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Abstract

Cold temperature is an important abiotic stress which negatively affects morphological

development and seed production in rice (Oryza sativa L.). At the seedling stage, cold stress

causes poor germination, seedling injury and poor stand establishment; and at the repro-

ductive stage cold decreases seed yield. The Rice Diversity Panel 1 (RDP1) is a global col-

lection of over 400 O. sativa accessions representing the five major subpopulations from the

INDICA and JAPONICA varietal groups, with a genotypic dataset consisting of 700,000

SNP markers. The objectives of this study were to evaluate the RDP1 accessions for the

complex, quantitatively inherited cold tolerance traits at the germination and reproductive

stages, and to conduct genome-wide association (GWA) mapping to identify SNPs and can-

didate genes associated with cold stress at these stages. GWA mapping of the germination

index (calculated as percent germination in cold divided by warm treatment) revealed 42

quantitative trait loci (QTLs) associated with cold tolerance at the seedling stage, including

18 in the panel as a whole, seven in temperate japonica, six in tropical japonica, 14 in

JAPONICA, and nine in INDICA, with five shared across all subpopulations. Twenty-two of

these QTLs co-localized with 32 previously reported cold tolerance QTLs. GWA mapping of

cold tolerance at the reproductive stage detected 29 QTLs, including seven associated with

percent sterility, ten with seed weight per panicle, 14 with seed weight per plant and one

region overlapping for two traits. Fifteen co-localized with previously reported QTLs for cold

tolerance or yield components. Candidate gene ontology searches revealed these QTLs

were associated with significant enrichment for genes related to with lipid metabolism,

response to stimuli, response to biotic stimuli (suggesting cross-talk between biotic and abi-

otic stresses), and oxygen binding. Overall the JAPONICA accessions were more tolerant

to cold stress than INDICA accessions.
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Introduction

Rice (Oryza sativa L.), a major cereal crop, thrives in both tropical and temperate regions

around the world, including in the cool temperatures found at high elevations [1]. Based on

phylogenic studies, rice cultivars are divided into two major varietal groups, JAPONICA which

includes the temperate japonica, tropical japonica, and aromatic subpopulations, and INDICA
which includes the indica and aus subpopulations [2, 3] [Note: upper-case letters are used to

indicate the two major varietal groups, INDICA and JAPONICA, and lower-case letters to indi-

cate subpopulations after McCouch et al. [4].]

The stress caused by low temperatures is a major limitation for rice production in temper-

ate and subtropical zones [5], thus developing cold tolerant cultivars is a major focus of some

rice breeding programs [1, 6, 7]. As a tropical species, the optimum temperature for germina-

tion and seedling growth in rice ranges from 25˚C to 30˚C. Cold stress occurs when the tem-

perature falls below 17˚C causing poor germination, seedling injury, poor stand establishment,

and reduction of yield stability and productivity [1, 8, 9]. Despite the general sensitivity of rice

to low temperatures, a range of cold tolerance exists among rice cultivars (accessions) [10, 11]

and overall, INDICA accessions are reported to be more sensitive to cold stress than JAPON-
ICA accessions [1, 3, 6, 12–14]. Identifying accessions with high levels of cold stress tolerance

is an essential step toward developing cultivars with better cold tolerance and improving rice

production in regions where cool temperatures limit rice yield.

Cold stress tolerance is important throughout the life cycle of the rice plant [8, 9], but espe-

cially in the early vegetative stages, i.e., at germination when the coleoptile elongates (S3

growth stage; [15]) and as the young seedling develops (V1 to V4 growth stages). The damage

caused by low temperatures at the seedling stage is mainly observed as leaf rolling, necrosis,

chlorosis and stunting [1, 10, 11]. When subjected to cold temperatures, seedlings demonstrate

a wide range of genetic and physiological responses to protect their cell and plasma mem-

branes, including activation of gene and protein expression, changes in membrane lipid com-

position, and accumulation of hydrophobic polypeptides [16–18].

At the early reproductive stages, especially at booting, when the panicle begins to emerge

from the flag leaf sheath (R3 growth stage; [15]), the damage caused to the rice plants by cold

stress is usually significantly greater than damage at the seedling stage [14] because it directly

reduces yield. Seed yield is reduced because the cold temperature affects microspore develop-

ment, such that fewer mature pollen grains develop in the anther, resulting in higher spikelet

sterility [19, 20]. In fact, it has been shown that, reproductive stage-cold treatment at 15˚C

(day) and 10˚C (night) increases spikelet sterility by up to 90% and reduced grain eating qual-

ity [21, 22].

Bi-parental mapping studies have identified 33 major QTLs distributed on all 12 chromo-

somes (chr.) associated with cold tolerance at the germination and seedling stages [6, 23–

25], as well as, at the booting stage [6, 24, 26]. The large number of QTLs identified suggests

that cold tolerance in rice expressed at both germination and booting is quantitatively

inherited and controlled by many genes. In these bi-parental populations, the majority of

QTLs associated with cold tolerance were derived from a JAPONICA parent. For example,

in the RIL (recombinant inbred line) population derived from M-202, a cold tolerant tem-
perate japonica crossed with IR50, a cold sensitive indica, QTLs associated with cold toler-

ance at the vegetative stages were located on seven chromosomes [1], while QTLs associated

with reproductive stage-tolerance were found on eight chromosomes [6]. Further genetic

analysis of this population revealed two linked candidate genes, OsGSTZ1 and OsGSTZ2,

underlying a QTL for cold tolerance at the seedling stage on chr. 12 [10]. Additional cold

tolerance QTL have been discovered in bi-parental populations at the seedling stage [25]
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and at the booting stage [24], and in advanced interconnected breeding (IB) lines at the

booting stage [27].

Genome wide association (GWA) mapping is a powerful approach for identifying QTL

using collections of unrelated (or distantly related) individuals or cultivars [28]. Initially this

approach was used to identify QTLs associated with chilling tolerance in crops like maize and

barley [29, 30] but more recently GWA mapping has been used to understand the genetic vari-

ation of cold tolerance in rice [13, 14, 31, 32]. Using a mini-core collection of 174 Chinese rice

accessions and 273 SSR markers, Pan et al. [14] investigated cold tolerance at the seedling and

booting stages based on seedling survival and seed setting, respectively. Overall JAPONICA
was more tolerant than INDICA for all stages. The GWA mapping detected 51 QTL associated

with cold tolerance dispersed across all 12 chromosomes with 22 QTL associated with the

seedling stage and 33 QTL with the booting stage. GWA mapping of the Hokkaido Rice Core

Panel, a collection of 63 Japanese rice landraces and breeding lines which was genotyped with

117 markers, revealed six QTL associated with cold tolerance at heading and 17 QTL associ-

ated with low temperature germinability [31]. Lv et al. [13] evaluated a large collection of 529

rice accessions, including 202 accessions from the China Core Collection and 327 from the

World Core Collection, under natural chilling and cold shock stress conditions at the seedling

stage. Subsequent, GWA studies using more than 4 million SNPs identified 132 loci associated

with at least one of the 16 traits evaluated to measure these two cold stress conditions. Haplo-

type analysis of these accessions for the OsMYB2 gene involved with cold tolerance, revealed

the INDICA-JAPONICA differentiation, with JAPONICA being more cold tolerant and having

a wider latitudinal distribution.

The Rice Diversity Panel 1 (RDP1) is a global collection of over 400 rice accessions repre-

senting the five major subpopulations found in the INDICA and JAPONICA varietal groups.

Wang et al. [32] evaluated 295 RDP1 accessions genotyped with 36,901 high quality SNPs for

cold tolerance at the seeding stage. Subsequent, GWA mapping identified 67 QTL located on

11 chromosomes. Recently, the RDP1 collection was genotyped with 700,000 SNP markers

using a high density rice array (HDRA) [4] and this publicly available genotyping dataset was

used for GWA mapping at the germination and reproductive stages. The objectives of this

study were to (a) evaluate the RDP1 accessions for cold tolerance at the germination and

reproductive stages, (b) conduct GWA mapping using the HDRA SNP genotypes and the suite

of bioinformatics tools developed for the RDP1, and (c) identify SNPs and underlying candi-

date genes associated with tolerance to cold stress in rice at these critical developmental stages.

Materials and methods

Plant materials

Seed of 421 accessions included in the RDP1 [33] were obtained from the USDA/ARS Genetics

Stocks-Oryza (GSOR) collection with 87% of the seed used in this test being produced in the

field during the 2011 growing season and stored at 4˚C after harvest until being prepared for

this study. (Only three RDP1 accessions were not included in this evaluation, GSOR312003,

GSOR312016 and GSOR312019.) The RDP1 accessions in this study included 161 INDICA
accessions (94 indica, 60 aus and seven admixed), 250 JAPONICA accessions (100 tropical
japonica, 101 temperate japonica, 15 aromatic (Group V) and 34 admixed), and 10 INDICA-JA-
PONICA admixed accessions (10 with ancestry in both INDICA and JAPONICA). A cut-off of

70% ancestry was used to classify the accessions into one of the five subpopulation groups or

into one of the three admixture classes: admixed INDICA (aus-indica), admixed JAPONICA
(tropical japonica-temperate japonica-aromatic) or admixed INDICA-JAPONICA [4]. For 23

accessions which did not have HDRA genotypes, thus not classified by McCouch et al. [4], the
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classification was based on SSR marker data [33]. [Subpopulation information is summarized

in an Excel file which can be downloaded at the GSOR website (https://www.ars.usda.gov/

southeast-area/stuttgart-ar/dale-bumpers-national-rice-research-center/docs/rice-diversity-

panel-1/).]

Controls for the evaluation of cold tolerance at the germination stage included Quilla66304

(PI 560281) as highly cold tolerant, Lemont (PI 475833) as moderately cold tolerant and

Zhe733 (GSOR 100355; PI 634573 MAP), as cold-sensitive (low cold tolerance). Controls for

evaluating cold tolerance at the reproductive stage included Mustakilik from Uzbekistan,

Jinbu from South Korea, and Calmochi-101 (PI 494104), Calmati-201 (PI 608665), M-205 (PI

615535) and L-206 (PI 645472), all developed for production in the temperate USA environ-

ment in California.

