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Abstract Soil salinity is a major constraint to rice

production. Understanding the genetic basis of salt

tolerance is crucial for the improvement of salt tolerance

through breeding. Previous quantitative trait locus

(QTL) studies for salt tolerance were mainly derived

from bi-parental segregating populations and relatively

little is known about the results from natural popula-

tions. Understanding the genetic diversity, population

structure and linkage disequilibrium (LD) in an associ-

ation panel can effectively avoid spurious associations

in association mapping. In this study, 341 japonica rice

(Oryza sativaL. subsp. japonica) accessions worldwide

were genotyped with 160 simple sequence repeat (SSR)

markers to identify marker-trait associations with salt

tolerance at the seedling stage. Salt tolerance was

evaluated by survival days of seedlings and shoot K?/

Na? ratio. A total of 872 alleles ranging from 2 to 9 per

locus were identified from all collections. Population

structure analysis identified three main subpopulations

for the accessions. Of the SSR pairs in these accessions,

40.05 % marker pairs showed significant LD

(P\ 0.01). The LD level for linked markers is signif-

icantly higher than that for unlinked markers, and LD

level was elevated when the panel was classified into

subpopulations. The LD decayed to the background at

approximately 20–50 cM within the total panel and

each subpopulation.A total of tenmarker loci associated

with salt tolerance were identified usingMLM (Q ? K)

models in TASSEL 3.0. Among which nine marker loci

confirmed or narrowed the genomic region reported to

harbor QTLs for salt tolerance by linkage mapping in

previous reports, and four salt tolerance-related genes

were located in the QTL regions in the present study.

According to phenotypic effects for alleles of the

detected QTLs, favorable alleles were mined. These

favorable alleles could be used to design parental

combinations and the expected results would be

obtained by pyramiding or substituting the favorable

alleles per QTL (apart from possible epistatic effects).

Our results demonstrate that association mapping can

complement and enhance previousQTL information for

marker-assisted selection and breeding by design.
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Introduction

Salt stress is a major constraint to agricultural food

production because it decreases crop yield and

restricts the use of agricultural land. It is estimated

that salt-affected soils occur within the sovereign

borders of at least 75 countries and occupy more than

20 % of the global irrigated area. In some countries,

salt-affected land occurs on more than half of the

irrigated land. The problem is increasing annually due

to climatic change and poor irrigation management

(Qadir et al. 2014). Rice (Oryza sativa L.) is one of the

most important food crops in the world, and salinity is

the most widespread soil problem limiting rice

production. Approximately 30 % of rice-growing area

in the world is affected by salinity (Takehisa et al.

2004). Rice threshold for salt stress is 3 dS/m, with a

12 % reduction in yield, per dS/m, beyond this value

(Wallender and Tanji 2011), which makes rice a salt-

sensitive crop. Therefore, understanding the genetic

mechanisms controlling salt tolerance can enhance

efforts to develop tolerant cultivars. Rice sensitivity to

salt varies with the growth stage (Zeng and Shannon

2000), seedling and reproductive stages being the most

sensitive. Varietal tolerance at these two stages is not

directly related (Moradi et al. 2003). The high

sensitivity during seedling stage set strongly compro-

mises plant survival and good yields (Negrão et al.

2011). Therefore, understanding the genetic mecha-

nisms controlling salt tolerance can enhance efforts to

develop tolerant cultivars. To date, high genetic

variability has been reported in salt tolerant rice

varieties (Gregorio et al. 2002). The most famous

tolerant varieties, Pokkali and Nona Bokra, belong to

the indica subspecies, varieties of which have been

used as the source of salt tolerance in almost all the

studies published to date. However, little is known

about the genetic variation for salt tolerance among

japonica subspecies.

Salt tolerance in crop plants is a genetic and

physiological complex trait (Flowers 2004). The

seedling stage is one of the most sensitive stages in

rice. Salinity stress affects photosynthesis and meta-

bolic activities leading to the inhibition of cell division

and expansion, accelerated cell senescence and, ulti-

mately, reduced growth and even resulted in death, so

survival days of seedlings under high salinity is the

final index of salt tolerance. As NaCl is a major

constituent of saline soil, shoot Na? toxicity is

associated with a reduction of stomatal conductance,

and then reduce photosynthetic capacity, whereas

potassium ions (K?) are essential to reduce the uptake

of Na? (Wu et al. 2009), plant ability to maintain high

K?/Na? ratio is a key feature of salt tolerance (Ahmadi

et al. 2011;Wang et al. 2012a).Moreover, leafK?/Na?

ratio predicts salinity-induced yield loss in rice (Asch

et al. 2000). Therefore, shoot K?/Na? ratio (SKN) is

also an important indicator to evaluate salt tolerance in

rice. In recent decades, using the rice seedling salt

tolerance indicators mentioned above and other indi-

cators, many studies have been reported with linkage

mapping of QTL for salt tolerance at the seedling stage

(Kim et al. 2009; Bonilla et al. 2002; Koyama et al.

2001; Lee et al. 2007; Lin et al. 2004; Prasad et al.

2000; Sabouri et al. 2009; Zang et al. 2008). For

example, 11 QTLs for survival days of seedlings and

the Na? and K? concentrations were detected on

chromosomes 1, 4, 6, 7 and 9 using the Nona

Bokra 9 Koshihikari mapping population (Lin et al.

