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Natural variation of codon repeats in COLD11 endows

rice with chilling resilience

Zhitao Li"2t, Bo Wang'-?t, Wei Luo’-2, Yunyuan Xu'-2, Jinjuan Wang?3, Zhihui Xue’, Yuda Niu’,
Zhukuan Cheng*®, Song Ge%®, Wei Zhang’, Jingyu Zhang'-?*¥, Qizhai Li*’*, Kang Chong'-2*

Abnormal temperature caused by global climate change threatens the rice production. Defense signaling
network for chilling has been uncovered in plants. However, less is known about repairing DNA damage pro-
duced from overwhelmed defense and its evolution during domestication. Here, we genetically identified a
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major QTL, COLD11, using the data-merging genome-wide association study based on an algorithm combining
polarized data from two subspecies, indica and japonica, into one system. Rice loss-of-function mutations of
COLD11 caused reduced chilling tolerance. Genome evolution analysis of representative rice germplasms sug-
gested that numbers of GCG sequence repeats in the first exon of COLD11 were subjected to strong domesti-
cation selection during the northern expansion of rice planting. The repeat numbers affected the biochemical
activity of DNA repair protein COLD11/RAD51A1 in renovating DNA damage under chilling stress. Our findings
highlight a potential way to finely manipulate key genes in rice genome and effectively improve chilling toler-

ance through molecular designing.

INTRODUCTION

In recent years, the cultivation of rice, one of the most important
food crops feeding nearly half of the world's population, has been
threatened by abnormal environmental temperatures (such as chill-
ing) induced by global climate change (I, 2). The bottleneck limit-
ing rice-planting region expansion to northern areas with much
lower yearly temperatures is the improvement of chilling tolerance
for rice cultivars, because rice is sensitive to chilling and the ability
to tolerate low temperature is pivotal for its survival. The two sub-
species of Asian cultivated rice (Oryza sativa), japonica (O. sativa
ssp. japonica) and indica (O. sativa ssp. indica), have different abil-
ities to tolerate chilling stress. Japonica, with stronger chilling toler-
ance, predominates in temperate and some subtropical zones, while
indica, sensitive to chilling, grows mainly in tropical/subtropical
regions. Chilling tolerance is a complex trait genetically controlled
by several key quantitative trait loci (QTLs) (3-5). These genetic loci
and their major genes may be used as molecular modules to
improve the tolerance of rice cultivars to low environmental tem-
perature (6). So far, some QTLs, such as COLDI and CTB4a, have
been identified to contribute to chilling tolerance (7, 8). The sensor
complex chilling tolerance divergence 1 (COLD1)/G-protein o
subunit 1 (RGA1) triggers calcium signaling and activates down-
stream factors, such as OsMAPK3, OsbHLHO002, and OsTPP1,
which mediate subsequent responses to prevent chilling damage
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and developmental adjustment (7, 9, 10). On the other hand,
DNA damage still occurs during chilling stress, which breaks the
defense line. Its regulation mechanism, however, is largely
unknown. There is a need to obtain a comprehensive understanding
of the regulation mechanisms for all cases to be used in rice molec-
ular design breeding to improve agricultural production.

RESULTS

More QTLs are identified by data-merging GWAS

Because of the polarization of japonica and indica in chilling toler-
ance, it is not easy to include them in the same analyzing system
using reported algorithms in a genome-wide association study
(GWAS). No obvious phenotypic changes are observed for seed-
lings of japonica with mild-level chilling treatment, while all the
indica seedlings die under severe treatment, which makes it
almost impossible to perform GWAS for both japonica and indica
in one analytic system.

In this study, we used an alternative mathematic approach with
multidimensional scaling (MDS) to integrate the chilling tolerance
data from both japonica (292 accessions) and indica (172 acces-
sions) for GWAS, named as data-merging GWAS. The approach
using merged phenotypic data identified QTLs contributing to
rice chilling tolerance, especially those specific for japonica. After
data combination, the total number of individuals was 464,
almost twice as many as in the japonica dataset. Through genome
resequencing, 5,108,184 single-nucleotide polymorphisms (SNPs)
were genotyped. After excluding the SNPs with missing rates
larger than 20%, a minimal count of three genotypes less than 5,
and minor allele frequency less than 5%, 2,134,700 SNPs passed
the quality control step and were retained for further analysis.

Because of the different cold tolerance of japonica and indica, it
was measured with two durations of chilling treatment, 30 and
60 hours, the former of which was applicable to indica and the
latter of which was appropriate for japonica. MDS approach was
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used to combine these two datasets while preserving interpoint var-
iation (Fig. 1A and Materials and Methods).

We assessed the evidence of association using the Bayes factor
(BF) (11), which is the ratio of the probability of observed data