Evaluation of cold tolerance at germination

Cold tolerance at germination was evaluated using the “ragdoll method” developed at the Dale

Bumpers National Rice Research Center near Stuttgart, Arkansas. To conduct this evaluation

20 grams of seed were inspected with a “light box” which has an incandescent light fixture

mounted in a wooden box, with a hole cut in the top. Seed were placed in a petri dish, placed

over the hole and light shown through the dish so that opaque seed, many of which were the

damaged, diseased or broken seed, could be identified and removed. This resulted in fully

developed, viable, translucent seed being selected for the study. The seed sample was sterilized

for ten minutes in 15 ml of one part bleach (5.25% sodium hypochlorite) to one part water

solution and then rinsed three times with 45 ml of sterile deionized water. Underdeveloped

seed floated to the surface during these rinsing steps and were removed. For each accession,

five “ragdolls” were prepared by placing 30 well-developed seeds on a sterilized industrial

strength, triple fold, paper towel and rolling up the paper towel to make a “ragdoll”. Ten rag-

dolls, including the three control varieties and seven RDP1 accessions, were placed on each

tray in a random order with each tray representing one replication. The ragdolls in the tray

were wet with 100 ml of a fungicide solution (150 ul Dynasty1: 1 L deionized water). The tray

was covered with plastic wrap to decrease evaporation and covered with a second tray. Four

binder clips, one on each side, were used to hold the trays together. The accessions were

arranged in a randomized complete design with three cold replications (each accession

occurred on three separate trays) and two warm replications. Three trays were randomly

placed in a dark ‘cold’ incubator set at 12˚C for 35 days and two trays were placed in a dark

‘warm’ incubator set at 30˚C for five days to correct for the percentage of germination (i.e. via-

bility) of a given accession. After the appropriate time period, the trays were removed from the

cold or warm treatment and each seed was classified into one of three categories based on cole-

optile length: the seeds classified as having “high tolerance” had coleoptiles longer than 5 mm,

those classified as having “low tolerance” had coleoptile lengths less than 5 mm long, and those

which had no coleoptile elongation were classified as not germinating and had no cold toler-

ance. Seed which had fungal contamination were removed from the analysis.

Germination rates of check varieties were evaluated across all trays within the warm and

cold germination trials by evaluating process control variability charts, Analysis of Mean

(ANOM) and simple regression across the 61 trays [34, 35]. There were no trends detected in

germination in either the warm or cold trials across the 61 sets defined as three replications in

cold treatment and two in warm; therefore, no adjustments were necessary for the test acces-

sions. To determine the most reliable phenotype estimate to use for association mapping, we

evaluated both means and adjusted means using six different calculations based on the coleop-

tiles being more than 5 mm long, coleoptile emergence (combining coleoptiles more than 5
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mm long and less than 5 mm), and correcting for germination under the warm temperature

using the means procedure [34]. Based on the Q-Q plots and lambda values obtained as part of

the GWA analyses described below, we determined the best measure of cold tolerance at ger-

mination was the mean adjusted for germination under warm temperatures. This was calcu-

lated as the ratio of the percentage of seeds with coleoptiles >5 mm in the cold treatment

divided by the percentage of the seeds with coleoptile length>5 mm in the warm treatment,

hereafter described as the “germination index”.

Evaluation of cold tolerance at the reproductive stage

For this study, 227 RDP1 JAPONICA accessions, excluding the aromatic (Group V) accessions,

were planted on April 21, 2014 in a greenhouse modified to evaluate cold tolerance at the

reproductive stage located at the California Cooperative Rice Research Foundation near Biggs,

California. At the time of planting, the day length was 13.5 hrs. Seeds from each accession

were planted in two liter pots and each pot was randomly placed on one of two benches with

each bench being considered as one replication. The plants were fertilized with nitrogen (47 kg

ha-1) and potassium (27 kg ha-1) at 14 days and 40 days after planting. At 45 days after plant-

ing, when the panicle initiation typically begins in the earliest adapted varieties (day-

length = 14.75 hrs), the night time temperature was adjusted to 12˚C between midnight (00:00

h) and 07:00 h. The average day time temperature was 27.3˚C during this time. The cold night

time treatment continued for several weeks until 186 accessions reached the booting stage.

(The remaining 41 accessions did not mature, in part due to photoperiod sensitivity, and thus

no data were collected.) The days to 50 percent heading, days to harvest maturity, plant height,

percent panicle sterility, number of panicles per plant, and seed weight per plant were

recorded. Percent panicle sterility was scored as follows: category “1” is 0 to 5% sterile florets,

“2” is 6–12%, “3” is 13–18%, “4” is 19 to 40%, “5” is 41 to 60%, “6” is 61 to 90%, and “7” is 91 to

100%.

The procedure ANOVA (Analysis of Variance) in SAS [34] using the controls revealed no

effect due to placement on one of the two greenhouse benches used for this experiment. There

was no significant correlation between days to heading and the other three traits measured,

thus it was excluded from the GWA analysis. Based on the Q-Q plots (described below), the

means identified for further evaluation were percent sterility, mean of seed weight per plant

(SWPlt) and mean seed weight per panicle (SWPan).

Genome-wide association analysis

GWA studies were run using the analysis pipeline and HDRA dataset consisting of 700,000

SNPs described by McCouch et al. [4]. In the pipeline, principal components (PCs) were calcu-

lated from the genetic correlation matrix using the svd function of the R statistical package

[36]. The SNP data were filtered to include only SNPs with a minor allele frequency (MAF) >

0.05 in each subpopulation. Efficient Mixed-Model Association eXpedited (EMMAX vs beta-

07Mar2010) was used to calculate a linear mixed model that adjusts for population structure

by including a kinship matrix covariate using the identity by descent (IBS) method of

EMMAX [37]. Three PCs were included in the mixed model when analyzing across all subpop-

ulations, but not when analyzing individual subpopulations. The quantile-quantile (Q-Q) plots

(S3 Fig) for each group were produced to visualize the distribution of the test statistics and

evaluate the inflation factor, lambda (λ). Based on the approximate significance value where

the observed number of p-values exceeds the expected number in the Q-Q plots, a significance

threshold of 10−4 was used across all analyses. The GWA analysis pipeline scripts and SNP

data are available at www.ricediversity.org. GWA was run for the three subpopulation groups,
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indica, tropical japonica and temperate japonica, as well as, for the two varietal groups, INDICA
(aus, indica and admixed aus-indica) and JAPONICA (temperate japonica, tropical japonica
and admixed temperate-tropical-japonica) as described in McCouch et al. [4]. The aus and aro-
matic subpopulations did not have enough accessions to conduct a separate GWA analysis of

the subpopulation group. QTL regions were identified as having three or more SNPs above the

threshold level. Before assigning a QTL to a region, we required three SNPs below the critical

p-value because rice (as a primarily inbreeding species) has a gradual decay of LD, especially

compared to outcrossing species such as maize. Given the high density SNP coverage we

would expect it to be rare for an isolated significant SNP to be detected within a genomic

region. By requiring at least three SNPs having significant p-values in a 150–200 kb region, we

hoped to reduce the number of false positives. This method of selecting at least three SNPs in a

150–200 kb region was also used by McCouch et al. [4]. All significant SNPs identified are

listed in S1 Table by trait and subpopulation group.

As background, the Q-Q plots and Manhattan plots from the GWA mapping were examined

based on five different calculations for the cold tolerance, some of which included the germinated

seed with coleoptile lengths less than 0.5 mm. The GWA results which included the coleoptile

length less than 0.5 mm had extremely low values for lambda (significant deviation from

expected), thus very few significant SNPs were identified, with most below the threshold p-value.

This made it difficult to analyze the GWA mapping data. Considering that our long term objec-

tive is to identify cold tolerant germplasm for incorporation into rice breeding programs, select-

ing those which had the best germination under cold conditions is important, thus we chose to

use only those that had coleoptile lengths greater than 0.5 mm to calculate the germination index.

Linkage Decay (LD) estimation

Pairwise linkage between adjacent sites across the genome was estimated for SNPs in each sub-

species and each subpopulation using the 2.6 million SNPs publicly available from the RGP 3K

project [38]. Tassel software v5.2.4 [39] was run with the following parameters: " -ldPermNum

100000 -ldRapidanalysis false". Local pairwise LD between adjacent SNPs was visualized along-

side the MSU7 genome assembly, HDRA SNPs, RGP 3K SNPs, MSU7 gene and repeat annota-

tions, and annotations downloaded from the Gramene database[40] using the genome viewer

JBrowse v1.11.5[41] instance on Ricebase[42]. The pairwise LD between SNPs was used as a

rough visual approximation of the local rate of LD decay to guide manual selection of candidate

genes. The “GWAS Viewer” tool (http://ricediversity.org)[4] was used to provide zoomed in

views of SNP significance vs chromosome location in QTL regions relative to candidate genes.

Gene Ontology (GO) analysis

Gene ontology (GO) term enrichment analysis was performed using the list of candidate genes

derived from the cold-tolerance GWA mapping at the germination stage. Gene IDs were sup-

plied to the agriGO analysis toolkit [43] using the Fisher statistical method to detect signifi-

cantly enriched ontology terms.

Results

Analysis Of Variance (ANOVA) at the germination stage

As summarized in Fig 1 and Table 1, JAPONICA accessions were more tolerant to cold stress

at germination than INDICA accessions, based on mean germination index. A wide range of

variation was observed within each subpopulation (Fig 1; S2 Fig), but the mean germination

index of tropical japonica accessions showed them to be more cold tolerant than temperate
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japonica accessions, and both were more tolerant than either indica or aus (Student’s t-test,

p<0.05). Of the 421 RDP1 accessions evaluated in this study, 19.7% (83 accessions) had a

higher germination index than Quilla66304 [(�0.89+0.02 (SE)], the cold tolerant control (S2

Table; S1 Fig).