2004). Ten QTLs for salt tolerance parameters,

including Na? and K? uptake, Na? and K? concen-

trations and Na?/K? ratio in shoots were identified by

Koyama et al. (2001). Bonilla et al. (2002) mapped the

SALTOL locus, which is linked to QTLs for Na? and

K? uptake and Na?/K? ratio, on chromosome 1, and

Zang et al. (2008) reported 13 QTLs affecting survival

days of seedlings, score of salt toxicity of leaves, shoot

K? concentration and shoot Na? concentration on

chromosomes 1, 3, 6, 8 and 11 at the seedling stage.

Despite success of QTL analysis for salt tolerance in

rice in previous study, traditional bi-parental segregat-

ing populations showed several disadvantages, includ-

ing limited genetic variation and recombination (Wang

et al. 2008; Xu and Crouch 2008; Dang et al. 2014).

Association mapping is an alternative for QTL

mapping using diverse germplasm resources in plants,

it utilizes the higher number of historical recombina-

tion events in natural population, thus a higher

resolution of QTL mapping can be achieved than

using the biparental segregating populations, and has

recently become a new and powerful tool for the

genetic dissection of complex quantitative traits (Yu

and Buckler 2006; Yan et al. 2011; Le et al. 2012; Niu

et al. 2013). In addition, association mapping takes

shorter research time, and investigates a greater

number of alleles when compared with linkage

analysis (Flint-Garcia et al. 2003).
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The principle of association mapping is to detect

correlations between phenotypes and linked markers

on the basis of LD (Ersoz et al. 2007). Therefore, it is

important to characterize LD levels and patterns in a

population analyzed and to infer evolutionary forces

including genetic drift, population structure, popula-

tion admixture, levels of inbreeding, and selection that

contribute to the emergence and maintenance of LD.

Patterns of LD have been characterized in several crop

species. The decay or decrease of LD with increasing

map distance between markers in outcrossing plants is

usually faster than that in inbreeding plants (Flint-

Garcia et al. 2003). For instance, LD decays rapidly

within 1–5 kb in maize diverse inbred lines (Yan et al.

2009), 1.1 kb in cultivated sunflower (Liu and Burke

2006), 300 bp in wild grapevine (Lijavetzky et al.

2007), whereas LD decays slowly within 250 kb

(1 cM) in Arabidopsis (Nordborg et al. 2002),

10–50 cM in soybean (Zhu et al. 2003; Jun et al.

2008) and 10–50 cM in barley (Kraakman et al. 2004;

Malysheva-Otto et al. 2006). In rice, Mather et al.

(2007) reported that the extent of the LD was greatest

in temperate japonica ([500 kb), followed by tropical

japonica ([150 kb), indica (*75 kb) and O. rufi-

pogon (*40 kb). Moreover, it has been reported that

the extent of LD in rice can vary from 20 to 50 cM

depending on the assayed set of a germplasm (Agrama

et al. 2007; Jin et al. 2010; Li et al. 2011). As a self-

pollination species, the extent of LD is higher in rice,

which is more suitable for genome-wide association

mapping.

In recent years, association mapping for rice was

used to identify favorable alleles for various traits such

as yield (Agrama et al. 2007; Wen et al. 2009; Huang

et al. 2010; Ordonez et al. 2010; Vanniarajan et al.

2012); outcrossing ratios (Yan et al. 2009; Huang et al.

2010); quality (Huang et al. 2010; Jin et al. 2010);

resistance (Jia et al. 2012). However, there have been

few studies to dissect the QTLs associated with

tolerance under abiotic stresses especially salt stress

by association mapping. Therefore, our study on

association mapping of salt tolerance in japonica rice

would be a beneficial supplementary and verification

for current QTLs and genes of salt tolerance in rice. In

this study, 341 japonica rice accessions were used to

conduct association mapping for salt tolerance at the

seedling stage combining information of 160 SSR

markers. SDS and SKN were measured to indicate salt

tolerance. The aims were (1) to evaluate the

population structure and genetic diversity in the

japonica rice panel; (2) to detect the extent of LD

between pairs of SSR markers on a whole genome in

rice; (3) to detect QTLs controlling salt tolerance and

mine elite alleles; (4) to explore design of parental

combinations for cultivar improvement.

Materials and methods

Plant materials

A total of 341 japonica rice accessions representing

the genetic diversity among different geographic

groups were collected from the Crop Science Research

Institute, Chinese Academy of Agricultural Sciences,

Liaoning Academy of Agricultural Sciences, Hei-

longjiang Academy of Agricultural Sciences and

Northeast Agricultural University, and assembled to

construct an association mapping panel. The popula-

tion consisted of 209 accessions developed in China,

92 in Japan, 22 in Korea, 7 in the Democratic People’s

Republic of Korea (DRPK), 7 in Russia and 4 in

France. All accessions have been strictly self-polli-

nated during the past decades for germplasm renewing

and the residual heterozygosity have been decreased

remarkably. Detailed information about the accessions

is summarized in Supplementary Table 1.

Evaluation of salt tolerance

Evaluation of rice for salt tolerance was done in a

hydroponics solution at Northeast Agriculture Univer-

sity’s experimental station in 2013. The procedure of

evaluation of salt-tolerance-related traits was carried

out according to the modified system of Lin et al.

(2004). Trials with the association panel were laid out

in a randomized complete-block design with three

replications. A sample of fifty healthy grains of each

accession were placed in an oven at 50 �C for 3 days

to break any possible dormancy, then germinated at

30 �C for 3 days after surface-sterilizing seeds with

1 % sodium hypochlorite solution for 10 min and

rinsing three times with distilled water. The most

uniform 20 germinated seeds were sown in holes of

thin Styrofoam board with a nylon net bottom in a

plastic tray, which floated on water up to the two leaf

stage, then the seedlings were transferred to Yoshida’s

cultural solution (Yoshida et al. 1976) containing
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50 mmol/L of NaCl for 3 days, then NaCl concentra-

tion increased to 140 mmol/L. The seedlings were

grown in the phytotron with 28 �C/21�Cday/night
temperature and minimum relative humidity of 70 %.