under the alternative hypothesis of a true association to that
under the null hypothesis. The advantage for BF is that its strength
of evidence does not vary with factors that affect power, such as
sample size and minor allele frequency (12). As a comparison,
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Fig. 1. Data-merging GWAS for rice chilling tolerance with separate analysis for indica and japonica as control. (A) Schematic diagram showing the merging of
survival rate data for indica and japonica. Blue and red stars stand for random samples in japonica (Jap) and indica (Ind), respectively. The line connecting these two stars
stands for interpoint distance, which is preserved before and after data merging. (B) Manhattan plots of the Bayes factor result of data-merging GWAS for chilling tol-
erance. Horizontal axis indicates chromosomes, and vertical axis indicates log,, (Bayes factor). Dashed line represents significance threshold (log,o BF = 6.77). Arrows
indicate the positions of strong peaks (qCTS1-1,qCTS1-2, qCTS3-1, qCTS4-1,qCTS5-1,qCTS7-1,qCTS9-1, and qCTS11-1), which were confirmed by chilling tolerance analysis
of chromosome segment substitution lines (CSSLs; CSSL1-1, CSSL1-2, CSSL3-1, CSSL5-1, CSSL7-1, CSSL11-1, CSSL11-2, and CSSL11-3) or contained reported chilling
tolerance—related genes (OsDREB1B for qCTS9-1 and OsDREBITE for qCTS4-1). (C) Manhattan plots of the Bayes factor results of GWAS for chilling tolerance of indica
(top) and japonica (bottom). Dashed line represents significance threshold (indica: log,o BF = 7.32 and japonica: log;o BF = 7.32). Arrow indicates the position of
strong peak, gCTS11-1, which was confirmed by analysis of CSSL11-1, CSSL11-2, and CSSL11-3. (D) Statistical data for data-merging GWAS and GWAS performed separately
for indica and japonica. MD, merged data; Ind, indica data; Jap, japonica data; No. loci, number of loci exceeding significance threshold; Reported, the number of loci with
chilling tolerance-related genes reported previously; Identified CSSLs, the number of loci confirmed by CSSLs.
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GWAS analysis was also performed with indica and japonica sepa-
rately, with only a few signals notably associated with traits being
identified (Fig. 1C). However, a number of significant loci were
identified with GWAS using merged phenotypic data, and the
SNPs that exceeded the significance threshold were ranked from
largest to smallest (Fig. 1, B and D, and dataset S1). Among the
higher-ranked SNPs, eight of them, with high-association loci,
could be confirmed by either previous research or cold tolerance
analysis of chromosome segment substitution lines (CSSLs; a
series of high-generation backcross lines obtained by backcrossing
first filial generation (F;) with recurrent parents for multiple gener-
ations and every one of them carries one or more donor chromo-
some segments in the genetic background of the recipient) (Figs. 1,
B and D, and 2A and fig. S1, A and B) (13-15). Genes previously
reported to contribute to chilling tolerance, OsDREBIE and
OsDREBIB, are located within qCTS4-1 and qCTS9-1, respectively
(13, 14). OsDREBIE is only 20 kb from the highest peak of gCTS4-1.
Five QTLs—qCTS1-1,qCTS1-2, gCTS3-1,qCTS5-1,and gCTS7-1—
were confirmed by chilling tolerance analysis of CSSLs CSSL1-1,
CSSL1-2, CSSL3-1, CSSL5-1, and CSSL7-1, respectively, which
contain Nipponbare (NIP; japonica) chromosome introgressions
carrying corresponding QTLs in 93-11 (indica) background
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(Fig. 2, A and B, and fig. S1, A and B) (15). The QTL qCTSI11-1
was confirmed by analysis of three CSSLs: CSSL11-1, CSSL11-2,
and CSSL11-3 (Fig. 2, A and B, and fig. S1A). CSSL11-1 and
CSSL11-3 contained a W1943 (Oryza rufipogon Griff.) and NIP
( japonica) genomic introgression carrying the gCTS11-1 in Guan-
gluai 4 (GLA4; indica) background, respectively. CSSL11-2 carried a
Suyunuo (SYN; indica) substitution segment corresponding to the
qCTS11-1 region in Huajingxian 74 (HJX74; indica) background
(fig. S1A). In chilling tolerance analysis, the lines CSSL1-1,
CSSL1-2, CSSL3-1, CSSL5-1, CSSL7-1, CSSL11-1, and CSSL11-3
exhibited higher chilling tolerance than wild type. On the contrary,
CSSL11-2 exhibited lower chilling tolerance compared with wild
type (Fig. 2, A and B). Explanation is provided afterward. To
further determine whether the phenotypes of CSSLs have connec-
tion with known genes, such as OsICE1, OsDREBIA, OsDREBIB,
and OsDREBIC, their expression patterns were monitored (fig.
S1, C to F) (9, 13). The expression levels of OsICEI in CSSL3-1
and CSSL7-1 were much higher than that in wild-type control 93-
11, suggesting that they were related to the ICE1/OsbHLH002-CBF/
OsTPP1 pathway (fig. S1C).

These results demonstrate that our data-merging method is an
effective approach and could be applicable for the combination of
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Fig. 2. Confirmation of GWAS results with CSSLs and map-based cloning of COLD11. (A) Phenotypic response to chilling for the CSSLs CSSL1-1, CSSL1-2, CSSL3-1,
CSSL5-1, CSSL7-1,CSSL11-1, CSSL11-2, and CSSL11-3; the recurrent parents 93-11, GLA4, and HJX74; and the heterozygotes Heter1 for CSSL11-1 and Heter2 for CSSL11-2.
Scale bars, 5 cm. (B) Survival rates for plant materials in (A). Values are shown as means + SD (n = 3). P values were generated using Student’s t test; *P < 0.05, **P < 0.01,
and ***P < 0.001. (C) Fine mapping of COLD11 using BC;F, plants derived from the backcross of CSSL11-1 with GLA4 narrowed to a 38-kb genomic region containing six
predicted genes: LOC_Os11g40110, LOC_Os11g40120, LOC_Os11g40130, LOC_Os11g40140, LOC_Os11g40150, and LOC_Os11g40160. Light blue and saffron yellow rectan-
gles represent GLA4 and W1943 genomic regions, respectively. The characters upon saffron yellow rectangles are molecular makers. Black rectangles represent the fine-
mapped 38-kb genomic region, black arrows represent predicted genes, and green rectangles represent exons of COLD11. Individual plants 510, 277, and 1509 were

selected from the mapping population and used for fine mapping.
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divergent data. gCTS11-1, which could be confirmed by three dif-
ferent CSSLs, was chosen for further analysis (Fig. 2, A and B).