Fig 1. Distribution of the Rice Diversity Panel 1 accessions by subpopulation group for cold tolerance at

germination. Cold tolerance described as the “Germination Index” was calculated as the ratio of the mean

percentage of seeds with coleoptiles >5 mm under cold treatment to the mean percentage of seeds with coleoptiles

>5mm under warm treatment. The temperate japonica and tropical japonica accessions were significantly more

tolerant than accessions classified as indica and aus, the INDICA subspecies. Based on the Student’s t-test

(p<0.05) there were no differences between indica and aus subpopulations.

doi:10.1371/journal.pone.0172133.g001

Table 1. Summary statistics for cold tolerance at the germination and reproductive stages. The mean, range and standard error are given for the ger-

mination index (calculated as percent germination in cold divided by warm treatment) based on the two subspecies, INDICA and JAPONICA, and four subpop-

ulations aus, indica, temperate japonica and tropical japonica. At the reproductive stage, 186 JAPONICA accessions which produced panicles were evaluate

for three traits.

Group\Trait No. accessions Mean Range SE1)

Germination

ALL 421 0.63 0.00–2.67 0.02

INDICA 161 0.46 0.00–1.01 0.02

aus 60 0.46 0.00–0.92 0.03

indica 94 0.45 0.00–1.01 0.03

JAPONICA 250 0.74 0.00–2.67 0.02

temperate japonica 100 0.71 0.00–2.67 0.03

tropical japonica 101 0.79 0.01–1.17 0.02

Reproductive

Percent sterility 2) 186 4.0 1.5–7.0 0.1

Seed weight per plant 186 5.00 0.10–20.45 0.28

Seed weight per panicle 186 0.71 0.01–2.56 0.03

1) SE: standard error (standard deviation/square root no. accessions)
2) Percent sterility was rated with the following categories: category 1 (0 to 5% sterility), 2 (6 to 12%), 3 (13 to 18%), 4 (19 to 40%), 5 (41 to 60%), 6 (61 to

90%) and 7 (91 to 100%).

doi:10.1371/journal.pone.0172133.t001
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Analysis of variance at reproductive stage

RDP1 JAPONICA accessions (n = 227) were evaluated for cold stress at the reproductive stage

in the greenhouse but only 186 produced panicles during the time period allotted for this

study. Only JAPONICA varieties were evaluated because they were significantly more tolerant

to cold stress at germination than INDICA accessions, and greenhouse space was limited. A

wide range of variation was observed for all three traits, percent sterility, SWPan and SWPlt

(Table 1; S2 Fig; S3 Table). The JAPONICA accession means for each trait were compared to

Mustakilik, the most reproductively cold tolerant control variety. Those accessions which

rated one standard error above Mustakilik included 64 accessions with less sterility, 15 acces-

sions having more SWPlt and 16 having more SWPan (S3 Table). Of these accessions, only

seven were identified as cold tolerant for all three reproductive traits.

Comparing results from the germination and reproductive stage screens, 20 of these

JAPONICA accessions, which rated as cold tolerant for at least one reproductive trait, exhibited

cold tolerance at germination (S3 Table). Surprisingly, of the seven accessions identified as tol-

erant for all three reproductive traits, only Karabaschak and Rikuto Norin 21 were identified

as highly cold tolerant based on their germination index (S2 Table).

Genome-wide association analysis for cold tolerance at the germination

stage

GWA mapping for the germination index was run using the entire RDP1 panel (n = 421), and

separately for each varietal group and each subpopulation. We did not analyze the aus subpop-

ulations alone because of its small sample size. GWA analysis of the indica subpopulation

revealed no group of three or more significant SNP associations, thus the results are not pre-

sented. Manhattan plots were generated for each group to illustrate the significance of SNP

associations in the GWA analysis (Fig 2). In each group, SNPs were detected above the signifi-

cance threshold (p-value = 0.0001) and QTL regions were identified when 3 or more signifi-

cant SNPs occurred within a 1 Mb interval.

GWA mapping identified a total of 18 QTL in the RDP1 as a whole (ALL) associated with

cold tolerance (measured by germination index), including nine in INDICA (of which four

were co-located with those identified in ALL), 13 in JAPONICA, (of which three were co-

located with ALL and one was co-located with INDICA), seven in temperate japonica, and six

in tropical japonica (Table 2; Fig 3a).

Several of the germination-related QTL regions identified in this study co-localized with

previously reported QTLs, as summarized in Table 2 (S4 Table). The fact that these QTL

regions were identified in multiple studies using different populations or collections of germ-

plasm suggests the QTL should be explored further to validate their impact on cold tolerance

at germination, and to clearly define the breeding value of the putative favorable allele(s), iden-

tified in this study. Three loci were significant across ALL and either JAPONICA, temperate
japonica or INDICA and overlapped with the previously reported QTLs including

qCTGERM1-8 overlapping with qCTS1-5, qCTGERM7-4with qCTS7(2) and qCTGERM12-2
with qCTF12 (Table 2; S4 Table). Genomic positions of all germination index QTL are shown

in Fig 3. Candidate genes proximal to each germination index QTL were determined by anno-

tated gene function (S5 Table).

Genome-wide association analysis at the reproductive stage

The GWA analysis was conducted to identify alleles associated with cold stress in the repro-

ductive stage with MAF >0.05. A total of 31 QTL were identified including seven QTL

Genetic architecture of cold tolerance in rice determined through GWAS
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associated with percent sterility, 14 with SWPlt, and 10 with SWPan (Table 3; Fig 3b). Some of

these QTL co-localized with previously reported QTL associated with seed yield components

(Table 3; S4 Table). Genomic positions of all reproductive stage cold tolerance QTL are shown

alongside the germination index QTL in Fig 3 and candidate genes based on annotated gene

function are listed in S5 Table.

Identification of candidate genes

The genome browser feature of Ricebase [42] was used to identify candidate genes based on

the MSU7 gene annotation track within approximately 150kb of significant hits. Local pairwise

linkage disequilibrium information (a custom Ricebase track) was used to guide selection of

candidate genes. Gene ontology (GO) term enrichment analysis of the list of candidate genes

indicated significant enrichment of response to stimuli (GO:0050896), response to biotic sti-

muli (GO:0009607), lipid metabolism (GO:0006629) and oxygen binding (GO:0019825) (e.g.,

cytochrome P450) genes (Table 4).

Fig 2. Manhattan plot from GWA analyses associated with cold tolerance at germination and the

reproductive stages. The x-axis represents SNP positions across the entire rice genome by chromosome

and the y-axis is the negative logarithm p-value of each SNP. The dotted line is the threshold (p-value > 10−4)

and SNPs above this threshold were identified as significant. The red band represents candidate genes

across each group which were associated with significant SNPs within haplotype blocks and the purple band

the location of previously reported QTLs associated with cold tolerance or, in the case of the reproductive

traits, seed yield.

doi:10.1371/journal.pone.0172133.g002
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Table 2. Summary of SNP positions for cold tolerance at germination as identified by GWA mapping. All SNPs above the threshold (p-

value = 0.0001) are included. The accessions were grouped as ALL RDP1 accessions, INDICA, JAPONICA, temperate japonica and tropical japonica.

Reported QTLs and candidate genes associated with cold tolerance which are co-located to these segments are identified.

QTL Population

group 1)
Chromo-

some

Position of

segment (Mb)

SNP

position

(Mb)

p-value No.

significant

SNPs

Co-located

QTL 2) 3)
Co-located candidate gene 4)

qCTGERM1-1 ALL 1 0.939–1.066 0.956 3.00E-

04

25 LOC_Os01g02750

qCTGERM1-2 JAPONICA 1 3.712–3.995 3.860 3.55E-

04

7 LOC_Os01g07980

qCTGERM1-3 ALL 1 8.161–8.228 8.190 4.23E-

05

6 qCTB1 5),

COLD3

LOC_Os01g14630

qCTGERM1-4 tropical

japonica

1 11.338–

11.881

11.338 5.35E-

06

3

qCTGERM1-5 temperate

japonica

1 12.710–

12.725

12.714 4.69E-

04

3

qCTGERM1-6 JAPONICA 1 22.892–

22.917

22.920 5.13E-

05

3 L7 6)

qCTGERM1-7 JAPONICA 1 27.060–

27.169

27.060 4.66E-

04

3

qCTGERM1-8 ALL 1 41.518–

41.786

41.603 8.79E-

05

26 qCTS1-5 LOC_Os01g71830

temperate

japonica

1 41.750–

41.769

41.757 7.07E-

06

5 qCTS1-5

qCTGERM1-9 JAPONICA 1 43.039–

43.223

43.128 2.29E-

04

5 LOC_Os01g74470

qCTGERM2-1 ALL 2 1.068–1.655 1.329 1.66E-

04

8

qCTGERM2-2 ALL 2 6.557–6.624 6.557 2.99E-

05

4 L21 6) LOC_Os02g12540

INDICA 2 6.557–6.561 6.557 7.21E-

05

4 L21 6) LOC_Os02g12540

qCTGERM2-3 ALL 2 8.487–8.905 8.885 2.25E-

04

5

qCTGERM2-4 ALL 2 21.772–

21.872

21.797 7.65E-

05

7 LOC_Os02g36150

INDICA 2 21.810–

21.839

21.838 1.71E-

04

4 LOC_Os02g36140,

LOC_Os02g36210

JAPONICA 2 21.772–

21.808

21.797 1.16E-

04

5 LOC_Os02g36150

temperate

japonica

2 21.772–

21.812

21.808 1.66E-

04

13 LOC_Os02g36150

qCTGERM2-5 ALL 2 22.650–

22.661

22.661 1.39E-

05

4

qCTGERM4-1 JAPONICA 4 0.866–1.116 0.866 2.46E-

04

7 qCTS4-1 LOC_Os04g02450

temperate

japonica

4 0.866–0.894 0.866 9.33E-

04

3 qCTS4-1 LOC_Os04g02410

qCTGERM4-2 ALL 4 1.103–1.648 1.116 5.63E-

05

4 qCTS4-1 LOC_Os04g02850

qCTGERM4-3 INDICA 4 27.214–

27.766

27.214 3.54E-

04

36 qCTS4-3, L46
6)

LOC_Os04g45950

qCTGERM4-4 ALL 4 31.047–

31.230

31.159 3.78E-

04

8 qCTS4-2

qCTGERM4-5 JAPONICA 4 31.436–

31.522

31.436 1.71E-

04

5 qCTS4-2, L48
6), qLTG-4

LOC_Os04g52800

(Continued)
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Table 2. (Continued)