The solution was changed every 5 days and the pH

was adjusted at 5.0 every other day by adding either

1 M NaOH or 1 M HCl. (Wang et al. 2012a, b).

Survival days of seedlings (SDS) were recorded for

each individual plant in days from seeding to death

according to the standard evaluation system (Gregorio

et al. 1997).

A separate second experiment was concurrently

conducted to analyze the ratio of K?/Na? in shoots

(SKN). The procedure and management of the exper-

iment was the same as the above-mentioned experi-

ment. After 9 days of salinity stress with 140 mmol/L

of NaCl, shoots were harvested and rinsed with

distilled water several times. The shoots were then

dried at 80 �C for 48 h, weighed, and extracted in

acetic acid (100 mmol/L) at 90 �C for 2 h, and the

concentrations of Na? and K? in shoots were analyzed

by Flame Photometer (Sherwood410, Cambridge,

UK).

SSR marker genotyping

Genomic DNA was extracted and purified from the

young leaves using a modified CTAB method (Doyle

and Doyle 1990). One thousand simple sequence

repeat (SSR) primer pairs were designed from SSR-

contained sequences on rice genome retrieved from

http://www.gramene.org, and synthesized by the

Sangon Biotech Co., Ltd. (Shanghai). To screen for

polymorphisic loci, 12 genotypes (Laotoudao 1, Bai-

dadu, Kendao 12, Xiaobaijingzihuadianbai, Jijing 61,

Danjing 8, Shennong 91, Fushiguang, Kongyu 131,

Yuntoudao, Zaojinfu, and Pingrang 10), three from

Heilongjiang, two each from Jilin, Liaoning, Japan,

and Korea, one from DPRK, were selected for primer

amplification. Finally, 160 SSR markers were selected

to genotype the panel of japonica rice, including 25

markers known to be linked to salt-tolerant QTLs from

previous studies (Ammar et al. 2009; Mohammadi-

Nejad et al. 2008; Sabouri et al. 2009; Thomson et al.

2010; Wang et al. 2012a, b).

PCR reaction was conducted in 10 lL volumes

mixed with 1 lL of genomic DNA (25 ng/lL),
0.75 lL MgCl2 (25 mM), 0.15 lL dNTP mixtures

(10 mM), 1 lL 10 9 PCR buffer, 1 lL SSR primer

pairs (2 lM), 0.1 lL Taq polymerase (10 U/lL), and
6 lL ddH20. The PCR amplification profile was 94 �C
for 2 min, followed by 35 cycles of 94 �C for 30 s,

47 �C for 30 s, 72 �C for 30 s, then extended at 72 �C
for 5 min. PCR products were mixed with loading

buffer (2.5 mg/ml bromophenol blue, 2.5 mg/ml

diphenylamine blue, 10 mM EDTA, 95 % for-

mamide) and denatured at 94 �C for 5 min, and then

incubated on ice for 5 min. The denatured PCR

products were separated on 6 % denaturing polyacry-

lamide gel and visualized using silver staining. The

stained bands were analyzed based on their migration

distance relative to the pBR322 DNA Marker (Fer-

mentas) using Quantity One software.

Statistical analysis

Phenotypic data analysis

All the basic statistical analyses were performed using

the SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL

USA). The broad-sense heritability (H2) was calcu-

lated and expressed as the ratio of the total genetic

variance (VG) over the phenotypic variance (VP):

H2 = VG/VP.

Genetic diversity

Allelic information for SSR markers among acces-

sions, including allele number, the Nei’s gene diver-

sity (Nei and Takezaki 1983) and polymorphism

information content (PIC) were estimated using Pow-

erMarker V3.25 software (Liu and Muse 2005).

Population structure and differentiation analyses

The program Structure V2.3.2 (Pritchard et al. 2000)

was used to test the hypotheses for 2–10 subpopula-

tions (K) with an admixture model and correlated

allelic frequencies, length of burn-in period equal to

10,000 iterations and a run of 100,000 replications of

Markov Chain Monte Carlo after burn in. 10 runs of

the Structure program were performed and an average

likelihood value, LnP(D), across all runs was calcu-

lated for each K. The most likely number of clusters

(K) was selected by comparing the logarithmized

probabilities of data LnP(D) and DK according to

Evanno et al. (2005). The CLUMPP software (Jakob-

sson and Rosenberg 2007) was used to integrate the
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results of replicate runs from STRUCTURE. Based on

the correct K, each accession was assigned to a

subpopulation for which the membership value (Q

value) was[0.65 (Cui et al. 2013) and the population

structure matrix (Q) was adopted for the association

analysis. Using inferred subpopulations, an analysis of

molecular variance (AMOVA) was performed under

GenAlEx6.2 (Peakall and Smouse 2006), genetic

distance and pair-wise FST among subpopulations

were estimated with POPGENE version 1.31 devel-

oped by Yeh et al. (1999).

Relative kinship

The kinship matrix (K) was constructed on the basis of

160 SSRs using SPAGeDi (Hardy and Vekemans

2002), in order to estimate the genetic relatedness

among individuals, with the negative value of kinship

set to zero (Yu and Buckler. 2006).