COLD11 confers chilling tolerance in rice

To identify the major gene underlying qCTS11-1, two mapping
populations were generated using corresponding CSSLs (CSSL11-
1 and CSSL11-2) with obvious change in chilling tolerance. Fine-
scale mapping of qCTS11-1 using 11,000 BC,F, plants derived
from the backcross of GLA4 with CSSL11-1 and 3000 BC,F,
plants derived from the backcross of HJX74 with CSSL11-2 nar-
rowed the candidate region to a 38-kb segment. This region con-
tains six predicted open reading frames (Fig. 2C; http://rice.
plantbiology.msu.edu). No nonsynonymous SNPs were detected
in LOC_Os11g40110, LOC_Os11g40120, LOC_Os11g40130,
LOC_Os11g40140, and LOC_Os11g40160 simultaneously between
W1943 and GLA4, as well as between SYN and HJX74. There
were, however, different types of short sequence repeats encoding
alanine in the first exon of LOC_Os11¢40150 in W1943, GLA4,
HJX74, and SYN (fig. S2A). These data suggested that
LOC_Os11g40150 might be the candidate major gene for gCTSI1-
1, and it was named CHILLING TOLERANCE DIVERGENCE
11 (COLDII).

Genome-edited lines for COLD11 were generated to confirm its
contribution to chilling tolerance. Loss-of-function mutants,
cold11-1 and cold11-2, with large fragment deletions in the first
exon in GLA4 (indica) background, were obtained using the
CRISPR-Cas9 system (Fig. 3A and fig. S2, B and C). The mutants
exhibited lower tolerance to chilling stress compared with wild type,
while the two complementation lines COM"!?#3-] and COMW!943.
2 partially rescued the decreased chilling tolerance phenotype of the
frameshift mutant cold11-1, which indicates that COLDII modu-
lates chilling tolerance in rice and is the functional gene for
qCTS11-1 (Fig. 3, C and D, and fig. S2F). To analyze the biological
function of different COLD11 alleles, two knockout mutants with a
large deletion in the second exon, cold11-3 and cold11-4, were also
obtained in CSSL11-1 through CRISPR-Cas9—mediated editing
(Fig. 3B and fig. S2, D and E). The cold11-3 and cold11-4 mutants
also showed lower chilling tolerance (survival rates of 11 and 23%,
respectively) compared with wild-type control CSSL11-1 (survival
rate of 91%) (Fig. 3, C and D), confirming the function of different
COLD11 alleles in chilling tolerance. Furthermore, loss-of-function
mutants, coldl1-1 and cold11-3, the complementation line
COM™#3_1, wild-type control GLA4, and CSSL11-1 were
stained with FDA/PI (fluorescein diacetate/propidium iodide) to
evaluate the number of live/dead cells (16). Under normal temper-
ature (25°/28°C, night/day), there was no obvious difference in the
number of live/dead cells (fig. S2G). After chilling treatment,
however, more dead cells were observed in cold11-1 than in GLA4
and COM"'#-1 and also more in cold11-3 than in CSSL11-1
(Fig. 3, E and F), which is consistent with the results of chilling tol-
erance analysis (Fig. 3, C and D).

COLD11 was strongly selected during domestication

In genomic sequence analysis, it is notable that there are different
types of GCG codon repeats encoding alanine in the first exon of
COLDI11 in different rice varieties (dataset S2). To explore the rela-
tionship between these repeats and chilling tolerance, we examined
the tolerance to chilling stress for indica, temperate japonica, and
tropical japonica varieties with different types of GCG repeats.

Li et al., Sci. Adv. 9, eabq5506 (2023) 6 January 2023

The results showed that rice varieties with three GCG repeats—
such as Zhefu 802 (ZF802), GLA4, IR64, and Ai-Chiao-Hong—ex-
hibited lower chilling tolerance compared with varieties with more
than three repeats, such as ASU, SALSI, ATH HAGARI JARAHAN
PADDY (ATH HAGARI), and DINORADO (Fig. 4 and fig. S3).
Note that COLDII"™'% contains 10 GCG repeats, and
COLDIIN™ contains two (TCG + 3GCG) repeats, while
COLD11%*4 contains three GCG repeats (fig. S2A). CSSL11-1, in
which COLD11%%4% was replaced by COLD11"!?%3, was more toler-
ant to chilling compared with GLA4 (Fig. 2, A and B, and fig. S2A).
CSSL11-3, in which COLD11¢44 was replaced by COLD11N'F, was
also more tolerant to chilling compared with GLA4 (Fig. 2, A and B,
and fig. S2A). Similarly, COLDI11™%7 contains four GCG repeats,
while COLD115YN contains three (fig. S2A). Therefore, CSSL11-2,
with COLDI15YY substituting for COLD11%/%74, was less tolerant to
chilling compared with HJX74 (Fig. 2, A and B). These results show
that rice varieties with more GCG codon repeats have higher chill-
ing tolerance. To clarify whether other variations in candidate inter-
val, in addition to GCG codon repeats in COLD11, also contribute
to chilling tolerance, Pearson correlation coefficient analysis was
performed between chilling tolerance and all the variations in can-
didate interval from fine mapping (Fig. 2C) (17). As a result, the
GCG repeat variation exhibits the highest Pearson correlation coef-
ficient, which is much higher than that for others (fig. S1G), indi-
cating that GCG repeat is the variation responsible for chilling
tolerance alteration.