QTL Population

group 1)
Chromo-

some

Position of

segment (Mb)

SNP

position

(Mb)

p-value No.

significant

SNPs

Co-located

QTL 2) 3)
Co-located candidate gene 4)

temperate

japonica

4 31.523–

31.524

31.524 1.97E-

04

3 qCTS4-2 LOC_Os04g52920

qCTGERM5-1 tropical

japonica

5 21.435–

21.485

21.484 3.56E-

05

4 L515),6),

qLTG5-25),

qCTS5 5)

LOC_Os05g36240

qCTGERM6-1 JAPONICA 6 6.014–6.143 6.014 8.21E-

04

3 qCTS6-15),

COLD4

LOC_Os06g11410

qCTGERM6-2 ALL 6 6.142–6.226 6.178 1.83E-

04

6 LOC_Os06g11650

INDICA 6 6.199–6.937 6.937 4.48E-

04

5 qCTS6-2

qCTGERM7-1 tropical

japonica

7 10.464–

10.647

10.525 1.02E-

04

6 L725), 6),

qPSST-7 5),

qCTS7 5)

qCTGERM7-2 tropical

japonica

7 13.211–

13.359

13.359 4.01E-

06

3

qCTGERM7-3 ALL 7 17.133–

17.353

17.343 7.08E-

05

6 qCTS7(2)

qCTGERM7-4 ALL 7 19.794–

20.262

20.134 4.69E-

05

15 qCTS7(2),

qCTS7-2

LOC_Os07g33690

JAPONICA 7 19.587–

20.171

20.000 8.39E-

05

19 qCTS7(2) LOC_Os07g33480,

LOC_Os07g33600

LOC_Os07g33670

qCTGERM7-5 tropical

japonica

7 27.860–

27.947

27.947 4.01E-

06

4 L79 6)

qCTGERM8-1 ALL 8 10.438–

10.903

10.000 5.69E-

05

7 qCTF8,

qCTS8-3

LOC_Os08g17080

qCTGERM8-2 JAPONICA 8 12.270–

12.345

12.270 8.85E-

05

5 LOC_Os08g20420

qCTGERM9-1 INDICA 9 10.760–

10.911

10.806 4.69E-

05

7 LOC_Os09g17670

qCTGERM10-

1

ALL 10 1.403–1.526 1.520 2.52E-

04

3

qCTGERM10-

2

ALL 10 3.009–3.111 3.010 5.21E-

04

4

qCTGERM10-

3

tropical

japonica

10 10.165–

10.335

10.257 2.32E-

04

4 L102 6), qLTG-

10

LOC_Os10g20390

qCTGERM10-

4

INDICA 10 22.258–

22.298

22.298 7.71E-

06

3 qCST10, L107
6)

qCTGERM11-

1

temperate

japonica

11 1.6248–1.624 1.624 1.86E-

04

4

qCTGERM11-

2

ALL 11 5.590–5.741 5.590 2.88E-

04

5

qCTGERM11-

3

JAPONICA 11 16.230–

16.248

16.248 2.41E-

05

6 LOC_Os11g28270

qCTGERM11-

4

INDICA 11 17.303–

17.425

17.413 6.06E-

05

7 qCTS11-5 LOC_Os11g29970

qCTGERM11-

5

JAPONICA 11 19.676–

19.770

19.718 7.78E-

05

11 LOC_Os11g33330

temperate

japonica

11 19.675–

19.757

19.718 4.65E-

04

6 qCTS11(2)-2

(Continued )
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Discussion

It can be challenging to map genetic loci controlling quantitative abiotic stress tolerance traits

such as cold tolerance because they have a diffuse, polygenic architecture and are correlated

with population structure. In this study, we applied high density genotyping along with GWA

analysis corrected for population structure and kinship to elucidate the genetic control of cold

tolerance in a collection of phenotypically and genetically diverse rice accessions. Twenty-

eight regions associated with cold stress were identified across four subpopulations, both sub-

species, and ALL RDP1 accessions.

Some of GWA mapped QTL associated with cold stress were located within or near to cold

tolerance QTLs reported in bi-parental populations. The overlap provided confirmation of the

GWA mapping results, and the GWA analysis allowed improved mapping resolution to the

previously mapped loci. We found several peaks located within or near previously reported

QTLs (Table 3; S4 Table) including 11 in ALL (qCTB1 and COLD3, L21, qCTS4-1, qCTS4-2,

qCTS7, qCTS7-2, qCTF8, qCTS8-3, qCTS1-5, qCTS7-2, and qCTF12), eight in INDICA (L21,

L46, L107, qCST10, qCTF12, qCTS11-5, qCTS6-2 and qCTS4-3), eight in JAPONICA [L8, L48,

qLTG-4, qCTS4-1, qCTS4-2, qCTS6-1,COLD4 and qCTS7(2)], four in temperate japonica
[qCTS4-1, qCTS4-2, qCTS1-5, and qCTS11(2)-2] and 10 in tropical japonica (qCTS5, qCTS10,

L51, qLTG-5-2, qCTS5, L72, qPSST-7, qCTS7, L79, L102, and qLTG-10). The QTLs, qCTS4-1,

qCTS4-2,COLD4, qCTB5 and qCTS7(-2)were identified in JAPONICA which is in agreement

with our study [1, 6, 13, 32, 44–49]. Moreover, qCTS4-1and qCTS4-2 are two major QTLs that

were observed in ALL, JAPONICA and temperate japonica; another major QTL, CTB7-2, was

detected in both JAPONICA and ALL; and finally a QTL, qCTF12was observed in both

INDICA and ALL. There is a QTL region with a number of significant SNPs clustered between

4.178–4.180 Mb on chr. 1 observed in ALL and traced back to JAPONICA and the temperate
japonica subpopulation (Table 2; Figs 2 and 3). Since no QTL was previously reported in this

region, we suggest this region is a potential QTL region which should be further investigated.

At the reproductive stage, we detected several QTL located within or near previously

reported QTLs associated with yield including five in percent sterility (nfg2, PSS7, qLTG2,

Table 2. (Continued)

QTL Population

group 1)
Chromo-

some

Position of

segment (Mb)

SNP

position

(Mb)

p-value No.

significant

SNPs

Co-located

QTL 2) 3)
Co-located candidate gene 4)

qCTGERM12-

1

JAPONICA 12 24.896–

24.904

24.904 3.53E-

04

3

qCTGERM12-

2

ALL 12 26.314–

26.426

26.430 2.55E-

04

9 qCTF12 LOC_Os12g42540

INDICA 12 26.353–

26.489

26.366 5.20E-

05

8 qCTF12 LOC_Os12g42420,

LOC_Os12g42550

qCTGERM12-

3

INDICA 12 27.195–

27.281

27.219 4.20E-

04

6 qCTF12 LOC_Os12g43840

1) Additional information on the RDP1 accessions available on the GSOR website (https://www.ars.usda.gov/southeast-area/stuttgart-ar/dale-bumpers-

national-rice-research-center/docs/rice-diversity-panel-1/)
2) Most of these QTLs also are identified in GRAMENE [40].
3) Additional information on the co-located QTLs is in S4 Table.
4) Additional information on the co-located candidate genes is in S5 Table.
5) SNP near to QTL.
6) “L” is for Locus as reported by Lv et al. [13].

doi:10.1371/journal.pone.0172133.t002
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L125, and gp7), four in SWPlt (qSW1-1, L66, L87, and gw12.1), and 11 in SWPan (Pdw1-1,

PNWT2, GWP2, yld2.1, qnob-5, qCTB5, qCTS6-1,GWP6, qple-4, qLTG7, and qCTSSR12-1 [1,

6, 13, 14, 31, 50–62]. The results showed that low temperature at the reproductive stage has a

negative impact on the QTLs for yield associated traits. This finding is consistent with previous

report by Andaya and Mackill [6] that low temperature occurring at the early reproductive

stages causes much greater yield reduction than at the seedling stage.

The resolution of GWA analysis allows for the identification of candidate genes based on

proximity to significant SNPs (S6 Table). Gene functional annotation revealed a number of

plausible candidates. The gene annotations are based on the presence of protein domains and

homology to genes with known function in rice or in other species. At both the molecular and

cellular levels, several strategies, such as inducing biochemical and physiological changes, have

Fig 3. Location of the QTLs identified by the GWA mapping for cold tolerance at the germination

stage (Fig 3a) and reproductive stage (Fig 3b), including co-located QTL and cadidate genes that were

previously reported. The position of the QTL regions correspond to Table 2 for the germination stage (Fig

3a) and Table 3 for the reproductive stage (Fig 3b). The subpopulation group(s) where the QTL was identified

are listed as ALL (all RDP1 accessions-black), IND (INDICA-red), JAP (JAPONICA-green), TEJ (temperate

japonica-dark blue) and TRJ (tropical japonica-light blue). The “L” is for Locus [13]. Each significant SNP

located in a particular QTL region is identified by a bar, thus the wider bars have more SNPs associated with

the particular QTL.

doi:10.1371/journal.pone.0172133.g003
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Table 3. Summary of SNP positions for cold tolerance at the reproductive stage as identified by GWA mapping. Traits measured were percent steril-

ity, seed weight per panicle and seed weight per plant. All SNPs above the threshold (p-value = 0.0001) are included. Reported QTLs and candidate genes

associated with spikelet fertility and seed set which are co-located to these segments are identified.