Linkage disequilibrium

LD was estimated by calculating the square value of

correlation coefficient (r2) between all pairs of mark-

ers with the software package TASSEL 3.0 (http://

www.maizegenetics.net). P values for each r2 estimate

were obtained with a two-sided Fisher’s exact test as

implemented in TASSEL. Each pair of loci was cat-

egorized as linked (marker loci located on the same

chromosome) or unlinked (marker loci located on

different chromosomes). The LD was estimated for

global, linked and unlined markers in the entire panel

and each subpopulation, respectively. Heterozygous

genotypes and rare alleles with minor allele frequency

(MAF)\ 0.05 were treated as missing data in further

analysis (Bradbury et al. 2007). The pairs of loci were

considered to have a significant LD if P\ 0.01. To

determine the average LD decay in the whole genome,

significant intrachromosomal r2 values were plotted

against the genetic distance (cM) between markers in

Microsoft Excel. The 99th percentile of r2 distribution

for unlinked markers was considered as the back-

ground level of LD, which determined whether LD is

due to physical linkage (Mather et al. 2007). The r2

values for pairs of SSR loci were plotted as a function

of map distance (cM), and LD decay was estimated.

The estimated genetic distance (cM) between loci was

inferred from http://www.gramene.org.

Association mapping and favorable allele

identification

Because the mixed linear model (MLM) accounts for

the effects both of population structure information

(Q-matrix) and pair-wise relatedness coefficients

‘kinship’ (K-matrix), and can significantly reduce

spurious associations (Yu and Buckler. 2006), the

marker-trait association mapping was carried out with

the MLM model as implemented in the program

TASSEL 3.0. The P value (P B 0.01) determined

whether a trait was associated with a marker and the r2

indicating the fraction of the total variation explained

by the marker was recorded. MapChart 2.2 was used to

draw the map (Voorrips 2002).

Based on the results of association mapping, QTL

alleles of loci significantly associated with the target

traits were further analyzed. The computational pro-

cedure was carried out according to Zhang et al.

(2013). The phenotypic allele effect was estimated

through comparison between the average phenotypic

value over accessions with the specific allele and that

of all accessions:

ai ¼
X

xij=ni �
X

Nk=nk

where ai is the value of the phenotypic effects of the i-

th allele, xij is the phenotypic value over the j-th

accession with the i-th allele, ni is the number of

accessions with the i-th allele, Nk is the phenotypic

value over all accessions, and nk is the number of

accessions. If ai[ 0, the allele is considered to have a

positive effect. In contrast, if ai\ 0, the allele is he

allele is considered to have a negative effect. The

favorable alleles were then identified according to the

breeding objective of each target trait.

Results

Phenotypic evaluations

Under salt stress of 140 mmol/L NaCl, mean value,

coefficient of variation, kurtosis, and skewness for

SDS and SKN were calculated in 341 japonica rice

accessions (Table 1). Continuous distributions were

observed in the two traits, and the phenotypic data

followed a normal distribution based on the values of

skewness and kurtosis statistics. A two-way analysis
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of variance (ANOVA) showed that differences among

accessions for each trait were highly significant

(P\ 0.01), indicating a large amount of genetic

variation existed in the population. The broad-sense

heritability (H2) for SDS and SKN was 82.82 and

90.51 %, respectively. Analysis of linear correlations

showed that SDS was significantly positively corre-

lated with SKN (r = 0.54, n = 341, P\ 0.001).

Genetic diversity in the japonica rice panel

The allele number, gene diversity and polymorphism

information content (PIC) were calculated to estimate

the genetic diversity in the japonica rice panel. A total

of 160 SSR markers were used to measure the genetic

diversity of the population. All of them showed

polymorphism with a total of 872 alleles which were

detected across the 341 rice accessions. The allele

number, gene diversity and PIC value of the 160 loci

ranged from 2 to 9, 0.0233 to 0.8441, and 0.0236 to

0.8598, with an average of 5.4500, 0.5801 and 0.5366,

respectively (Supplementary Table 2).

Population structure and kinship in the panel

of 341 japonica rice accessions

STRUCTURE analysis with 55 unlinked SSRmarkers

showed that the log-likelihood increased with the

elevation of model parameter K, so the statistic DK
was used to determine a suitable value for K. Here, the

DK value was much higher for the model parameter

K = 3 than for other values of K (Supplementary

Fig. 1), suggesting that the total panel could be

divided into three major subpopulations, designated

as P1, P2 and P3, respectively. Figure 1 showed the

population structure indicated by the Q matrix. P1

contained 91 accessions including 83 cultivars from

Heilongjiang and Jilin province of China, and 8

cultivars from Japan. P2 consisted of 154 accessions

including 64 cultivars from the rice cropping regions

of Northeastern China, the remaining cultivars were

from other countries, such as Japan, DPRK, Korea,

and France. P3 included 27 accessions including 20

cultivars from Heilongjiang and Jilin province of

China, and 7 cultivars from Russia. The remaining 69

accessions showed membership probabilities less than

0.65 in any given subpopulation and were thus

classified as a mix group (Supplementary Table 1).

Then, the corresponding Q matrix at K = 3 was used

for the following association analysis.

The pairwise kinship estimates based on 160

informative molecular markers showed that the

majority of the pairs of japonica rice accessions

(57.4 %) had zero estimated kinship values, while

21.8 % kinship estimates ranged from 0 to 0.05,

11.8 % from 0.05 to 0.1, and 26.4 % of the pairs had a

value 0.10–0.20. The remaining pairs of accessions

(2.3 %) had[0.25 kinship values, suggesting involve-

ment of some common parental genotypes in the

breeding history of these germplasm groups (Supple-

mentary Fig. 2). These results indicated that most

accessions in the panel have no or very weak kinship,

which might be attributed to the broad range collection

of genotypes and the exclusion of similar genotypes

before analysis.

