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Abstract: Rice salt tolerance at the germination stage directly affects the germination rate and seed-
ling establishment of rice directly seeded in saline soils, which in turn affects yield. In this study, we
determined the relative germination potential (RGP) and relative germination index (RGI) under
200 mM salt stress and control conditions using 295 japonica rice accessions. Statistical analysis
showed extensive phenotypic variations under salt stress conditions. Twenty-one varieties with an
RGP 2 80% and an RGI = 80% were screened. Based on genotypic data including, 788,396 single-
nucleotide polymorphisms (SNPs), 40 quantitative trait loci (QTL) were localized on rice chromo-
somes 1,2, 3,4,56,7,38,9,10, 11, and 12, which were shown to be significantly associated with rice
salt tolerance at the germination stage, including 20 for RGP and 20 for RGI, using genome-wide
association analysis. Six QTL with > 3 consecutive significant SNP loci and localized in the same LD
interval were selected for further analysis. Four rice genes (LOC_0Os01g04920, LOC_0Os10¢38350,
LOC_0Os10¢38470, and LOC_Os10g38489) were selected as important candidates for salt tolerance
based on haplotype analysis and functional annotation. The findings could facilitate the develop-
ment of valuable rice varieties for direct seeding in salinized soil and improve japonica rice salt tol-
erance at the germination stage through molecular breeding.
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1. Introduction

Rice is one of the most important staple crops, providing food for more than half of
the world’s population [1]. The demand for high quality rice and higher yield has in-
creased in recent years owing to the rapidly improving socioeconomic status and the
growing population. However, salt stress is a serious constraint to rice production, which
has become a global ecological problem [2]. Direct seeding of rice is a low-cost, highly
efficient, and less labor-intensive cultivation method for simplified, large-scale rice pro-
duction; this method alleviates the water crisis, positively improves soil salinization, and
increases rice yield on saline land [3]. With the widespread implementation of direct seed-
ing of rice in saline lands, the selection and breeding of rice varieties suitable for this prac-
tice has become more and more in demand. The chosen variety must be suitable for the
natural conditions of the production area, and the emergence of its seedlings must also be
considered. Therefore, identifying and screening salt tolerant sprouting varieties suitable
for direct seeding, studying their genetic mechanisms, and mining salt tolerance candi-
date genes have become popular research topics.

The genetic basis of salt tolerance in rice is complex; salt tolerance is a quantitative
trait controlled by multiple genes and strongly influenced by the environment [4]. Over
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900 quantitative trait loci (QTL) for salt tolerance have been identified in rice [5-11]; key
salt tolerance genes include SKC1 [12], HST [13], DST [14], and gSE3 [15]. These genes
have been used in rice breeding, and the salt tolerance mechanisms have been clarified.
The identification of new QTL for salinity tolerance will help us to further understand the
mechanism of salinity tolerance in rice and promote breeding of salt tolerant rice. There
is no significant correlation between salinity tolerance during the rice germination period
and other plant stages [16]. Breeding salt tolerant varieties of rice at the germination stage
can help protect rice from irreversible damage in the early stages of growth and thus,
enhance the rice yield. Most studies on salt tolerance in rice have focused on the seedling
stage [17], while only few have addressed the germination stage [16,18,19].

With the rapid development of biotechnology approaches, such as high-throughput
sequencing and gene chip, in recent years, genome-wide association analysis (GWAS) has
been widely used to study complex plant traits [20-23]. For example, An et al. [24] located
17 QTL significantly associated with dry weight ratio for salt tolerance in rice, using
GWAS and a population consisting of 181 varieties. Yuan et al. [25] characterized 664 rice
varieties at the seedling stage grown under a 0.9% salt solution and localized 21 salt tol-
erance-related QTL by GWAS. Rohila et al. [26] identified nine unknown salt tolerance-
associated QTL by combining approximately three million SNP loci and eight salt toler-
ance phenotypic traits. More salt tolerance genes and QTL must be discovered to further
understand the mechanism of salt tolerance in rice and breed salt tolerant rice varieties.