QTL Trait Chromo-

some

Position of

segment (Mb)

SNP position

(Mb)

p-value No. significant

SNPs

Co-located

QTL1)2)
Co-located candidate

gene 3)

qSWTPNCT1-

1

Seed weight

per panicle

1 3.235–3.451 3.452 4.29E-

05

7 Pdw1-14) LOC_Os01g07310

qSWTPNCT1-

2

Seed weight

per panicle

1 22.238–23.466 22.287 3.33E-

04

4

qSWTCT1-1 Seed weight

per plant

1 41.743–41.844 41.763 6.02E-

06

27 LOC_Os01g72190

qSWTCT1-2 Seed weight

per plant

1 41.847–41.999 41.895 1.02E-

07

24 qSW1-1 LOC_Os01g72250

qSWTCT1-3 Seed weight

per plant

1 42.033–42.102 42.099 1.52E-

05

5

qSWTCT1-4 Seed weight

per plant

1 42.215–42.472 42.430 4.82E-

05

9

qSWTPNCT1-

3

Seed weight

per panicle

1 43.015–43.233 43.048 1.40E-

04

35 LOC_Os01g74300

qSWTPNCT2-

1

Seed weight

per panicle

2 18.694–18.768 18.760 2.78E-

04

8 PNWT2,

GWP24)
LOC_Os02g31280

qFERCT2 Percent sterility 2 19.320–19.427 19.425 3.16E-

05

10 nfg2,qLTG2 LOC_Os02g32700

qSWTCT4 Seed weight

per plant

2 25.010–25.047 25.017 2.20E-

04

8

qSWTPNCT2-

2

Seed weight

per panicle

2 28.617–29.067 29.198 7.64E-

05

3 yld2.1, qnob-

5

LOC_Os02g47744

qSWTPNCT5-

1

Seed weight

per panicle

5 27.018–27.195 27.195 1.14E-

04

5 qCTB54) LOC_Os05g47470

qSWTPNCT6-

1

Seed weight

per panicle

6 5.927–6.193 6.194 1.52E-

04

15 qCTS6-14) LOC_Os06g10470

qFERCT6-1 Percent sterility 6 8.313–8.339 8.330 5.75E-

04

4

qFERCT6-2 Percent sterility 6 13.419–13.557 13.467 1.36E-

05

6

qFERCT6-3 Percent sterility 6 14.520–15.627 14.774 6.08E-

05

14 LOC_Os06g25250

qFERCT6-4 Percent sterility 6 16.654–16.765 16.659 1.61E-

04

5 L635)

qSWTCT6 Seed weight

per plant

6 24.582–24.749 24.711 2.96E-

05

6 L665) LOC_Os06g41300

qSWTPNCT6-

2

Seed weight

per panicle

6 24.708–24.901 24.812 2.42E-

04

8 GWP6

qSWTPNCT7-

1

Seed weight

per panicle

7 1.700–1.764 1.761 5.15E-

04

5 qLTG7

qFERCT7 Percent sterility 7 14.316–14.471 14.316 3.44E-

05

8 PSS7, gp7,

L745)
LOC_Os07g25060

qSWTCT7 Seed weight

per plant

7 23.121–23.290 23.197 3.54E-

05

7 LOC_Os07g38620

qSWTCT8-1 Seed weight

per plant

8 0.628–0.886 0.688 2.39E-

08

6 LOC_Os08g02094

qSWTPNCT8-

1

Seed weight

per panicle

8 2.914–2.942 2.942 6.44E-

06

6 LOC_Os08g05510

qSWTCT8-2 Seed weight

per plant

8 3.645–3.763 3.763 5.82E-

05

7 LOC_Os08g06710

(Continued )
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been developed by plants in order to survive in cool and cold temperatures [63, 64]. Occur-

rence of low temperature causes variation in the expression of genes and alters the function of

their product(s) to enhance tolerance to cold stress [65]. For example, the product of the candi-

date gene LOC_Os08g05510 belongs to the MYB transcription factor family. Previous studies

showed that several MYB transcription factors such as AtMYB15 and AtMYB15 in Arabidop-
sis, as well as, MYBS3 in rice increase tolerance to cold stress [65,66]. The proteins produced

by three candidate genes of LOC_Os11g28270, LOC_Os06g10470 and LOC_Os12g42540

belong to the zinc finger family. Proteins from the zinc finger family are overexpressed during

cold stress in tobacco and rice [67,68]. The candidate genes LOC_Os09g17680,

LOC_Os01g02750 and LOC_Os01g38850 belong to the kinase family which Shinozaki and

Yamaguchi-Shinozaki [69] considered a potential signal of environmental stresses. The candi-

date gene LOC_Os07g46750 produces a protein that belongs to the elongation factor family

which responds to cold stress in rice at the seedling stage as reported by Cui et al. [18]. Four

candidate genes produce cytochrome P450 which Ito et al. [70] reported targets the stress

inducible gene OsDREB1A whose protein promotes tolerance to cold and salt stresses in rice

and Arabidopsis [71].

GO analysis revealed biological process and molecular function trends across all candidate

genes. Lipid metabolic process was one of the enriched ontology terms. It is known that lipid

metabolism has a role in the mechanism of cold tolerance in plants and acts by modulating the

Table 3. (Continued)

QTL Trait Chromo-

some

Position of

segment (Mb)

SNP position

(Mb)

p-value No. significant

SNPs

Co-located

QTL1)2)
Co-located candidate

gene 3)

qSWTCT8-3 Seed weight

per plant

8 6.209–6.270 6.248 3.20E-

05

8 LOC_Os08g10608

qSWTCT8-4 Seed weight

per plant

8 26.806–26.991 26.811 1.21E-

04

6 L875) LOC_Os06g41300

qSWTCT8-5 Seed weight

per plant

8 28.003–28.104 28.018 9.09E-

05

16 LOC_Os08g44560

qSWTCT9 Seed weight

per plant

9 16.540–16.678 16.540 1.27E-

04

7

qFERCT12 Percent sterility 12 7.234–7.347 7.243 4.17E-

04

5 L1255)

qSWTCT12 Seed weight

per plant

12 26.116–26.129 26.123 6.82E-

05

6 gw12.1

1) Most of these QTLs also are identified in GRAMENE [40].
2) Additional information on the co-located QTLs is in S4 Table.
3) Additional information on the co-located candidate genes is in S5 Table.
4) SNP near to QTL.
5) “L” is for Locus as reported by Lv et al. [13].

doi:10.1371/journal.pone.0172133.t003

Table 4. Gene Ontology (GO) term enrichment analysis of the germination index candidate genes. The GO analysis describes the gene products in

terms of their associated biological processes, cellular components and molecular functions independent of species.

GO term Ontology Description Number in input list Number annotated p-value

GO:0006629 Biological process lipid metabolic process 5 1376 0.0085

GO:0009607 Biological process response to biotic stimuli 4 1404 0.0410

GO:0050896 Biological process response to stimuli 11 6928 0.0440

GO:0019825 Molecular function oxygen binding 4 390 0.0005

doi:10.1371/journal.pone.0172133.t004
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crystallization of lipids in plant membranes [72, 73]. Other significantly enriched biological

process terms include response to stimuli and response to biotic stimuli. Although cold toler-

ance is an abiotic trait, there may be significant crosstalk with biotic stress response or pres-

ence of gene families that act in both forms of stress response [74, 75]. Oxygen binding was a

significantly enriched molecular function ontology term. Oxygen binding proteins may pro-

vide protection from abiotic stress-induced oxidative damage or may be involved in the detec-

tion of reactive oxygen species to elicit a stress response [76].

Differences were found between the subspecies and subpopulations in their mean level of

cold tolerance and in the genetic architecture of the cold tolerance within each group. The phe-

notypic study revealed that JAPONICA subspecies demonstrated more cold tolerance than the

INDICA subspecies. We found only 12 INDICA but 87 JAPONICA accessions tolerant to cold

stress. This finding is consistent with previous reports [13, 77, 78] that INDICA accessions are

adapted to low latitude regions while JAPONICA accessions are adapted to low temperatures

in high latitudes and higher elevations. These differences may be a result of adaptation to par-

ticular environments of subspecies progenitors prior to domestication or the result of human

selection acting on the subspecies to optimize production in the regions were they are cur-

rently grown [79]. Furthermore, our results showed that the degree of tolerance in the studied

subpopulations with tropical japonica being more tolerant than temperate japonica which in

turn is more tolerant than aus and indica, is in agreement with the results of their attributed

subspecies and with the seedling cold tolerance evaluation of RDP1 accessions [32]. In this

particular rice collection, RDP1, the number of cold tolerant tropical japonica accessions was

greater than temperate japonica accessions, but that order can be different in other rice collec-

tions. There was no statistically significant difference between aus and indica, although aus
(0.46 + 0.03) was slightly more cold tolerant than indica (0.45 + 0.03). These results suggest

that more alleles conferring cold tolerance at cold tolerance loci can be found in JAPONICA
subspecies and its subpopulations than in INDICA subspecies and its subpopulations.

Given that there are differences in the genetic architecture of cold tolerance between sub-

species and subpopulations (i.e., different genetic loci are involved), this presents an opportu-

nity for enhancing cold tolerance through breeding. SNPs that are linked to cold tolerance

alleles could serve as tools for marker assisted selection (MAS) in rice breeding programs. Pyr-

amiding cold tolerance alleles at multiple genes would result in new rice varieties with

enhanced cold tolerance. Transgressive variation for cold tolerance would be likely in crosses

between subspecies through additive effects at multiple loci [80]. The results of this study also

may guide the selection of optimum parental lines to use in plant breeding efforts focused on

enhancing the cold tolerance of new rice varieties.

Conclusion

In light of new technology, powerful statistical software and high density genotyping, it is pos-

sible to analyze complex quantitative traits with GWA mapping. In this study, we showed how

GWA mapping can serve as a powerful tool by providing insight into the genetic architecture

of cold tolerance in a diverse collection of rice genotypes by detecting QTLs and candidate

genes associated with cold tolerance at germination and booting. Moreover, we demonstrated

that the GWA mapping can complement and validate the previous cold tolerance QTL map-

ping studies conducted in bi-parental populations.

Supporting information

S1 Table. List of all significant SNPs identified by GWA analysis. Complete list of the all the

significant SNPs identified for germination index by subpopulation group (ALL RDP1,
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INDICA, JAPONICA, temperate japonica and tropical japonica) and for the three reproductive

traits evaluated, percent sterility, mean of seed weight per plant (SWPlt) and mean seed weight

per panicle (SWPan).

(XLSX)

S2 Table. List of the RDP1 accessions which were cold tolerant at germination. The 83

accessions listed had a germination index at least one standard error above the cold tolerant

control, Quilla66304. (The three controls replicated across this experiment are listed at the end

of the table.).