A phylogenetic tree was generated with 43 indica, 15 temperate
japonica, 8 tropical japonica, and 4 Aus varieties using the COLD11
genome sequence (18). Classification was mainly based on GCG
repeat number, with reference to TCG prefix for one type of GCG
repeat. All of the temperate japonica varieties containing COLDI11
with two (TCG + 3 GCG) repeats were grouped together except for
Xindao38, which is a three-line hybrid variety with Zhenshan97
(indica) as one of its original parents. Most of the indica varieties
carried COLDII with 3 GCG (Fig. 5A). The distribution of
COLDI11 alleles in rice cultivars was also connected with terrestrial
temperature. Rice cultivars containing COLDI1 alleles with 3 GCG
dominate in tropical zones such as the southern part of China,
India, Laos, Cambodia, and Thailand, while the distribution of cul-
tivars carrying COLDI11 alleles with more than three GCG repeats
shows northern expansion and exhibits few geographical restric-
tions, probably due to their higher cold tolerance (Fig. 5B). These
results suggest that the role of GCG codon repeats in the evolution
of COLDI11 under selection is related to local environmental tem-
perature in rice production.

We also analyzed the nucleotide diversity of different alleles
using COLDI11 genome sequence. The values of two measures of
diversity (r and 0) for the allele with three GCG repeats (3 GCG)
and the allele with two copies of TCG plus three GCG repeats
[(TCG + 3 GCG) x 2] were zero and very low, respectively, in con-
trast to two other alleles, which had relatively higher diversity values
(Fig. 5C). These observations suggest that the alleles with 3 GCG
and (TCG + 3 GCG) x 2 may have evolved under strong selection,
which is consistent with the low and high chilling tolerances of rice
cultivars containing these alleles, respectively. In brief, the selection
on COLDI1 is related to environment temperature and may con-
tribute to the divergence of rice chilling tolerance.
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Fig. 3. COLD11 is required for chilling tolerance. (A) Alignment of COLD11 sequences for cold11-1, cold11-2, and wild-type GLA4, showing the mutation sites. (B)
Alignment of COLD11 sequences for cold11-3, cold11-4, and wild-type CSSL11-1, showing the mutation sites. Black rectangles in (A) and (B) represent exons of
COLD11. Numbers with plus sign denote the start and stop position of the indicated region. (C) Phenotypic responses to chilling stress for COLD11 knockout
mutants and the complementation line at the seedling stage. cold17-1 and cold11-2 are knockout mutants with GLA4 background. COM"'943-1 and COMY'%43-2 are
the complementation line for cold11-1. cold11-3 and cold11-4 are knockout mutants in the CSSL11-1 background. Scale bars, 5 cm. (D) Survival rates for plant materials
in (C) after chilling treatment. Values are shown as means + SD (n = 3). (E) Fluorescein diacetate/propidium iodide (FDA/PI) staining for live/dead cells after chilling stress in
plants in (C). Scale bars, 100 um. (F) Quantification of the percentage of live cells after chilling stress using images corresponding to those in (E). Fluorescence intensity was
quantified with the ImageJ plot profile tool (ImageJ v.1.8.0; https://imagej.nih.gov/ij/download.html), and analyses were performed in three biological replicates and
shown as means * SD. P values in (D) and (F) were generated using Student’s t test; *P < 0.05, **P < 0.01, and ***P < 0.001. bp, base pair; sgRNA, single-guide RNA.

COLD11 is responsible for cold-induced double-strand Western blot analysis were performed using root tips, where

break repair

DNA double-strand breaks (DSBs), generated by various inducing
factors, are deleterious genetic lesions that can lead to mutations,
rearrangements, or loss of parts of chromosomes. They affect cell
metabolism, viability, and even cause cell death (19-23). COLD11
is predicted to encode a DNA repair protein, RAD51A1, which
plays an essential role in the repair of DNA DSBs by binding to
single-stranded DNA (ssDNA) or double-stranded DNA (24-26).
To analyze the biochemical role of COLDI1 in DSB repair in re-
sponse to chilling, an immunofluorescence assay (IFA) and

Li et al., Sci. Adv. 9, eabq5506 (2023) 6 January 2023

COLDI11 is highly expressed, for example, in the indica variety
GLAA4 (fig. S4C). As expected, more severe DSBs were observed
in both the cold11-1 and cold11-3 mutants compared with wild-
type control GLA4 after chilling treatment. In the complementation
line COM"9%3-1, the severe DSB lesion phenotype of cold11-1 was
partially rescued, demonstrating that COLD11 promotes DSB
repair during chilling stress (Fig. 6, A and B). Corresponding to
the higher chilling tolerance of CSSL11-1, much fewer DSBs were
observed in this CSSL compared with wild-type control GLA4, im-
plying the important role of GCG codon repeats in DSB repair
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unpaired Student'’s t tests for the mean of cultivars with three GCG repeats versus cultivars with more than three repeats. ***P < 0.001. Information for different types of

GCG repeats in rice cultivars is shown in dataset S2. Ind, indica; TeJ, temperate japonica; TrJ, tropical japonica.