This study aimed to understand the genetic basis of salt tolerance at the germination
stage and provide a molecular basis for the selection and breeding of rice varieties to im-
prove salt tolerance in japonica rice. We identified 295 japonica rice accessions for salt tol-
erance and analyzed them by GWAS. Then, haplotype analysis was performed and com-
bined with gene function annotation to mine salt tolerance candidate genes.

2. Materials and Methods
2.1. Plant Materials and Salt Tolerance Identification

The natural population consisted of 295 temperate japonica germplasm resources (Ta-
ble S1), mainly from the Asian countries China, Japan, Korea, and North Korea. Twenty-
two representative rice accessions were selected for a preliminary experiment to deter-
mine the appropriate salt stress concentration. To disrupt dormancy, rice seeds were dried
for 48 h at 55 °C in an incubator (RXZ-500C, Ningbo Jiangnan Instrument Factory, Ningbo
China) and then sterilized with 1% NaClO for 20 min, followed by washing with sterile
water. One hundred plump seeds of each variety were placed in a 9-cm Petri dish con-
taining 25 mL of 100-, 200-, 300-, 400-, 500-, and 600-mM sodium chloride solution or dis-
tilled water (control group) and placed at 28 °C, 14 h/10 h day/night cycle, and 70% relative
humidity. Every day the number of germinated seeds was tallied. Seeds were considered
germinated when the radicle broke through the seed coat and reached a length > 1 mm
(Figure 1) [27].
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Figure 1. Criteria of seed germination. (a,b) Photographs of rice seeds showing the definition of
germination (a) and no germination (b).

Two hundred and ninety-five japonica rice accessions were tested in an incubator
based on the results of the preliminary experiment. One hundred full seeds of each rice
variety were tested under salt stress (200 mM) and control (distilled water) conditions,
with three replicates. The solution was changed daily throughout the test. Until germina-
tion halted, the number of seeds that germinated was counted every day for statistical
analysis. Salt stress tolerance was assessed using two parameters: relative germination
potential (RGP), defined as RGP = N1/N2 x 100%, where N1 is the number of treated seeds
that germinated on day 9 and N2 is the number of control seeds that germinated on day
5—the days differed because the seeds in the control group ended up germinating on day
5; and relative germination index (RGI) was defined as ) (Gt/Dt) where Gt is the germina-
tion percentage on each day, and Dt is the number of days it took the seeds to germinate
[28]. All rice accessions were classified according to the magnitudes of the RGP and RGI:
80-100%, seeds were considered highly salt tolerant; 60-80%, salt tolerant; 40-60%, mod-
erately salt tolerant; 20-40%, salt sensitive; and 0-20%, highly salt sensitive.

2.2. GWAS for Salt Tolerance

Two hundred and ninety-five japonica rice accessions were genotyped using a total
of 788,369 SNPs with a minor allele frequency of > 5% and a missing rate of < 20% for
GWAS [29]. For that, we used a mixed linear model (MLM) in TASSEL 5.0 [30], consider-
ing kinship (K) and population structure (Q). p < 5.46 x 10 was chosen as the cutoff for
identifying SNPs strongly linked with traits. The effective number of independent mark-
ers was calculated using the genetic type 1 error calculator (GEC, http://statgenpro.psy-
chiatry.hku.hk/gec/ (accessed on 7 September 2020)) [29]. Using the R package “qqman”,
Manhattan and Q-Q plots were produced from the GWAS results.

To obtain independent association signals, we performed LD calculations for SNPs
in a 5-Mb region above the threshold, and if 2 was > 0.25, the SNP with the smallest p
value in this SNP cluster was taken as the lead SNP [31]. The LD decay distance upstream
and downstream of the lead SNP was taken as the candidate interval of QTL, and the
calculation was as follows: 2 values of all SNPs in the 2-Mb region upstream and down-
stream of the lead SNP were calculated; 2 values of the top 10% of the region from 1.5 to
2 Mb from the lead SNP were taken as the background r? values, and background 2 values
plus 0.2 were used as the chaining region. LDBlockshow [32] was used to estimate the
local LD block region: white, 12 =0; yellow, 0 <#2<1; red, 2= 1.
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2.3. Identification of Important QTL and Haplotype Analysis of Candidate Genes

QTL regions meeting the following criteria were considered important: (1) consist-
ently identified in RGP and RGI; and (2) QTL with > 3 consecutive above-threshold SNPs.