(PDF)

S3 Table. List of the 206 RDP1 accessions identified evaluated for cold tolerance at the

reproductive stage based on percent sterility, seed weight per plant or seed weight per pan-

icle. The accessions are grouped as those a) greater than or equal to the most cold tolerant con-

trol, Mustakilik, for at least one measure of cold tolerance, b) less than Mustakilik for all cold

tolerant traits measured, c) accessions which did not produce panicles and d) controls. Days to

heading and the germination index are included as a reference.

(PDF)

S4 Table. Summary of QTLs identified by GWA mapping in this study which co-localized

with previously reported QTLs at the germination and reproductive stages. The previously

reported QTLs were identified in both bi-parental populations and by GWA mapping in or

near the QTL regions identified in this study.

(PDF)

S5 Table. Summary of candidate genes co-located with SNPs identified in this study as

associated with cold tolerance at the germination and reproductive stages. These candidate

genes were verified as part of cold tolerance studies in other plant species.

(PDF)

S6 Table. Overlap between candidate genes and significant SNPs. Regions where position of

significant SNPs (Table 2) overlapped with the candidate genes (S5 Table) based on the germi-

nation index across the population groups.

(PDF)

S1 Fig. Frequency distribution of the adjusted cold germination ratio for the RDP1 O.

sativa accessions. Distribution of the “Germination Index” calculated as percentage of seeds

with coleoptiles >5 mm in cold treatment to percentage of seeds with coleoptiles >5 mm in

warm treatment, across ALL RDP1 accessions is the sum of the gray and hash bars. The hash

bars indicate the frequency distribution for the subset of A) INDICA (indica, aus, admix-

INDICA) accessions and B) JAPONICA (tropical japonica, temperate japonica, admix-JAPON-
ICA) accessions. Quantile box-and-whisker plots show the distribution observed values and

the mean for the INDICA and JAPONICA accessions. The cold tolerant check, Quilla66304 is

shown. (Table 1 lists additional statistics.).

(PDF)

S2 Fig. Distribution of the JAPONICA RDP1 accessions for three reproductive traits as a

measure of cold tolerance at booting. The distribution of the mean percent sterility, [classi-

fied as category 1 (0 to 5% sterility), 2 (6 to 12%), 3 (13 to 18%), 4 (19 to 40%), 5 (41 to 60%), 6

(61 to 90%) and 7 (91 to 100%)], mean seed weight per panicle and mean seed weight per plant

as a measure of cold tolerance at booting (panicle emergence) in rice. Quantile box-and-whis-

ker plots show the distribution of observed values and the mean for each trait. The value for
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cold tolerant check, Mustakilik, is shown. (Table 1 lists additional statistics.).

(PDF)

S3 Fig. Quantile-Quantile plots for four cold tolerance traits measured at germination and

at the reproductive stages. The y-axis is the observed number and magnitude of observed p-

value (-10 log) displays associations between SNPs and cold tolerance and the x-axis is the

expected p-value (-10 log) under the null hypothesis (there is no association between SNPs and

cold tolerance). The λ (lambda) is the genomic inflation factor.

(PDF)

Acknowledgments

We gratefully acknowledge the superb technical assistance of Teresa A. Hancock for conduct-

ing the cold tolerance screening. The assistance of technician, Laura Ashley Smith and student

interns, Jalyn Henderson and Zach Steinmetz with preparing the seed and conducting the seed

germination experiment is gratefully acknowledged. Aaron K. Jackson is acknowledged for

conducting the early GWA mapping with 44,000 SNPs as described by Zhao et al. [81]. Anna

M. McClung is acknowledged for her advice on conducting the germination cold tolerance

screening. Yuxin Shi and Francisco J. Agosto-Perez are acknowledged for making the GWAS

Viewer available to search for significant SNPs and candidate genes. Mention of a trademark

or proprietary product does not constitute a guarantee or warranty of the product by the U.S.

Department of Agriculture or Cornell University, and does not imply its approval to the exclu-

sion of other products that also can be suitable. USDA is an equal opportunity provider and

employer. All experiments complied with the current laws of the United States, the country in

which they were performed.

Author Contributions

Conceptualization: GCE SRM.

Formal analysis: PK SED JDE.

Funding acquisition: SRM GCE.

Investigation: ES PK FJ.

Methodology: GCE ES FJ.

Project administration: GCE SRM.

Software: PK.

Supervision: SRM GCE.

Validation: AMB.

Visualization: ES GCE JDE.

Writing – original draft: ES GCE JDE.

Writing – review & editing: GCE JDE SRM.

References
1. Andaya VC, Mackill DJ. Mapping of QTLs associated with cold tolerance during the vegetative stage in

rice. J Exp Bot. 2003; 54: 2579–2585. doi: 10.1093/jxb/erg243 PMID: 12966040

Genetic architecture of cold tolerance in rice determined through GWAS

PLOS ONE | DOI:10.1371/journal.pone.0172133 March 10, 2017 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172133.s009
http://dx.doi.org/10.1093/jxb/erg243
http://www.ncbi.nlm.nih.gov/pubmed/12966040


2. Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch SR. Genetic structure and diversity in Oryza sativa

L. Genetics. 2005; 169: 1631–1638. doi: 10.1534/genetics.104.035642 PMID: 15654106

3. Huang X, Kurata N, Wei X, Wang ZX, Wang A, Zhao Q, et al. A map of rice genome variation reveals

the origin of cultivated rice. Nature. 2012; 490(7421): 497–501. doi: 10.1038/nature11532 PMID:

23034647

4. McCouch SR, Wright MH, Tung CW, Maron LG, McNally KL, Fitzgerald M, et al. Open access

resources for genome-wide association mapping in rice. Nature Commun. 2016; 7:10532

5. Van Nguyen N, Ferrero A. Meeting the challenges of global rice production. Paddy Water Environ.

2006; 4(1): 1–9.

6. Andaya V, Mackill D. QTLs conferring cold tolerance at the booting stage of rice using recombinant

inbred lines from a japonica × indica cross. Theor Appl Genet. 2003b; 106: 1084–1090.

7. Nakagahra M, Okuno K, Vaughan D. Rice genetic resources: history, conservation, investigative char-

acterization and use in Japan. Plant Mol Biol. 1997; 35(1–2): 69–77 PMID: 9291961

8. Koseki M, Kitazawa N, Yonebayashi S, Maehara Y, Wang ZX, Minobe Y. Identification and fine map-

ping of a major quantitative trait locus originating from wild rice, controlling cold tolerance at the seedling

stage. Mol Genet Genomics. 2010; 284: 45–54. doi: 10.1007/s00438-010-0548-1 PMID: 20526617

9. Greening P, Sthapit BR, Witcombe JR. Inheritance of tolerance to chilling stress in rice during germina-

tion. Crop Sci. 1998; 38: 660–665. 1992; 660–665

10. Andaya V, Tai T. Fine mapping of the qCTS12 locus, a major QTL for seedling cold tolerance in rice.

Theor Appl Genet. 2003b; 113: 467–475.

11. Lou Q, Chen L, Sun Z, Xing Y, Li J, Xu X, et al. A major QTL associated with cold tolerance at seedling

stage in rice (Oryza sativa L.). Euphytica. 2007; 158(1–2): 87–94.

12. Glaszmann JC, Kaw RN, Khush GS. Genetic divergence among cold tolerant rices (Oryza sativa L.).

Euphytica. 1990; 45: 95–104.

13. Lv Y, Guo Z, Li X, Ye H, Xiong L. New insights into the genetic basis of natural chilling and cold shock

tolerance in rice by genome-wide association analysis. Plant Cell Environ. 2016; 39:556–570. doi: 10.

1111/pce.12635 PMID: 26381647

14. Pan Y, Zhang H, Zhang D, Li J, Xiong H, Yu J, et al. Genetic analysis of cold tolerance at the germina-

tion and booting stages in rice by association mapping. PLoS ONE. 2015; 10(3): e0120590. doi: 10.

1371/journal.pone.0120590 PMID: 25790128

15. Counce PA, Keisling TC, Mitchell AJ. A uniform, objectives, and adaptive system for expressing rice

development. Crop Sci. 2000; 40: 436–443.

16. Thomashow MF. Plant cold accliation: Freezing tolerance genes and regulatory mechanisms. Annu

Rev Plant Physiol Plant Mol Biol. 1999; 50: 571–599. doi: 10.1146/annurev.arplant.50.1.571 PMID:

15012220

17. Morsy MR, Almutairi AM, Gibbons J, Yun SJ, De Los Reyes BG. The OsLti6 genes encoding low-

molecular-weight membrane proteins are differentially expressed in rice cultivars with contrasting sensi-

tivity to low temperature. Gene. 2005; 344: 171–180. doi: 10.1016/j.gene.2004.09.033 PMID:

15656983

18. Cui S, Huang F, Wang J, Ma X, Cheng Y, Liu J. A proteomic analysis of cold stress responses in rice

seedlings. Proteomics. 2005; 5: 3162–3172. doi: 10.1002/pmic.200401148 PMID: 16078185

19. Satake T. Male sterility caused by cooling treatment at the young microspore stage in rice plants: XXIX.

The mechanism of enhancement in cool tolerance by raising water temperature before the critical

stage. Jpn J Crop Sci. 1989; 58: 240–245

20. Murai M, Hirose S, Sato S, Takebe M. Effects of dwarfing genes from Dee-Geo-Woo-Gen and other

varieties on cool temperature tolerance at booting stage in rice. Jpn J Breed. 1991; 41: 601–607

21. Jacobs B, Pearson C. Growth, development and yield of rice in response to cold temperature. J Agron

Crop Sci. 1999; 182: 79–88

22. Nishimura M. Lowering of eating quality induced by sterility due to cool weather damage in Hokkaido

rice varieties. J Crop Sci. 1993; 62: 242–247

23. Cai HW, Morishima H. QTL clusters reflect character associations in wild and cultivated rice. Theor

Appl Genet. 2002; 104: 1217–1228. doi: 10.1007/s00122-001-0819-7 PMID: 12582574

24. Takeuchi Y, Hayasaka H, Chiba B, Tanaka I, Shimano T, Yamagishi M, et al. Mapping quantitative trait

loci controlling cool-temperature tolerance at booting stage in temperate japonica rice. Breed Sci. 2001;

51: 191–197

25. Yan C, Li X, Cheng Z, Yu H, Gu M, Zhu L. Identification of QTL for cold tolerance at early seedling stage

in rice (Oryza sativa) via RFLP markers. Chinese J Rice Sci. 1998; 13: 134–138.