under chilling stress (Fig. 6, A, B, and D). As a control, seedlings
were grown under normal temperature, and there were no
obvious DSBs in their root tips (fig. S4A). To further confirm the
DSB repair ability in different rice accessions, representative varie-
ties with different GCG repeats in COLD11 were selected for IFA. As
result, more severe DSBs were observed in accessions with three
GCG repeats compared with accessions with more than three
GCG repeats after chilling treatment (Fig. 6, A and C). Seedlings
grown under normal temperature show no obvious DSBs in root
tips (fig. S4B). These results indicated that the COLDI11 with
more than three GCG repeats have higher DSB repair ability. To
confirm the subcellular localization of COLD11, COLD115"44.
GFP and COLD11"'¥*3_GFEP were transformed into rice protoplasts
with the nuclear marker histone 2B—red fluorescent protein (H2B-
RFP). COLDI11 was visible as punctate foci in the nucleus (Fig. 7A).
RAD51 paralogs function as a complex during DSB repair in mam-
malian cells and Arabidopsis (22, 27), but its functional mechanism
is unclear in rice. Bimolecular fluorescence complementation
(BiFC) and coimmunoprecipitation (co-IP) assays were performed
to explore whether COLD11 forms a dimer or functions alone when
binding to DNA. Our results indicated that COLD11 formed a
dimer when exerting its function under chilling stress (Fig. 7, B
and C). The N-terminal domain of RADS51 affects its interaction
with other proteins (28-30), and GCG repeats are located at the
N terminus of COLDI1. To evaluate the effect of GCG repeats on
dimer formation, the mutant genotype of COLD114““ was con-
structed by deleting all the GCG repeats in COLD11°%4* (fig.
S2A). Yeast two-hybrid assay was performed with COLD1149¢C,
COLD11°** (3 GCG), and COLDI11""** (10 GCG), and the
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comparison was carried out by adjusting the initial concentration
of yeast cell to be consistent. We found that the interaction ability
of COLD114“C was notably stronger than that of COLD11¢%4% and
COLD11""*% indicating that GCG repeats have a clear effect on
dimer formation (Fig. 7D).

To clarify whether manipulating COLDI1 affects agronomic
traits under normal temperature, we investigated 1000-grain
weights, effective tillering numbers, seed number per panicle, and
setting rates for CSSL11-1. The results showed that the introduction
of COLD11""* had no negative effects on agronomic traits such as
grain yield, compared with its parent line GLA4 (fig. S4, D to H).
These results suggested the great potential of COLD11"'* in im-
proving rice chilling tolerance.

DISCUSSION

There are two strategies used by plants to tolerate chilling, defense
and repair. Once chilling occurs, cold signals are sensed by sensor
complexes, such as COLD1/RGA, and trigger downstream stress re-
sponse mediated by calcium or other signals (7). There are various
downstream defense responses including the acceleration of metab-
olism pathways such as trehalose synthesis (9), which provides
enough osmotic substances to maintain osmotic potential at low
temperature. Despite these precautions, there is still a possibility
of DNA damage induced by chilling stress (23). Plants must
repair this damage in a timely manner to ensure survival. The
major QTL gene COLDI1 is a typical example of a gene responsible
for DNA repair and is also a potential gene that can be used in mo-
lecular design breeding. COLD11 contributes to the repair of DSBs
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Fig. 5. Phylogenetic, population genetic, and geographic analysis of COLD11. (A) Phylogenetic tree for COLD11. The phylogenetic tree was generated with the
genome sequences of COLD11 from 43 indica, 15 temperate japonica, 8 tropical japonica, and 4 Aus varieties. (B) Geographic distribution of rice cultivars based on
different types of GCG repeats in COLD11. Red and blue dots represent the rice cultivars with the first exon of COLD11 containing three GCG repeats and more than
three repeats, respectively. Geographic distribution of rice varieties is indicated in the map. The color indicates the terrestrial surface temperatures (°C) averaged from
1988 to 2018 (National Centers for Environmental Information; www.ncdc.noaa.gov/) (47). (C) Nucleotide polymorphism and neutrality tests of COLDT1. m indicates the
average number of pairwise nucleotide differences per site. 6 indicates Watterson's estimator of 6 per base pair. In (A) and (C), 3 GCG, 5 GCG, 6 GCG, and (TCG + 3 GCG) x 2
represent different types of COLD11 alleles based on GCG repeats in the first exon: three GCG, five GCG, six GCG, and two copies of TCG + 3 GCG, respectively.

in plants, which can obtain a timely remedy after suffering from
chilling damage. It may be the last line of defense for cell survival
under chilling stress, in addition to the physiological defense re-
sponses induced by cold signaling, such as osmotic adjustment.

COLD11 was identified as a major QTL gene for chilling toler-
ance through data-merging GWAS of japonica and indica, two rice
subspecies with substantial divergence in chilling tolerance. A key
regulatory site was identified in the first exon of COLDI1I. Rice va-
rieties with more GCG codon repeats have higher DSB repair ability
and chilling tolerance. Phylogenetic and geographic distribution
analysis confirmed the contribution of these repeats to chilling tol-
erance. GCG encodes alanine and is located at the N terminus of
COLDL11. The N terminus of RAD51 has been shown to contribute
to protein interactions, such as the BRCA2-RAD51 interaction,
which facilitates nucleoprotein filament formation on ssDNA gen-
erated at the site of DNA damage (28, 30). Our results showed that
COLD11 could form dimers, and the GCG repeats at the N termi-
nus affect dimer formation (Fig. 7D), thus affecting the DNA repair
ability in the process of chilling response. The discovery of this key
site in COLD11 opens the way for fine regulation of rice chilling tol-
erance with a single site.