Population differentiation

AMOVA was performed to investigate population

differentiation (Supplementary Table 3). It showed

that a significant difference existed among subpopu-

lations, within subpopulations and within accessions

(P\ 0.01). 10.30 % of the total molecular variation in

the panel was attributed to the differentiation among

subpopulations, 89.70 % of total genetic variance was

attributed to the difference within subpopulations. It

indicated that the main genetic variation occurred

within subpopulations. Therefore, it is necessary to do

further analysis of the genetic diversity in different

subpopulations.

The pair-wise FST value ranged from 0.0492 (P1

with P2) to 0.1067 (P2with P3) among subpopulations,

Table 1 Phenotypic characteristics for salt tolerance related traits in 341 japonica rice accessions

Traits Mean ± sd Minimum Maximum CV (%) Kurtosis Skewness H2 (%)

SDS 11.83 ± 3.75 6.00 25.00 31.72 -0.01 0.73 84.82

SKN 0.69 ± 0.21 0.17 1.47 31.26 0.68 0.67 90.51

SD standard deviation, CV coefficient of variation
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with an average of 0.0834 (P\ 0.01). The genetic

distance among subpopulations had the same trend.

The genetic distance between P1 and P2 was 0.1209,

while it was 0.3835 between P2 and P3 (Supplemen-

tary Table 4).

Genetic diversity within subpopulations

The genetic diversity is presented for each subpopu-

lation in Supplementary Table 5. Among subpopula-

tions, P2 had the highest gene diversity index (0.5951)

Fig. 1 Population structure of 341 japonica rice accessions

based on 55 SSRmarkers (K = 3). The population is partitioned

into three color-coded subpopulations. Each bar represents a

single accession, and the colored subsections within each bar

reflect the proportional contributions of each subpopulation to

that accession. Colors of more than 65 % in red, green and blue

represent P1, P2 and P3, respectively. Mixed colors with\65 %

each color were grouped to MIX. The figures in the abscissa

were the accession number in Supplementary Table 1
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with 5.01 alleles per locus and the PIC value of 0.5456.

However, P1 had the lowest gene diversity index

(0.4999) with 4.64 alleles per locus and the PIC value

of 0.4545. A total of 264 (30.27 %) of the 872 alleles

that were detected in the total populations were

subpopulation-specific alleles. Moreover, P2 had more

subpopulation-specific alleles (91 or 11.79 %) than

others (Supplementary Table 5).

Linkage disequilibrium and LD decay

As the 341 japonica rice accessions could be divided

into three subpopulations, pairwise LD estimates were

performed in the total panel and in each subpopulation

using a total of 160 SSRmarkers (Table 2). In the total

panel, the average r2 of locus pairs was 0.0107, and

40.05 % were significant (P B 0.01), suggesting that

the LD level is very high in the panel. Moreover, the

average r2 of linked marker pairs was 0.0148, and the

percentage of linked marker pairs in significant LD

was 49.39 %, both of which were higher than those for

unlinked marker pairs (0.0104 and 40.44 %, respec-

tively), demonstrating that physical linkage is pre-

dominant in determining LD compared with random

forces. Further analysis of the LD in the subpopulation

P1, P2 and P3 showed that the average r2 in subgroups

(ranging from 0.0131 to 0.1009) was larger than that in

the total panel, suggesting that the LD level was

elevated when the panel was classified into subpop-

ulation. Comparing the sample size and the average r2

of P1, P2 and P3, it revealed that the average r2 of the

global, linked, and unlinked markers decreased with

the increase of sample size. Further analysis of the LD

in subpopulations showed that both average r2 and

proportion of significant LD for linked loci were still

higher than those for unlinked markers, which rein-

forced the view that physical linkage strongly influ-

ences LD in this panel of japonica rice accessions.

The distribution of data points in the plot of LD (r2)

decay against distance (cM) for the significant pairs

showed that LD was not a simple monotonic function

of the distance between markers. However, r2

decreased as genetic distance between loci pairs

increased, indicating that the probability of LD is

low between distant locus pairs (Supplementary

Fig. 3). In the total panel, the 99th percentile of r2

distribution for unlinked markers, which determined

the background level of LD, was 0.0918, and LD

decayed to the background level within about 20 cM.

Among the subpopulation P1, P2 and P3, the 99th

percentile of r2 distribution for unlinked markers was

0.1025, 0.0889, and 0.4186, and LD decayed to the

background level within about 30, 20 and 50, respec-

tively. A much slower decay of LD was observed

within subpopulations, which might be attributed to

the limited population size and narrow genetic back-

ground that inhibit LD decay.