Haplotype analysis was performed for all genes in the candidate region as follows:
nonsynonymous mutant SNPs in the exonic region of each gene in the QTL interval were
extracted from the Rice SNP-Seek Database (https://snp-seek.irri.org/ (accessed on 3 Oc-
tober 2021)). DnaSP software (www.ub.edu/dnasp/ (accessed on 12 October 2021)) was
used for haplotype analysis and multiple comparisons of phenotypic values between dif-
ferent haplotypes (= 10 materials) to screen out genes with significant differences in phe-
notypic values between haplotypes. For genes with non-significant differences in pheno-
typic values between haplotypes, SNPs in the promoter region (first 2 kb of ATG) were
extracted for haplotype analysis. The screened genes were combined with gene function
annotations to predict the most likely candidate genes.

3. Results
3.1. Identification of Salt Tolerant Japonica Rice at the Germination Stage

The RGP and RGI of 22 representative rice accessions were measured under 6 salt
treatments (100, 200, 300, 400, 500, and 600 mM NaCl) to obtain the appropriate salt con-
centration. The results of the preliminary experiments showed that the differences be-
tween varieties were best represented at 200 mM (Table 1). Therefore, 200 mM NaCl was
used to determine the salt tolerance of all 295 japonica rice accessions at the germination
stage. Rice seeds did not germinate under the 500 or 600 mM NacCl treatments.

Table 1. Statistical analysis of RGP and RGI of 22 representative rice accessions.

Traits CONC Mean + SD (%) Range (%) CV (%)
100 mM 97.27 +0.03 91.84-100 3.08
200 mM 79.83 £0.14 29.57-95.92 17.22
RGP 300 mM 27.53+0.18 0.98-74.71 65.73
400 mM 0.45+0.01 0-3.80 206.42
500 mM - - -
600 mM --- --- —
100 mM 90.32 +0.04 78.13-96.82 4.92
200 mM 76.02 +0.12 32.12-88.15 15.62
RCI 300 mM 28.34+0.16 7.69-65.65 55.02
400 mM 0.27 +0.01 0-2.54 222.86
500 mM - - -
600 mM --- - -

The 295 japonica rice accessions showed a continuous distribution and an approxi-
mately symmetric distribution, indicating that these indices are quantitative traits under
the joint control of multiple genes (Table 2, Figure 2). Finally, 21 highly salt tolerant vari-
eties with both RGP > 80% and RGI > 80% were screened (Table 3).

Table 2. Statistical analysis of RGP and RGI of 295 japonica rice accessions.

Trait Mean * SD (%) Range (%) CV (%)
RGP 63.67 +0.14 12.96-88.48 21.61
RGI 70.65 +0.18 8.91-99 25.27
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Figure 2. Frequency distribution of RGP (a) and RGI (b) among the 295 japonica rice accessions.
Table 3. Specific information of 21 high salt tolerance accessions.

ID Accession Namze Source RGP RGI
Z_17 Xiuyan Liaoning Province, China 0.9082 0.8009
Z_36 Huangjiantou Jilin Province, China 0.875 0.8044
Z 39 Dainandao Jilin Province, China 0.9192 0.8776
Z_45 Jingou Jilin Province, China 0.9175 0.8290
Z.79 Dongnong 423 Heilongjiang Province, China 0.9709 0.834
Z_105 Longhuadahonggu Heilongjiang Province, China 0.9417 0.8193
Z 107 Wumingzhu Heilongjiang Province, China 0.9712 0.8720
Z_108 Tangyuan 6 Heilongjiang Province, China 0.94 0.8024
Z_152 Xingguo Heilongjiang Province, China 0.8793 0.8121
Z_188 Qiandaijing Japan 0.9094 0.8507
Z_191 Fengshouguang Japan 0.99 0.8181
Z_194 WD12468 Japan 0.9394 0.815
Z_195 Alixiao Japan 0.9082 0.8395
Z_199 Lige Japan 0.9798 0.8848
Z 234 Xiannan 1 Democratic People’s Republic of Korea 0.9174 0.8057
Z_250 Zhenfu32-xuan Republic of Korea 0.8274 0.8274
Z_256 Taixingdao Republic of Korea 0.8199 0.8199
Z_263 Wutai Republic of Korea 0.8147 0.8147
Z 264 Yunchang Republic of Korea 0.8361 0.8361
Z_267 Chaolin Republic of Korea 0.8314 0.8314
Z_287 Song 98131 Heilongjiang Province, China 0.8128 0.8128