MATERIALS AND METHODS

Plant materials

A total of 464 rice cultivars, collected from different countries
around the world, were used for GWASs. CSSLs with a segment
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containing genes from NIP—namely, CSSL1-1, CSSL1-2, CSSL3-
1, CSSL5-1, and CSSL7-1—were developed by crossing NIP with
93-11 and backcrossing with 93-11 at least six times. CSSL11-1
and CSSL11-3, which contains the COLD11 gene from O. rufipogon
W1943, japonica NIP, were developed by crossing W1943 and NIP
with GLA4 independently and backcrossing F; with GLA4 at least
six times; hybrid plants were selected during every generation for
backcrossing. CSSL11-2, which carries the COLDII gene from
SYN, was developed by crossing SYN and HJX74 and backcrossing
F, with HJX74 at least six times. For fine mapping of the COLDI11
gene, CSSL11-1 was hybridized with GLA4 and self-pollinated to
generate BC;F, plants.

The cold11 mutants were obtained using the CRISPR-Cas9
system (3I). A 20-nucleotide guide sequence was selected as the
target sequence with E-CRISP tools (www.e-crisp.org/E-CRISP/
index.html). Oligonucleotides containing the target sequence
were synthesized and then annealed in vitro in a thermocycler. An-
nealed oligonucleotides were ligated into a CRISPR-Cas9 vector
(31) and digested with Bsa I. The resulting construct was trans-
formed into CSSL11-1 or GLA4 to generate cold11 mutants using
the Agrobacterium-mediated transformation method as previously
reported (32). For the complementation line, the full-length com-
plementary DNA (cDNA) of COLD11%*?#3 was amplified and
ligated into the pUN1301 vector driven by a Ubiquitin promoter,
and the resulting construct was transformed into the cold11-1
mutant via Agrobacterium-mediated transformation (32).
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Fig. 6. COLD11 regulation of chilling tolerance relies upon its DSB repair ability. (A) IFA to detect DSBs in the root tips of COLD11 knockout mutant cold17-1, wild-
type control GLA4 and the complementation line COM"943-1, knockout mutant cold11-3 and its control CSSL11-1, and rice accessions with COLD11 containing three GCG
repeats and more than three GCG repeats after chilling stress. The bottom images with labels A1 to A12 are enlargements of the regions framed in red in the top images.
Three technical experiments were performed with representative images shown. Scale bars, 10 um. (B) Quantification of DSBs in plants exemplified in (A). The number of
DSBs was quantified by dividing the cells that produced DSBs by all the cells. Three technical experiments were performed. (C) Quantification of DSBs in plants exem-
plified in (A). The number of DSBs was quantified by dividing the cells that produced DSBs by all the cells. Analyses were performed in three technical replicates. (D)
Analysis of DNA damage by Western blot analysis with yH2AX antibody in the root tip cells of COLD11 knockout mutant cold17-1 and cold11-3, as well as wild-type control
GLA4 and CSSL11-1, after chilling stress, with actin serving as the loading control (top). Protein intensity was quantified with ImageJ. Protein level in CSSL11-1 was set as
“1" (bottom). Values in (B) to (D) are shown as means + SD (n = 3); P values were generated using Student’s t test; *P < 0.05 and **P < 0.01.

Chilling treatment and tolerance analysis treatment for 30 hours, temperate japonica varieties were treated for

Chilling treatment was carried out as reported previously (9) with
minor modifications. All samples were grown in 96-well plates with
Kimura B nutrient solution in a greenhouse with a 28°/25°C day/
night temperature. Seedlings at the three-leaf stage were subjected
to chilling treatment at 4° + 0.5°C for various times. For GWAS, ja-
ponica varieties were subjected to chilling treatment for 60 hours,
and indica varieties were treated for 30 hours. For chilling tolerance
analysis of 141 cultivars, indica varieties were subjected to chilling
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60 hours, and tropical japonica varieties were treated for 48 hours.
For chilling tolerance analysis of CSSLs, materials with the CSSL11-
1 background were subjected to chilling treatment for 32 hours,
CSSLs with the 93-11 background were treated for 40 hours, and
materials with the CSSL11-2 background were treated for
48 hours. After treatment, seedlings were transferred back to the
greenhouse and grown for 14 days for recovery. Survival rates are
shown as the percentage of surviving seedlings versus the total
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Fig. 7. Subcellular localization and dimer formation analysis for COLD11. (A) Subcellular localization of COLD11%*A% and COLD11W'%43 in rice protoplasts.
COLD116"44-GFP and COLD11"'943-GFP signals were merged with that of the RFP-tagged H2B marker. Scale bars, 10 um. (B) BiFC assays of rice protoplasts demonstrating
dimer formation for COLD11. H2B-RFP was used as the protein marker. Scale bars, 10 um. (C) Co-IP assay demonstrating dimer formation for COLD11. Proteins extracted
from rice protoplasts with (+) or without (=) HA-tagged COLD11W'%*3 and COLD11%A or GFP-tagged COLD11%'%*3 and COLD 114 were incubated with agarose beads
and anti-GFP antibody. Input and IP samples were immunoblotted with anti-GFP and anti-HA antibodies. (D) Yeast two-hybrid assays demonstrating dimer formation for
COLD11. The combination of AD-OsbHLH002 and BD-OsMAPK3 was used as a positive control. Yeasts were gradient diluted as 1, 107", 1072, and 1073, WB, Western blot.

number of tested plants. The experiments were performed indepen-
dently at least three times.

