and then transferred into artificial incubator under 10 h /14 h light/dark, at 4°C for 78 hours. After chilling
treatment, the seedling was transferred back to normal growth conditions for 14 days. For RNA-Seq, total RNA was extracted from
the aerial parts of seedlings with TRIzol (Invitrogen, Carlsbad, CA, USA). Sequencing libraries were generated using NEBNext® Ultra
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RNA Library Prep Kit for lllumina® (New England Biolabs, Beverly, MA, USA) and sequenced on the lllumina Hiseq platform. Global
unbiased metabolic profiling was performed with the aerial parts of seedlings by Metabolon (https://www.metabolon.com/) with
three independent platforms, ultra-high-performance liquid chromatography/tandem mass spectrometry (UHLC/MS/MS?), UHLC/
MS/MS2, gas chromatography/mass spectrometry (GC/MS). Value of each metabolite was calculated as described previously
(Evans et al., 2009).

METHOD DETAILS

Plant material and chilling treatment

Nipponbare (NIP, Oryza sativa. ssp. japonica) and 93-11 (Oryza sativa. ssp. indica) were used in this study. Chromosome segment
substitution lines (CSSLs) population were derived from crossing between NIP and 93-11, and backcrossing with 93-11 for five times
at least and self-crossing one time to produced CSSLs (Xu et al., 2010). Chilling treatment was performed as described previously
(Ma et al., 2015). After germination, seeds of three varieties (NIP, 93-11 and CSSL4-1) were grown in 20 cm x 20 cm chamber with
nutrient soil (day/night: 28-30°C/25°C, 10 hours/14 hours) for about 2 weeks (Figures S5C and S5D). Then, the seedlings at the stage
of three leaves were exposed to chilling treatment at 4°C + 0.5°C in the artificial climate chamber for two time-points, 10 hours and 41
hours. Finally, each group of rice seedlings was moved to the glasshouse and grown for another 3 days to recovery, and the aerial
parts of rice seedlings were harvested. Untreated controls at similar growth stage were also harvested at each time point to eliminate
the growth effect. All these materials were used to perform mRNA sequencing or metabolism profiling. Wilted phenotype and survival
rate (live seedling number divided by total tested seedling number) were recorded after recovery for 7 days. Each experiment was
biologically repeated at least three times.

The overexpression line of COLD7/° (haplotype for japonica, COLD1%0X8) and VTE4 (VTE40X) were acquired through gene
transformation as described previously (Ge et al., 2004). Briefly, the CDS sequence of COLD?1% and VTE4 were amplified from
NIP and inserted into the pUN1301 vector. Plasmids were transformed into the japonica cultivar Zhonghua10 (ZH10) or Zhonghuai1
(ZH11). On the other hand, cold7-1, T-DNA insertion mutant for COLD1 with Dongjin (DJ, japonica cultivar) background was bought
from the Korea Rice Mutant Center (Pohang, Korea), as described previously (Ma et al., 2015). The mutant for VTE4, vte4, was gener-
ated with CRISPR/Cas9 with with ZH10 background (Biogle Co. Ltd. Hangzhou, China). Chilling treatment was performed as
described above, but the duration of treatment was modified according to different genetic backgrounds. COLD712PQX8 (with
ZH10 background), cold71-1 (with DJ background), and their corresponding wild-type were subjected to chilling treatment for 84
hours, then recovered for 3 days for a-tocopherol measurement, or 14 days for survival rate analysis. For VTE40X (with ZH11 back-
ground), vte4 (with ZH10 background), and their wild-type control, chilling treatment was performed at 4°C for 84 hours and recov-
ered for 14 days. Then, phenotype recording and survival rate analysis were performed. Each experiment was biologically repeated at
least three times. The primers used for vector construction are listed in Table S10.