3.2. GWAS of Salt Tolerance at the Germination Stage in Japonica Rice

Combining the 788,369 SNPs obtained from our previous study [29], we used the
MLM of TASSEL 5.0, with a significance threshold of p <5.46 x 106, to perform GWAS on
the RGP and RGI in the 295 japonica rice accessions. In total, 40 QTL were detected (Table
4), among which 20 QTL associated with RGP were located on chromosomes 1, 3, 5, 6, 7,
9, 10, 11, and 12, with 72 ranging from 10.02% to 14%. The 20 QTL associated with RGI
were located on chromosomes 1, 2, 3,5, 6, 7, 8, 9, 10, and 12, with r? ranging from 10.10%
to 12%. By comparison with the results of previous studies, 10 QTL in the present study
were located at intervals similar to those of previously identified salt tolerance QTL, and
10 QTL existed for cloned salt tolerance-related genes.
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Table 4. Chromosomal sites with significant correlation of salt tolerance traits during germination.

Traits QTLs Lead SNP Chr. Position p Value R?  Known QTLs Known Genes
gRGP1.1 Chrl_ 41374494 1 41374494 5.81x10% 14.00%
gRGP1.2 Chrl_ 4089224 1 4089224 248x107 12.71% qSTL1-1[25]
gRGP1.3 Chrl_ 2204961 1 2204961 7.98x107 11.67% OsRAV2 [33], OsPTR?7 [34]
gRGP1.4 Chrl_6258829 1 6258829 1.89x10% 10.92%
gRGP1.5 Chrl__7430709 1 7430709 3.62x10% 10.44% gSHL1.7b[35]
gRGP1.6  Chrl_3338562 1 3338562 3.79x10°¢ 10.32% OsDREB2A [36]
gRGP3.1 Chr3__10121513 3 10121513 1.38x10% 11.19% ¢RTL3.1[35]
gRGP3.2 Chr3__33560015 3 33560015 2.34x10°¢ 10.74% OsPP2A-2 [37]
gRGP5  Chr5_ 8234106 5 8234106 1.44x10° 11.16%
RGP gRGP6.1 Chr6_ 27775205 6 27775205 3.83x107 10.69% OsHAK13 [38]
gRGP6.2 Chr6_ 25007621 6 25007621 4.13 x10°¢ 10.25% ¢SDS-6 [12]
gRGP7.1 Chr7__19834473 7 19834473 248 x107 13.35%
gRGP7.2 Chr7__21641434 7 21641434 6.37x107 11.87%
gRGP7.3 Chr7__21142856 7 21142856 6.64x107 11.83%
gRGP7.4 Chr7__20530338 7 20530338 5.33x10% 10.02%
gRGP9  Chr9__16900648 9 16900648 1.11x10° 11.38%
gRGP10 Chr10__20505386 10 20505386 3.77 x10¢ 10.46% gRNC-9 [12]
gRGP11  Chrll__6667362 11 6667362 5.37x10% 10.49%
gRGP12.1 Chrl2_ 7766357 12 7766357 1.66 x10°¢ 12.27%
gRGP12.2 Chrl2_ 8683103 12 8683103 5.33x10°¢ 11.13%
gRGI1.1  Chrl_6258829 1 6258829 554x107 12.00%
gqRGI1.2 Chrl__41374494 1 41374494 1.07x10° 11.42%
gRGI1.3  Chrl__ 7445487 1 7445487 1.34x10°% 11.22% qSHL1.7b[35]
gqRGI1.4 Chrl__4089224 1 4089224 1.41x10° 11.17% ¢STLI1-1[25]
gRGI1.5 Chrl_2066993 1 2066993 3.44x10°¢ 10.40% OsRAV2 [33], OsPTR7 [34]
gRGI1.6  Chrl_3338562 1 3338562 4.90x10¢ 10.10% OsDREB2A [36]
gRGI2  Chr2_32975597 2 32975597 4.67 x10° 11.42%
gRGI3  Chr3__10121513 3 10121513 6.77 x107 11.82% ¢RTL3.10 [35]
gRGI5.1  Chr5_ 8234106 5 8234106 9.49x107 11.52%
RGI gqRGI5.2  Chr5__28367506 5 28367506 2.22x10¢ 10.78%
gqRGI5.3  Chr5__1855627 5 1855627 2.77x10¢ 10.59%
gRGI6  Chr6__27775205 6 27775205 4.69 x107 10.52% OsHAK13 [38]
gqRGI7.1 Chr7_21641434 7 21641434 1.67x10° 11.03%
gqRGI7.2 Chr7_19834473 7 19834473 1.96x10°¢ 11.46%
gRGI7.3 Chr7_21123625 7 21123625 4.18x10°¢ 10.23%
gRGI8  Chr8__19554426 8 19554426 5.22x10° 10.26% gSTLS-1 [25] SRWD4 [39]
gRGI9  Chr9__16900648 9 16900648 1.37 x107 13.23% gRNC-9[12]
gRGI10 Chrl0__20505386 10 20505386 3.66x10°¢ 10.49%
gRGI12.1 Chrl2_ 7766357 12 7766357 1.83x107 14.42%
gRGI12.2 Chrl2__8683103 12 8683103 1.47x10° 12.36%