Statistical analysis

All 464 rice cultivars were genotyped by genome resequencing, and
5,108,184 SNPs were identified. We implemented data quality
control by excluding the SNPs with a missing rate of >20%,
minimal count of three genotypes of <5, and minor allele frequency
of <5%. In total, 2,134,700 SNPs passed the filters. To adjust for
population stratification, we performed principal components anal-
ysis on 20,000 SNPs that were distributed evenly on 12 chromo-
somes (33, 34) and chose the top 10 principal components with
the Tracy-Widom statistic for the eigenvalues greater than 2.0234
as covariates in the association tests.

We used the MDS approach to combine two datasets: survival
rates of rice cultivars at 30 and 60 hours. The MDS technique is
commonly used for dimensionality reduction, and it is capable of
discovering a low-dimensional embedding of the high-dimensional
data points that preserves their interpoint distances (35). Let Y be
the data matrix of n subjects for m outcomes (here, n = 464, m = 2).
We centralized Y by subtracting the column means and dividing by
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the column SD, that is, Y,=HY, where H =1, — 1,1}, /n, 1, is an n-
dimensional identity matrix, 1, is a vector of length »n with all ele-
ments being 1, and t denotes the transpose of a vector or a matrix.
The eigenvalues of Y Y7 are denoted by A; > ... > \,,, and the cor-
responding eigenvectors by vy, ..., v,,. The MDS outcomes are given
by Zj =vj/\/Nyj = 1, ..., k, where k is determined by

MAN A+ N
) D VI W

k:argmin{j\ >0.85,j = 1,2,...,m}
i

For the current survival rate data, k is equal to 1. It can be seen
from Fig. 1A that the MDS outcome tends to be more informative
than a single outcome when separating the two subspecies of Asian
cultivated rice: japonica and indica.

We used the BF for the linear regression model to evaluate the
evidence of association between the combined outcome and SNPs
(11, 12, 36). Let H, be the null hypothesis of no association and H,
be the alternative hypothesis. The BF of H; versus H, is defined as

Pr(Data | H,) [ Pr(Data | 6, H;)Pr(6; | H,)d;

BF,, = =
' Pr(Data | Hy) [ Pr(Data | 65, Ho)Pr(8, | Ho)d6,
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where 0y and 0; are the parameters for the null and alternative hy-
pothesis, respectively. BF,, quantifies how much more likely the
data are under H, than H,. We used the R package “bain” with
the same prior for the parameters Pr(0; | H;), i = 0,1, to calculate
the BFs, where the prior of 0 is the standard normal distribution.
The thresholds of association magnitude for BFs followed those by
Kass and Raftery (37), where, when BF > 3, 20, and 150, the evidence
is positive, strong, and very strong in favor of Hj, respectively.
Pearson correlation coefficient was used to measure the linear rela-
tionship between the SNPs of candidate interval and the survival
rates from 123 representative accessions.

The Pearson correlation coefficient is the correlation between
the interaction profiles of “A” and “B” (17). Let genotype be A
and survival rates be B; the Pearson correlation coefficient and sig-
nificance test are generated with IBM SPSS Statistics (https://spss.
en.softonic.com/), and detailed information is listed in dataset S4.

Quantitative RT-PCR

Total RNA was extracted from rice tissues using the RNA Simple
Total RNA Kit (TTANGEN, China) according to the manufacturer’s
instructions. The RNA samples were reverse-transcribed using the
one-step gDNA Removal and cDNA Synthesis Kit (TransGen
Biotech, China). Quantitative real-time polymerase chain reaction
(qQRT-PCR) was performed with SYBR Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol in an Mx3000P Real-Time PCR System
(Stratagene, USA). The 18sRNA or Ubiquitin gene was used as the
reference. Analyses were performed in three biological replicates.
The primers used in qQRT-PCR are listed in dataset S3.

Coimmunoprecipitation

The co-IP assay was carried out to clarify whether COLDI11 could
form a dimer. COLD11"*** and COLD11%%4* were ligated into the
pBI221 [35S:GFP (green fluorescent protein)] and modified
pBI221 [35S:HA (hemagglutinin)] vectors to generate
358:COLDI11""**-HA, 358:COLD11%"4-HA,
35S:COLD11W*#3_GFP, and 35S::COLD119%4*-GFP plasmids, re-
spectively. 35S:COLDII™'***-HA + 35S:COLD11""**3-GFP,
358:COLD119"4*-HA + 35 s:COLD119"*-GFP,
358:COLD11""#-HA + 35 s:COLDII"**-GFP, and
35S:COLD11¢M44-HA + 35S::COLD11""**3-GFP were transformed
into rice protoplasts. Total proteins from rice protoplasts were in-
cubated with agarose beads and anti-GFP antibody (ABclonal). The
immunoprecipitated proteins were detected with anti-GFP (ABclo-
nal) and anti-HA (ABclonal) antibody.

Yeast two-hybrid assay

The full-length cDNA of COLD11"'%3, COLD11°"4%, and deletion
GCG repeat COLD1149“C (fig. S2A) were amplified and ligated
into the pGADT7 and pGBKT?7 vectors to generate pGADT7-
COLDI11"!**3, pGBKT7-COLD11"#, pGADT7-COLDI11644,
pGBKT7-COLDI11¢*44, pGADT7-COLD114%“C, and pGBKT7-
COLD1149“C, pGADT7-COLDI11""*# + pGBKT7-COLD11"19%,
pGADT7-COLD11*4* + pGBKT7-COLD11%"4%, and pGADT7-
COLD1149“C + pGBKT7-COLD114%“C were transformed into Sac-
charomyces cerevisiae strain EGY48. The transformed yeast cells
were grown on synthetically defined medium (SD medium)
lacking Leu and Trp (SD/-Leu-Trp) at 30°C for 2 days, then yeast
cells were suspended into sterility solution to adjust its

Li et al., Sci. Adv. 9, eabq5506 (2023) 6 January 2023

concentration, and the initial concentration is adjusted to optical
density at 600 nm = 1 and then diluted 10!, 1072, and 107>. The
adjusted yeast cells were transferred to SD/-Trp/-Leu/-His/-Ade
containing X-a-Gal (5-bromo-4-chloro-3-indolyl-a-p-galactoside)
for blue color development. The combination of AD-OsbHLH002
and BD-OsMAPK3 was used as a positive control (9). The plasmids
pGADT7 and pGBKT?7 were used as negative controls. Primers used
for the yeast two-hybrid assays are listed in dataset S3.