RNA-Seq

Total RNA was extracted from the aerial parts of seedlings with TRIzol (Invitrogen, Carlsbad, CA, USA). Sequencing libraries were
generated using NEBNext® Ultra RNA Library Prep Kit for lllumina® (New England Biolabs, Beverly, MA, USA). Briefly, mRNA
was purified from total RNA using poly-T oligo-attached magnetic beads. First strand cDNA was synthesized using random hexamer
primer and M-MLV Reverse Transcriptase (RNase H). Second strand cDNA synthesis was performed using DNA Polymerase | and
RNase H. The library fragments were obtained and purified with AMPure XP system (Beckman Coulter, Beverly, MA, USA). PCR
amplification was performed with Phusion High-Fidelity DNA Polymerase (New England Biolabs, Beverly, MA, USA), then sequenced
on the lllumina Hiseq platform.

Metabolomic profiling

The global unbiased metabolic profiling was performed by Metabolon (https://www.metabolon.com/) with three independent plat-
forms, ultra-high-performance liquid chromatography/tandem mass spectrometry (UHLC/MS/MS?), UHLC/MS/MS?, gas chroma-
tography/mass spectrometry (GC/MS). Five biological replicates was performed for most samples, except for a few four replicates.
Compounds were identified by comparing the ion features with a reference library. Artificial peaks were removed with process blanks
(water only) and solvent blanks. Value of each metabolite was calculated as described previously (Evans et al., 2009). For better data
visualization, the raw count for each metabolite was rescaled through diving each sample value by the median value for this specific
metabolite, as described previously (Zhang et al., 2016)

Data analysis

For mRNA sequencing, clean reads of RNA-Seq were aligned to reference genome (Os-Nipponbare-Reference-IRGSP-1.0; https://
rapdb.dna.affrc.go.jp/; Kawahara et al., 2013; Sakai et al., 2013). Index of the reference genome was built using Bowtie2 and clean
reads were aligned to the reference genome using HISAT (Langmead and Salzberg, 2012; Kim et al., 2015). The gene expression level
was estimated using HTSeq (Anders et al., 2015). Genes which showed absolute value of log, fold change > 1 after chilling treatment
in both CSSL4-1 and NIP, but < 1 in 93-11 were selected as candidates responsible for japonica-indica chilling divergence.
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For metabolomic profiling, JMP (SAS; https://www.jmp.com/) and an R package (http://cran.r-project.org/) were used for statis-
tical analysis. The relative metabolic level was calculated as the ratio of scaled amount of chilling-treated sample compared with that
of untreated sample. Significant (p < 0.05) increase or decrease was determine by Welch’s two-sample t test. Q value was used to
estimate false discovery rate (FDR) (Storey, 2012; Tables S2 and S3). The candidates responsible for chilling tolerance divergence
were defined as metabolites whose log,-transformation value showing difference smaller than 0.5 between CSSL4-1 and NIP, but
larger than 0.5 between CSSL4-1 and 93-11 under either mild or severe chilling treatment, also with at least log, fold change >
0.263 or < —0.263 in NIP after chilling treatment.

For weighted correlation network analysis, soft-thresholding powers were calculated by R Package (Figures S4A and S4B; Lang-
felder and Horvath, 2008). The network was shown by cytoscape software (Shannon et al., 2003). The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis was performed by KOBAS 3.0 (http://bioinfo.org/kobas/), eliminating genes without corre-
sponding IDs (Xie et al., 2011). Genes exposed to further analysis were selected according to the KEGG database.

Quantitative RT-PCR

Quantitative RT-PCR (gRT-PCR) were performed as described previously (Ma et al., 2015). Total RNA was extracted with RNeasy
Plant Mini Kit (QIAGEN, Germantown, MD, USA), transcribed by M-MLV reverse transcriptase (Promega, USA) with RNase free
DNase | (QIAGEN, Valencia, CA, USA). SYBR Green Real-time PCR Master mix (Toyobo, Osaka, Japan) was carried out using an
MX3000P real-time PCR system (Stratagene, USA). ACTIN was included as the reference gene. Relative quantification (A-ACT)
was employed to measure quantitative variation between replicates. Primers used are listed in the Table S10.