Genetic architecture of cold tolerance in rice determined through GWAS

PLOS ONE | DOI:10.1371/journal.pone.0172133 March 10, 2017 19 / 22

http://dx.doi.org/10.1534/genetics.104.035642
http://www.ncbi.nlm.nih.gov/pubmed/15654106
http://dx.doi.org/10.1038/nature11532
http://www.ncbi.nlm.nih.gov/pubmed/23034647
http://www.ncbi.nlm.nih.gov/pubmed/9291961
http://dx.doi.org/10.1007/s00438-010-0548-1
http://www.ncbi.nlm.nih.gov/pubmed/20526617
http://dx.doi.org/10.1111/pce.12635
http://dx.doi.org/10.1111/pce.12635
http://www.ncbi.nlm.nih.gov/pubmed/26381647
http://dx.doi.org/10.1371/journal.pone.0120590
http://dx.doi.org/10.1371/journal.pone.0120590
http://www.ncbi.nlm.nih.gov/pubmed/25790128
http://dx.doi.org/10.1146/annurev.arplant.50.1.571
http://www.ncbi.nlm.nih.gov/pubmed/15012220
http://dx.doi.org/10.1016/j.gene.2004.09.033
http://www.ncbi.nlm.nih.gov/pubmed/15656983
http://dx.doi.org/10.1002/pmic.200401148
http://www.ncbi.nlm.nih.gov/pubmed/16078185
http://dx.doi.org/10.1007/s00122-001-0819-7
http://www.ncbi.nlm.nih.gov/pubmed/12582574


26. Saito K, Miura K, Nagano K, Hayano-Saito Y, Araki H, Kato A. Identification of two closely linked quanti-

tative trait loci for cold tolerance on chromosome 4 of rice and their association with anther length.

Theor Appl Genet. 2001; 103: 862–868.

27. Zhu Y, Chen K, Mi X, Chen T, Ali J, Ye G, et al. Identification and fine mapping of a stably expressed

QTL for cold tolerance at the booting stage using an interconnected breeding population in rice. PLoS

ONE. 2015; 10(12): e0145704. doi: 10.1371/journal.pone.0145704 PMID: 26713764

28. Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits.

Nat Rev Genet. 2005; 6: 95–108. doi: 10.1038/nrg1521 PMID: 15716906

29. Huang J, Zhang J, Li W, Hu W, Duan L, Feng Y, et al. Genome-wide association analysis of ten chilling

tolerance indices at the germination and seedling stages in maize. J Integr Plant Biol. 2013; 55(8):

735–744. doi: 10.1111/jipb.12051 PMID: 23551400

30. Visioni A, Tondelli A, Francia E, Pswarayi A, Malosetti M, Russell J, et al. Genome-wide association

mapping of frost tolerance in barley (Hordeum vulgare L.). BMC Genomics. 2013; 14(1): 424.

31. Fujino K, Obara M, Shimizu T, Koyanagi KO, Ikegaya T. Genome-wide association mapping focusing

on a rice population derived from rice breeding programs in a region. Breed Sci. 2015; 65: 403. doi: 10.

1270/jsbbs.65.403 PMID: 26719743

32. Wang D, Liu J, Li C, Kang H, Wang Y, Tan X, et al. Genome-wide association mapping of cold tolerance

genes at the seedling stage in rice. Rice. 2016; 9:61. doi: 10.1186/s12284-016-0133-2 PMID:

27848161

33. Eizenga GC, Ali ML, Bryant RJ, Yeater KM, McClung AM, McCouch SR. Registration of the Rice Diver-

sity Panel 1 for genome-wide association studies. J Plant Regist. 2014; 8: 109–116.

34. SAS Institute Inc. 2012. The SAS system for windows. Release 9.4 ver. 12.3. SAS Institute Inc., Cary

NC.

35. SAS Institute Inc. 2015. JMP 12 specialized models. SAS Institute Inc., Cary, NC. 2015.

36. R Core Team. R: A language and environment for statistical computing. Vienna, Australia; 2016.

37. Zhang Z, Ersoz E, Lai CQ, Todhunter RJ, Tiwari HK, Gore MA, et al. Mixed linear model approach

adapted for genome-wide association studies. Nat. Genet. 2010; 42: 355–360. doi: 10.1038/ng.546

PMID: 20208535

38. Alexandrov N, Tai S, Wang W, Mansueto L, Palis K, Fuentes RR, et al. SNP-Seek database of SNPs

derived from 3000 rice genomes. Nucl Acids Res. 2015; 43:D1023–D1027 doi: 10.1093/nar/gku1039

PMID: 25429973

39. Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES. TASSEL: Software for

association mapping of complex traits in diverse samples. Bioinformatics. 2007; 23: 2633–2635. doi:

10.1093/bioinformatics/btm308 PMID: 17586829

40. Monaco MK, Stein J, Naithani S, Wei S, Dharmawardhana P, Kumari S, et al. Gramene 2013: Compar-

ative plant genomics resources. Nucleic Acids Res. 2014; 42: 1193–1199.

41. Skinner ME, Uzilov A V, Stein LD, Mungall CJ, Holmes IH. JBrowse: A next-generation genome

browser. Genome Res. 2009; 19: 1630–1638. doi: 10.1101/gr.094607.109 PMID: 19570905

42. Edwards JD, Baldo AM, Mueller LA. Ricebase: a breeding and genetics platform for rice, integrating

individual molecular markers, pedigrees and whole-genome-based data. Database. 2016; 2016:

baw107.

43. Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: A GO analysis toolkit for the agricultural community.

Nucleic Acids Res. 2010; 38: 64–70.

44. Fujino K, Sekiguchi H, Sato T, Kiuchi H, Nonoue Y, Takeuchi Y, et al. Mapping of quantitative trait loci

controlling low-temperature germinability in rice (Oryza sativa L.). Theor Appl Genet. 2004; 108: 794–

799. doi: 10.1007/s00122-003-1509-4 PMID: 14624339

45. Jiang L, Liu SJ, Hou MY, Tang JY, Chen LM, Zhai HQ, et al. Analysis of QTLs for seed low temperature

germinability and anoxia germinability in rice (Oryza sativa L.). Field Crops Res. 2006; 98:68–75.

46. Liu F, Xu W, Song Q, Tan L, Liu J, Zhu Z, et al. Microarray assisted fine-mapping of quantitative trait loci

for cold tolerance in rice. Mol Plant. 2013; 6:757–767. doi: 10.1093/mp/sss161 PMID: 23267004

47. Ma Y, Dai X, Xu Y, Luo W, Zheng X, Zeng D, et al. COLD1 confers chilling tolerance in rice. Cell. 2015;

160: 1209–1221. doi: 10.1016/j.cell.2015.01.046 PMID: 25728666

48. Ranawake AL, Manangkil OE, Yoshida S, Ishii T, Mori N, Nakamura C. Mapping QTLs for cold toler-

ance at germination and the early seedling stage in rice (Oryza sativa L.). Biotechnol Biotechnol Equip.

2014; 28(6): 989–998. doi: 10.1080/13102818.2014.978539 PMID: 26740779

49. Suh JP, Jeung JU, Lee JI, Choi YH, Yea JD, Virk PS, et al. Identification and analysis of QTLs control-

ling cold tolerance at the reproductive stage and validation of effective QTLs in cold-tolerant genotypes

Genetic architecture of cold tolerance in rice determined through GWAS

PLOS ONE | DOI:10.1371/journal.pone.0172133 March 10, 2017 20 / 22

http://dx.doi.org/10.1371/journal.pone.0145704
http://www.ncbi.nlm.nih.gov/pubmed/26713764
http://dx.doi.org/10.1038/nrg1521
http://www.ncbi.nlm.nih.gov/pubmed/15716906
http://dx.doi.org/10.1111/jipb.12051
http://www.ncbi.nlm.nih.gov/pubmed/23551400
http://dx.doi.org/10.1270/jsbbs.65.403
http://dx.doi.org/10.1270/jsbbs.65.403
http://www.ncbi.nlm.nih.gov/pubmed/26719743
http://dx.doi.org/10.1186/s12284-016-0133-2
http://www.ncbi.nlm.nih.gov/pubmed/27848161
http://dx.doi.org/10.1038/ng.546
http://www.ncbi.nlm.nih.gov/pubmed/20208535
http://dx.doi.org/10.1093/nar/gku1039
http://www.ncbi.nlm.nih.gov/pubmed/25429973
http://dx.doi.org/10.1093/bioinformatics/btm308
http://www.ncbi.nlm.nih.gov/pubmed/17586829
http://dx.doi.org/10.1101/gr.094607.109
http://www.ncbi.nlm.nih.gov/pubmed/19570905
http://dx.doi.org/10.1007/s00122-003-1509-4
http://www.ncbi.nlm.nih.gov/pubmed/14624339
http://dx.doi.org/10.1093/mp/sss161
http://www.ncbi.nlm.nih.gov/pubmed/23267004
http://dx.doi.org/10.1016/j.cell.2015.01.046
http://www.ncbi.nlm.nih.gov/pubmed/25728666
http://dx.doi.org/10.1080/13102818.2014.978539
http://www.ncbi.nlm.nih.gov/pubmed/26740779


of rice (Oryza sativa L.). Theor Appl Genet. 2010; 120:985–989. doi: 10.1007/s00122-009-1226-8

PMID: 20012263

50. Cui KH, Peng SB, Xing YZ, Xu CG, Yu SB, Zhang Q. Molecular dissection of seedling-vigor and associ-

ated physiological traits in rice. Theor Appl Genet. 2002; 105: 745–753. doi: 10.1007/s00122-002-0908-

2 PMID: 12582488

51. Cui D, Xu CY, Tang CF, Yang CG, Yu TQ, A XX, et al. Genetic structure and association mapping of

cold tolerance in improved japonica rice germplasm at the booting stage. Euphytica. 2013; 193: 369–

382.