Immunofluorescence staining analysis

We used hydroponically grown seedling roots of CSSL11-1, GLA4,
the cold11 mutants, and the complementation line for immunoflu-
orescence staining analysis. After chilling treatment, root tips were
collected and fixed in 4% paraformaldehyde solution at 24°C for 45
min and then enzymatically degraded by 2% cellulose and 1% pec-
tinase. Root tip cells were fixed on a slide, and then, the slide was
incubated with the yH2AX antibody at 37°C for 1 hour. Goat anti-
rabbit immunoglobulin (Ig; SouthernBiotech, USA) was added to
the slide in darkness and then incubated at 37°C for 40 min. The
yH2AX antibody was obtained according to methods from previous
reports (38). The nuclei were stained with Antifade Mounting
Medium containing 4',6-diamidino-2-phenylindole (Beyotime,
P0131), and the immunofluorescence signals were captured with
a fluorescence microscope (Leica TCS SP5). We randomly chose
samples with chilling treatment for photographic and quantitative
analysis. Analyses were performed in three biological replicates, and
at least 10 plants were analyzed for each sample.

Western blot analysis

Proteins extracted from root tip cells were used for Western blot
analysis. Proteins were fractionated by SDS—polyacrylamide gel
electrophoresis on a 12% tris/glycine SDS precast polyacrylamide
gel (Bio-Rad, USA) and subjected to immunoblotting using Super-
Signal West Dura maximum sensitivity substrate (Thermo Fisher
Scientific, USA) according to the manufacturer’s protocol. Poly-
clonal antibody yH2AX and rabbit anti-goat IgG (Origene, USA)
were used for immunoblotting. Actin was used as the internal ref-
erence protein.

Phylogenetic analysis

The full length of COLDI1 in different plant materials was se-
quenced for haplotype and phylogenetic analysis. The primer se-
quences are listed in dataset S3. The gene sequences of 70
accessions (43 indica, 15 temperate japonica, 8 tropical japonica,
and 4 Aus) were obtained. The neighbor-joining method in
MEGA 6.0 was used for constructing the phylogenetic tree (18).

Grain yield evaluation

Grain yield measurement was carried out as reported previously (7).
GLA4 and CSSL11-1 were grown in the greenhouse under a short-
day photoperiod (10-hour day/14-hour night) with a light strength
of 1.35x 10,000 lux and temperature of 30°/25°C (day/night). GLA4
and CSSL11-1 were grown together to ensure that the experimental
conditions were the same until the mature stage. More than 10
plants were randomly chosen to investigate tiller number per
plant. Similarly, more than 10 panicles from different plants were
randomly chosen and used to evaluate the number of seeds per
panicle. One thousand seeds per sample from different plants
were randomly chosen and measured for 1000-grain weight. All
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experiments were replicated at least three times. Student's ¢ test was
used to generate the P values.

Subcellular localization and BiFC assays

To determine the subcellular localization of COLD11, two transient
expression vectors, 355::COLD11°244-GFP and 35S::COLD11"1*%-
GFP, were constructed. The protoplasts were incubated at 25°C for
18 hours after transformation and then observed under a fluores-
cence microscope (Leica TCS SP5). For BiFC assays, the coding se-
quences of COLDI119'4% and COLDI11"'"** were amplified.
COLD11°*4* was infused as 35S:COLDII*4%-Vn and
358::COLD11°"4.V¢, while COLD11™'*** was infused as 35S::
nGFP-COLD11"'# and 35S::cGFP-COLD11"™% (39). The
vectors were transformed into rice protoplasts, obtained from leaf
sheaths and stalks of 10-day-old etiolated rice seedlings, via the
polyethylene glycol 4000 method (40). The 35S::H2B-RFP was co-
transformed into the protoplast cells as a marker protein. The trans-
formed protoplasts were observed under a fluorescence microscope
(Leica TCS SP5), and the pictures were analyzed using Image LAS-
AF-Lite_2.6.0 (www.leica-microsystems.com/).

FDA/PI staining

We used hydroponically grown seedlings of CSSL11-1, GLA4, the
cold11 mutants, and the complementation line for FDA/PI staining
analysis (16). After incubation under normal temperature condi-
tions (25°/28°C, night/day) or chilling conditions (GLA4, cold11-
1, and COM™"%3_1 were incubated at 4°C for 28 hours; CSSL11-1
and cold11-3 were incubated at 4°C for 32 hours), parenchyma cells
were collected into 1x phosphate-buffered saline solution and
stained with 5 uM FDA and 10 uM PI for 30 min in darkness.
The stained cells were observed under a fluorescence microscope
(Leica TCS SP5), and the pictures were analyzed using Image
LAS-AF-Lite_2.6.0 (www.leica-microsystems.com/) and Image]
software (https://imagej.nih.gov/ij/download.html).

Supplementary Materials
This PDF file includes:
Figs. S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Datasets S1 to S4
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