Tocopherol extraction and analysis

Tocopherol was extracted and analyzed with LC-MS/MS (Jiang et al., 2015; Rodrigues et al., 2012). 0.05 g samples at the three-leaf
stage were ground with 800 pL n-hexane/acetic ether 85:15 (V/V) buffer, then centrifuged at 25000 x g for 20 min (4°C). 500 pL upper
layer was transferred into a separate tube. Standard sample (vitamin E, 1 mg/ml) was dilute into 20 ppb, 50 ppb, 100 ppb, 200 ppb,
500 ppb, 1 ppm, 2 ppm, and 4 ppm by n-hexane/acetic ether 85:15 (V/V) buffer and the volume was 1 ml. 500 pL standard samples
with various concentration were unwater in freeze dryer and added 100 pL 100% acetonitrile, and centrifugation (4°C, 25000 x g,
20 min). The upper layer was transferred into a separate tube. Tocopherol was analyzed by LC-MS/MS (SCIEX ExionLC and AB
SCIEX QTRAP 4500) with Waters Acquity UPLC BEHC18 chromatographic column (1.7 pm, 50 mm X 2.1 mm) by BGI (Shenzhen,
China).

Chlorophyll measurement
The chlorophyll contents were determined according to previous method with modification (Mao et al., 2011). Briefly, 0.1 g fresh rice
leaves were harvested at three leaves stage, squashed with liquid nitrogen, placed into 1 mL chlorophyll extraction solution (1 mM
KOH and 80% acetone), and centrifuged at 16000 x g for 5 min. The supernatant was transferred into a new tube and used for
measuring absorbance values at 663-nm and 645-nm wavelengths using a spectrophotometer (DU730, Beckman Coulter, USA),
with chlorophyll extraction solution as control.

Contents of Chla and Chlb were calculated by following formula:

Chla = (127 X OD653 —2.69 x OD645) X V/1000 x W

Chlb = (22.9 x ODg5—4.68 X ODggs) x V/1000 x W

Where Chla and Chlb represent the contents of Chlorophyll a and Chlorophyll b in leaves (mg/g), V is the volume of the chlorophyll
extraction solution (mL), and W is the fresh weight of leaves (g). The chlorophyll contents were the sum of Chla and Chlb, measured by
at least three biological replicates.

Lanthanum chloride treatment

The treatment of calcium channel blocker lanthanum chloride (LaCl3) on rice seedlings was performed as described previously (Shi
et al., 2012). Rice seedlings were grown in Yoshida’s nutrient solution (Yoshida et al., 1976) under 10 h/14 h light (34827 lux) /dark,
light 28-30°C / dark 25°C conditions until three-leaf stage. Then, the seedlings were transferred into another chamber with Yoshida’s
nutrient solution containing 5 mM LaCl; to treat for 4 hours at the same growth conditions. Similarly, the seedlings which grow in
Yoshida’s nutrient solution without LaCl; were as control. Following, the seedlings were transferred into artificial incubator under
10 h /14 h light/dark, at 4°C for 10 hours, and whole plants were harvest for gRT-PCR analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in figures was expressed as mean + SD. RNA-seq experiments was performed in one replicate with gRT-PCR validation and
metabolomic profiling were performed for four biological replicates at least. Other replicates in different experiments were stated in
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corresponding Figure legends. Significantly enriched biological pathways or metabolic super pathways are performed by hyper-
geometric test. Correlation analysis is performed by Pearson’s correlation. Significantly survival rate, gene expression, or meta-
bolic level difference between different groups were evaluated by Student’s t test. p < 0.05 were considered as statistical signif-
icantly. Significances are represented in the Figures as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001, unless individual P values as
stated.
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