52. He CX, Zhu J, Yan JQ, Benmoussa M, Wu P. QTL mapping for developmental behavior of panicle dry

weight in rice. Sci Agric Sin. 2000; 33(1): 24–32

53. Xiao J, Grandillo S, Ahn SN, McCouch SR. Genes from wild rice improve yield. Nature. 1996; 384: 356–

358.

54. Li Z, Pinson SR, Park WD, Paterson AH, Stansel JW. Epistasis for three grain yield components in rice

(Oryza sativa L.). Genetics. 1997; 145(2): 453–465. PMID: 9071598

55. Ming F, Zheng X, Mi G, Zhu L, Zhang F. Detection and verification of quantitative trait loci affecting toler-

ance to low phosphorus in rice. J Plant Nutr. 2001; 24(9): 1399–1408.

56. Obara M, Kajiura M, Fukuta Y, Yano M, Hayashi M, Yamaya T, et al. Mapping of QTLs associated with

cytosolic glutamine synthetase and NADH-glutamate synthase in rice (Oryza sativa L.). J Exp Bot.

2001; 52(359): 1209–1217 PMID: 11432939

57. Thomson M, Tai T, McClung A, Lai X, Hinga M, Lobos K, et al. Mapping quantitative trait loci for yield,

yield components and morphological traits in an advanced backcross population between Oryza rufipo-

gon and the Oryza sativa cultivar Jefferson. Theor Appl Genet. 2003; 107: 479–493. doi: 10.1007/

s00122-003-1270-8 PMID: 12736777

58. Venu RC, Ma J, Jia Y, Liu G, Jia MH, Nobuta K, et al. Identification of candidate genes associated with

positive and negative heterosis in rice. PLoS ONE. 2014; 9(4): e95178. doi: 10.1371/journal.pone.

0095178 PMID: 24743656

59. Xing YZ, Xu CG, Hua JP, Tan YF. Analysis of QTL x environment interaction for rice panicle characteris-

tics. Acta Genet Sin. 2001; 28(5): 439–446 PMID: 11441657

60. Yamaya T, Obara M, Nakajima H, Sasaki S, Hayakawa T, Sato T. Genetic manipulation and quantita-

tive-trait loci mapping for nitrogen recycling in rice. J Exp Bot. 2002; 53: 917–925. PMID: 11912234

61. Yu SB, Li JX, Xu CG, Tan YF, Gao YJ, Li XH, et al. Importance of epistasis as the genetic basis of heter-

osis in an elite rice hybrid. Proc Natl Acad Sci U S A. 1997; 94: 9226–31. PMID: 11038567

62. Zhuang JY, Lin HX, Lu J, Qian HR, Hittalmani S, Huang N, et al. Analysis of QTL× environment interac-

tion for yield components and plant height in rice. Theor Appl Genet. 1997; 95: 799–808.

63. Bohnert HJ, Nelson DE, Jensen RG. Adaptations to Environmental Stresses. Plant Cell. 1995; 7: 1099–

1111. doi: 10.1105/tpc.7.7.1099 PMID: 12242400

64. Browse J, Xin Z. Temperature sensing and cold acclimation. Curr Opin Plant Biol. 2001; 4: 241–246.

PMID: 11312135

65. Su CF, Wang YC, Hsieh TH, Lu CA, Tseng TH, Yu SM. A Novel MYBS3-Dependent Pathway Confers

Cold Tolerance in Rice. Plant Physiol. 2010; 153: 145–158. doi: 10.1104/pp.110.153015 PMID:

20130099

66. Chen Y, Chen Z, Kang J, Kang D, Gu H, Qin G. AtMYB14 regulates cold tolerance in Arabidopsis. Plant

Mol Biol Rep. 2013; 31: 87–97. doi: 10.1007/s11105-012-0481-z PMID: 24415840

67. Kim SI, Andaya VC, Tai TH. Cold sensitivity in rice (Oryza sativa L.) is strongly correlated with a natu-

rally occurring I99V mutation in the multifunctional glutathione transferase isoenzyme GSTZ2. Biochem

J. 2011; 435: 373–380. doi: 10.1042/BJ20101610 PMID: 21281270

68. Mukhopadhyay A, Vij S, Tyagi AK. Overexpression of a zinc-finger protein gene from rice confers toler-

ance to cold, dehydration, and salt stress in transgenic tobacco. Proc Natl Acad Sci USA. 2004; 101:

6309–6314. doi: 10.1073/pnas.0401572101 PMID: 15079051

69. Shinozaki K, Yamaguchi-Shinozaki K. Molecular responses to drought and cold stress. Curr Opin Bio-

technol. 1996; 7: 161–167. PMID: 8791336

70. Ito Y, Katsura K, Maruyama K, Taji T, Kobayashi M, Seki M, et al. Functional analysis of rice DREB1/

CBF-type transcription factors involved in cold-responsive gene expression in transgenic rice. Plant

Cell Physiol. 2006; 47(1): 141–153. doi: 10.1093/pcp/pci230 PMID: 16284406

71. Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K. The transcriptional regulatory network in the

drought response and its crosstalk in abiotic stress responses including drought, cold, and heat. Front

Plant Sci. 2014; 5: 170. doi: 10.3389/fpls.2014.00170 PMID: 24904597

Genetic architecture of cold tolerance in rice determined through GWAS

PLOS ONE | DOI:10.1371/journal.pone.0172133 March 10, 2017 21 / 22

http://dx.doi.org/10.1007/s00122-009-1226-8
http://www.ncbi.nlm.nih.gov/pubmed/20012263
http://dx.doi.org/10.1007/s00122-002-0908-2
http://dx.doi.org/10.1007/s00122-002-0908-2
http://www.ncbi.nlm.nih.gov/pubmed/12582488
http://www.ncbi.nlm.nih.gov/pubmed/9071598
http://www.ncbi.nlm.nih.gov/pubmed/11432939
http://dx.doi.org/10.1007/s00122-003-1270-8
http://dx.doi.org/10.1007/s00122-003-1270-8
http://www.ncbi.nlm.nih.gov/pubmed/12736777
http://dx.doi.org/10.1371/journal.pone.0095178
http://dx.doi.org/10.1371/journal.pone.0095178
http://www.ncbi.nlm.nih.gov/pubmed/24743656
http://www.ncbi.nlm.nih.gov/pubmed/11441657
http://www.ncbi.nlm.nih.gov/pubmed/11912234
http://www.ncbi.nlm.nih.gov/pubmed/11038567
http://dx.doi.org/10.1105/tpc.7.7.1099
http://www.ncbi.nlm.nih.gov/pubmed/12242400
http://www.ncbi.nlm.nih.gov/pubmed/11312135
http://dx.doi.org/10.1104/pp.110.153015
http://www.ncbi.nlm.nih.gov/pubmed/20130099
http://dx.doi.org/10.1007/s11105-012-0481-z
http://www.ncbi.nlm.nih.gov/pubmed/24415840
http://dx.doi.org/10.1042/BJ20101610
http://www.ncbi.nlm.nih.gov/pubmed/21281270
http://dx.doi.org/10.1073/pnas.0401572101
http://www.ncbi.nlm.nih.gov/pubmed/15079051
http://www.ncbi.nlm.nih.gov/pubmed/8791336
http://dx.doi.org/10.1093/pcp/pci230
http://www.ncbi.nlm.nih.gov/pubmed/16284406
http://dx.doi.org/10.3389/fpls.2014.00170
http://www.ncbi.nlm.nih.gov/pubmed/24904597


72. Badea C, Basu SK. The effect of low temperature on metabolism of membrane lipids in plants and asso-

ciated. Plant Omics J. 2009; 2(2):78–84

73. Cruz RP, Golombieski JI, Bazana MT, Cabreira C, Silveira TF, Silva LP. Alterations in fatty acid compo-

sition due to cold exposure at the vegetative stage in rice. Braz J Plant Physiol. 2010; 22(3): 199–207

74. Shaik R, Ramakrishna W. Genes and co-expression modules common to drought and bacterial stress

responses in Arabidopsis and rice. PLoS ONE. 2013; 8(10): e77261. doi: 10.1371/journal.pone.

0077261 PMID: 24130868

75. Kissoudis C, van de Wiel C, Visser RGF, van der Linden G. Enhancing crop resilience to combined abi-

otic and biotic stress through the dissection of physiological and molecular crosstalk. Front Plant Sci.

2014; 5: 207. doi: 10.3389/fpls.2014.00207 PMID: 24904607

76. Apel K, Hirt H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Ann

Rev Plant Biol. 2004; 55: 373–399.

77. Fuller DQ, Sato YI, Castillo C, Qin L, Weisskopf AR, Kingwell-Banham EJ, et al. Consilience of genetics

and archaeobotany in the entangled history of rice. Archaeol Anthropol Sci. 2010; 2: 115–131.

78. Vaughan DA, Lu BR, Tomooka N. Was Asian rice (Oryza sativa) domesticated more than once? Rice.

2008; 1(1): 16–24.

79. McCouch SR. Diversifying selection in plant breeding. PLoS Biol, 2004; 2(10): e347. doi: 10.1371/

journal.pbio.0020347 PMID: 15486582

80. Rieseberg LH, Archer MA, Wayne RK. Transgressive segregation, adaptation and speciation. Heredity

1999; 83:363–372. PMID: 10583537

81. Zhao K, Tung CW, Eizenga GC, Wright MH, Ali ML, Price AH, et al. Genome-wide association mapping

reveals a rich genetic architecture of complex traits in Oryza sativa. Nature Commun. 2011; 2: 467.

Genetic architecture of cold tolerance in rice determined through GWAS

PLOS ONE | DOI:10.1371/journal.pone.0172133 March 10, 2017 22 / 22

http://dx.doi.org/10.1371/journal.pone.0077261
http://dx.doi.org/10.1371/journal.pone.0077261
http://www.ncbi.nlm.nih.gov/pubmed/24130868
http://dx.doi.org/10.3389/fpls.2014.00207
http://www.ncbi.nlm.nih.gov/pubmed/24904607
http://dx.doi.org/10.1371/journal.pbio.0020347
http://dx.doi.org/10.1371/journal.pbio.0020347
http://www.ncbi.nlm.nih.gov/pubmed/15486582
http://www.ncbi.nlm.nih.gov/pubmed/10583537