Association between SSR markers and salt

tolerance-related traits

Marker–trait associations (MTAs) for salt tolerance-

related traits, SDS and SKN, were performed with the

MLM model, considering both population structure

(Q) and kinship (K), implemented in TASSEL 3.0

(Table 3). A total of 10 marker loci with the R2 ranged

Table 2 LD in the entire panel and subpopulations at the whole genome level

Groupsa Totalb Linkedc Unlinkedd

r2 Sig. LD (%)e r2 Sig. LD (%)e r2 Sig. LD (%)e

P1 0.0214 9.90 0.0275 15.46 0.0209 9.49

P2 0.0131 11.70 0.0197 20.34 0.0126 11.06

P3 0.1009 19.13 0.1016 20.45 0.1008 19.03

Entire panel 0.0107 40.05 0.0148 49.39 0.0104 40.44

a Groups P1, P2 and P3 were classified based on the results of STRUCTURE analysis
b The total set of locus pairs, including linked and unlinked loci
c Pairs of loci on the same chromosome
d Pairs of loci from different chromosomes
e Significant threshold is set to P B 0.01
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of 4.76–11.82 % were identified to be significantly

(P B 0.01) associated with salt tolerance at the

seedling stage, three on Chr.1, two on Chr.2, and one

each on Chr.3, 4, 6, 7, 8. Of them, 5 and 7 markers

were significantly associated with SDS and SKN,

respectively. Two markers, including RM1324 on

Chr.3, and RM418 on Chr.7, were significant for both

traits. 9 out of the 10 detected marker loci confirmed or

narrowed the genomic region reported to harbor QTLs

for salt tolerance by linkage mapping in previous

reports. RM283 is new unreported markers revealing

associations with salt tolerance in this set of japonica

rice germplasm. In addition, four salt tolerance-related

genes were located in the QTL regions in the present

study (Table 3; Supplementary Fig. 4).

Favorable allele mining

The higher SDS and SKN indicate stronger salt

tolerance. Thus, favorable allele mining was focused

on the loci that had positive phenotypic effects.

Phenotypic effects of each QTL allele for the 10

associated loci were measured according to the

method mentioned above. For each allele, not all but

only the maximum of three carriers are listed. A

summary of phenotypic effects and typical carrier

accessions for each favorable allele are shown in

Supplementary Table 6. A total of 11 and 19 favorable

alleles were identified for SDS and SKN, respectively.

Among the alleles associated with SDS, RM1324-

160 bp had the greatest positive phenotypic effect and

increased SDS by 6.53, which can be found in

cultivars Kelista, Tiantai andMudanjiang 2. Similarly,

RM283-161 bp had the greatest positive phenotypic

effect for SKN and was able to increase SKN by 0.35,

which can be found in cultivars Qiuguang, Hejiang 18

and Tengxi 180. Pearson correlation analysis between

the number of favorable alleles and each salt tolerance

trait was carried out, and highly positive significance

was found in both SDS (r = 0.644, P\ 0.001) and

SKN (r = 0.588, P\ 0.001). It suggested that com-

plementary recombination with the favorable alleles

had the potential for salt tolerance in rice to further

improve.

Prediction for novel parental combination

Favorable cultivars tolerant to salt could be potential

donor parents in breeding. In this study, according to

the phenotypic values and the number of favorable

alleles, the five best cultivars of each trait were

selected. Detailed information about each cultivar is

summarized in Supplementary Table 7. In addition,

based on the number of positive alleles that could be

pyramided into an individual plant and the expected

phenotypic effects, the five best cross combinations

for improving SDS and SKN, respectively, were

proposed (Table 4). It was found that some cultivars

present repeatedly in the novel parental combinations:

for example, Derta in the combinations for SDS,

Huangbaiguang for SKN, Mudanjiang 2 and Tixi 180

for both SDS and SKN, indicating these cultivars

possess unique elite alleles.

Discussion

Genetic diversity in the rice panel

The appropriate sample size, abundant diversity in

phenotype and genotype of an association mapping

panel are critical to the success of association study. In

this study, the association mapping panel was a

collection of 341 japonica rice accessions released

over many years in China, Japan, Korea, the Demo-

cratic People’s Republic of Korea, Russia, and France

representing elite lines bred for genes and QTL alleles

for yield and abiotic stress resistance. An average of

5.45 alleles per locus which ranged from 2 to 9, the

value was significantly lower than 11.9 alleles per

locus ranging from 2 to 34, in the world collections of

rice materials (Xu et al. 2005). However, this value

exceeded most of the previous reports (Jin et al. 2010;

Zhang et al. 2011) and close to Lapitan et al. (2007)

(5.89 over 151 SSR loci in Philippine rice cultivars).

The gene diversity in this study ranged from 0.0236 to

0.8598 with an average of 0.5801. The value is much

higher than that determined by Agrama and Eizenga

(2008) in US rice collection (0.43), and Thomson et al.

(2007) in improved indica rice varieties (0.46). The

PIC values of the rice accessions ranged from 0.0233

to 0.8441 with an average of 0.5366 in japonica rice

varieties. It was higher than the collection of 416 rice

accessions including landrace, cultivars and breeding

lines (Jin et al. 2010, PIC = 0.4214) and 347

improved japonica rice varieties (Cui et al. 2013,

PIC = 0.3137), but lower than the collection of 236

rice materials (Xu et al. 2005, PIC = 0.74). The
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differences of genetic diversity in different reports are

related with the number of rice accessions analyzed

and the choice of rice germplasm, the number of SSR

loci and the SSR repeat type. A higher number of

accessions in the sample lead to a more diverse range

of germplasm simply by sampling, and a larger

number of loci will lead to a higher number of alleles

and thus a higher apparent level of genetic diversity.

The higher genetic diversity in our study indicated that

huge phenotypic variations increased detection power

and allowed the quantification of more allelic effects.

The results showed that these alleles are more suitable

for association mapping.

Among subpopulations, the group P1, P2 and P3

showed significant differences in gene diversity and

PIC. Significant differentiation assessed in AMOVA

was observed between the three subpopulations. When

compared with P1, P2 and P3 had a higher level of

gene diversity and PIC. Moreover, P1 subpopulation

has 33 population-specific alleles, while P2 and P3 had

91 and 78 population-specific alleles, respectively

(Supplementary Table 5). The reason might be due to

that P2 and P3 subpopulations in this study contained

more accessions from abroad than P1.

Population structure and differentiation

in the association panel

Understanding the population structure is important

to avoid identifying spurious associations between

phenotype and genotype in association mapping

(Pritchard et al. 2000). Many studies have been

conducted about genetic structure of rice (Garris

et al. 2005; Wang et al. 2014). Garris et al. (2005)

detected five major groups from a diverse sample of

234 rice accessions including indica, aus, tropical

japonica, temperate japonica, and aromatic. Wang

et al. (2014) discussed the population structure

among 278 improved japonica rice varieties and

identified nine main clusters that corresponded to the

major geographic regions. In this study, three main

subpopulations were detected among 341 japonica

rice accessions (Fig. 1) including P1, P2 and P3, and

it was found that most of the japonica rice accessions

from the same or nearby geographic regions had a

closer genetic relationship and were clustered in the

same subpopulation. However, a few accessions

were not consistent with the geographic regions.

This could be due to their long breeding history, the

intercrossing and introgressing of accessions from

diverse backgrounds and the presence of different

ancestries with more than one background in the

same geographic region. It’s worth noting that the

accessions from Heilongjiang and Jilin province of

China were distributed in three subgroups, indicating

the exchange and domestication of germplasm

between the two provinces and other geographic

regions.

FST values were significant for all the subpopula-

tions (P\ 0.01), indicating the real existence of a

genetic differentiation. The differentiation between P1

and P2 was the lowest (FST = 0.0492), while the

differentiation between P2 and P3 was the highest

(FST = 0.1067). It indicated that higher level of

differentiation was present between P2 and P3, which

indicated that the accessions in P2 and P3 had further

genetic relationship. It also revealed that during the

breeding procedure, the narrow genetic base might

have been broadened for crosses between the acces-

sions in P2 and P3.

Table 4 Parental

combinations and numbers

of favorable alleles after

combinations predicted

from association mapping

of salt-tolerance-related

traits

Traits Parental combinations No. of favorable alleles

predicted

SDS Derta 9 Mudanjiang 2 5

Derta 9 Kelista 5

Derta 9 Zaoshajing 5

Derta 9 Tengxi 180 5

Mudanjiang 2 9 Kelista 5

SKN Mudanjiang 2 9 Huangbaiguang 7

Mudanjiang 2 9 Tengxi 180 7

Huangbaiguang 9 Luaosuiqiubo 7

Huangbaiguang 9 Wumangziyedao 7

Wumangziyedao 9 Tengxi 180 7
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Linkage disequilibrium in the rice panel

The extent of LD can provide information for the

needed marker density and mapping resolution in

association mapping study. If LD declines rapidly, the

genome scan would require excessive marker density

for a feasible identification of the candidate genes. If

LD is too large, the resolution may be low, but a

genome scan with a lower marker density would be

possible (Garris et al. 2003). In this study, The average

r2 in our association panel is 0.0107, which is lower

than 0.027 and 0.08 reported by Jin et al. (2010) and Li

et al. (2011), respectively. This can be explained due

to different significance thresholds and different plant

materials that were used in these studies. The LD

decayed to the background level varied from about 20

to 50 cM among the total panel and three subpopula-

tions in our study, suggesting that the mapping

resolutions could possibly be achieved between 20

and 50 cM with variation among different genetic

groups and different chromosomes. In some studies,

LD decay was observed at 1 cM or less in rice based

on nucleotide polymorphism markers, such as SNP

(Garris et al. 2003; Mather et al. 2007), whereas other

studies indicated that LD decays at 20–50 cM using

SSR markers (Agrama et al. 2007; Jin et al. 2010; Li

et al. 2011), being these reports consistent with the

result of this study. In a special case for a worldwide

collection of O. sativa and its wild relatives, the LD

varied in a large range of 50–225 cM (Agrama and

Eizenga 2008). These studies suggest that the extent of

LD varies among different genomic regions, different

types of marker used and different materials with

different reproductive modes and different accessions

studied. For the approximately 389 Mb rice genome,

the 160 SSRs that cover the rice genome at a density of

approximately 10 cM (assuming an average of

250 kb/cM across the genome) provided a reasonable

resolution for the association mapping in this study.

Physical linkage that determines LD between

molecular marker and causative polymorphisms is

the genetic basis for association mapping of genes or

QTLs underlying traits of interest (Flint-Garcia et al.

2003). In this study, the extent of LD of linkedmarkers

in the entire panel and subpopulations is significantly

higher than that of unlinked markers (Table 2),

suggesting that physical linkage strongly influences

LD in this japonica rice panel, and indicating that this

japonica rice panel is suitable for association analysis.

Population structure is one of several important

factors that have strong influences on LD (Flint-Garcia

et al. 2003). In our LD estimations, we took into

account the effect of population structure by subdi-

viding the total panel into three subpopulations.

Various levels of LD in subpopulations were

observed, indicating that population structure has

significant impact on LD (Table 2). Based on LD

analyses in the whole genome level, the LD level was

elevated when the panel was classified into subpop-

ulations (Table 2), comparing the sample size and the

average r2 of P1, P2 and P3, it revealed that the

average r2 of the global, linked, and unlinked markers

decreased with the increase of sample size, indicating

that the impact of population structure on LD is at least

partially attributed to the effect of sample size.

Therefore, it implied that variable extents of LD are

expected within the different genetic groups and

highlight the fact that different marker densities will

be required if association studies are planned in the

different genetic groups.

Comparison of QTLs for salt tolerance

with previous reports

The MTAs identified by association mapping in this

study were compared with the QTLs identified by

linkage mapping in previous studies, according to the

same SSR markers and physical location of markers

linked with the QTLs. 9 out of the 10 marker loci in

this study were consistent with salt-tolerance-related

QTLs in previous studies (Table 3). The locus RM292

on chromosome 1 was located within the region of

qKLV-1.1 (Pandit et al. 2010); RM213 on chromo-

some 2 was located within the region of QSst2 (Zang

et al. 2008); RM539 on chromosome 6 was located

within the region of qDRW6 (Wang et al. 2012a, b),

qDTF6.1 s (Mohammadi et al. 2013) andQSkc6 (Zang

et al. 2008) simultaneously; RM1287 on chromosome

1 was the same marker for Saltol (Mohammadi-Nejad

et al. 2008), and located within the region of qSKC-1

(Lin et al. 2004) and qSNC1 (Thomson et al. 2010);

RM1379 on chromosome 2 was mapped together with

three QTLs (i.e. qPH2, qRKC2 and qCHL2), flanked

by SSR markers RM13197 and RM6318 (Thomson

et al. 2010), and located within the region for salt

tolerance reported by Sabouri et al. (2009) and Wang

et al. (2011) simultaneously; RM551 on chromosome

4 and RM281 on chromosome 8 shared the same
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marker for salt tolerance reported by Mohammadi

et al. (2013) and Ammar et al. (2009); Remarkably,

RM1324 on chromosome 3 and RM418 on chromo-

some 7 associated with both salt-tolerance-related

traits (SDS and SKN) at the seedling stage in this

study, were also associated with salt tolerance at the

germination and early seedling stage in our previous

study (Zheng et al. 2014), and there were no reports to

date for salt tolerance in other studies, suggesting that

they were novel markers associated with salt toler-

ance. Therefore, the markers for salt tolerance men-

tioned above, which were detected in different

mapping populations, different growth period and

various environments, were significant markers for

salt tolerance in rice. Furthermore, the markers that

were localized within a QTL interval for salt tolerance

not only validated the QTL but also provided a more

closely linked marker. These markers may be useful

for breeding programs in rice based on MAS and may

accelerate the development of salt tolerant rice

varieties. In addition, RM283 was reported for the

first time, potentially indicating the novel markers

associated with salt tolerance.

Co-localization of salt tolerance-related genes

in the QTL regions

Four salt tolerance-related genes previously reported

were found to coincide with the QTL regions in the

present study (Table 3; Supplementary Fig. 4).

OsEREBP1, a AP2/ERF transcription factor that

significantly affected the transcript level by salt,

ABA or severe cold (5 �C) (Serra et al. 2013) was

located in the same region as the marker loci

RM213. The locus RM539 was co-located with

OsABF2 identified by Hossain et al. (2010), which

was a bZIP transcription factor gene, and induced by

different types of abiotic stress treatments such as

salinity, drought, cold, oxidative stress and ABA.

The locus RM1287 was close to the HKT1;5 gene,

which encoded a member of HKT-type transporters,

was involved in regulating K?/Na? homeostasis

under salt stress (Ren et al. 2005). OsAHP1, a rice

authentic histidine phosphotransfer protein that

mediated cytokinin signaling pathway and salt and

drought stress responses in rice (Sun et al. 2014a, b),

was located in the same region as the marker loci

RM281. The markers for salt tolerance mentioned

above, validated these genes further, and will

accelerate the development of gene-based functional

markers for molecular breeding applications.

Pyramiding favorable alleles to improve salt

tolerance in rice

Among the association mapping population that

contains a large number of genotypes, the molecular

markers that are associated with the target trait can be

analyzed at an allelic level by association analysis. In

addition, the contributions of different alleles that are

carried by different germplasms to the target trait can

be determined to identify cultivars that carry multiple

favorable alleles. Next, by hybridizing different cul-

tivars and selecting the RIL that carry the maximum

number of favorable alleles, the RIL that have

improved target traits can be bred. The predicted

results can be further confirmed by crop breeding. For

example, using 27 detected QTL for rice seed vigor,

Dang et al. (2014) designed 15 elite parental combi-

nations for improving seed vigor in rice. Similarly, by

designed QTL pyramiding based on combinations of

qgw8 and qgs3 alleles with molecular marker–assisted

selection, Mather et al. (2007) developed a new elite

indica variety, Huabiao1, with substantially improved

grain quality, indicating that novel alleles from

different cultivars can be pyramided into a new

cultivar. In this study, by comparing the average

phenotypic value of each allele in the 12 detected

MTAs, 11 and 19 favorable alleles for SDS and SKN

were identified, respectively, suggesting that the

favorable alleles and their carrier materials have great

potential for developing salt tolerant rice varieties in

future molecular breeding programs. In addition, we

also predict some parental combinations based on the

number of positive alleles that could be pyramided

into an individual plant and the expected phenotypic

effects. In these combinations, some cultivars are

repeatedly present, of which, two favorable cultivars,

Mudanjiang 2 and Texi 180, can be used to improve

SDS and SKN simultaneously, are considered impor-

tant salt tolerance donor parents in breeding. If we

want to improve multiple traits, we might pyramid all

the favorable alleles into one cultivar as far as

possible, it suggested that a multi-parent population

should be constructed using cultivars that possessed

most of the favorable alleles, and a ranking system for

MAS should be developed based on the results of

association mapping.
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