Among these QTL, gRGP1.1 and qRGI1.2, gRGP1.3 and gRGI1.5, gRGP3.1 and qRGI3,
qRGP6.1 and qRGI6, gRGP7.1 and qRGI7.2, and gRGP10 and qRGI10 were significantly as-
sociated with both RGP and RGI, with > 3 consecutive significant SNP loci and localized
in the same LD interval. QTL considered important for salt tolerance were renamed
qRG1.1, gRG1.2, gRG3, qRG6, gRG7, and gRG10 (Figure 3).
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Figure 3. Manhattan plots and quantile-quantile (Q-Q) plots of GWAS for the salt tolerance. Red
horizontal dashed line indicates the genome-wide significance threshold. (a) Manhattan plot for the
RGP. (b) Q—Q plot for the RGP. (¢) Manhattan plot for the RGI. (d) Q-Q plot for the RGI.

3.3. Haplotype Analyses of the Candidate Genes

Haplotype analysis was conducted on nonsynonymous mutant SNPs of the exon re-
gion and SNPs of the promoter for all genes within the six QTL (gRG1.1, gRG1.2, gRG3,
qRG6, gRG7, and gRG10) intervals to identify important candidate genes. There were no
significant differences in phenotypic values among haplotypes for gRG1.1, gRG3, gRG6, or
gRG7 intervals.

The LD block region for gRG1.2 on chromosome 1 was predicted from 2.06 to 2.37 Mb
(310 kb) and contained 43 genes, according to the Rice Annotation Project (RAP) [40] (Fig-
ure 4 and Table S2). This candidate region includes two salt stress response genes,
OsRAV2 [33] and OsPTR?7 [34]; however, their phenotypic values did not significantly dif-
fer between haplotypes. Four genes (LOC_Os01g04650, LOC_Os01g04720,
LOC_Os01g04870, and LOC_0Os01g04920) were associated with significant differences in
RGP and RGI among the different haplotypes. The nonsynonymous mutant SNPs of
LOC_0Os01g04650 were divided into two haplotypes, and Hapl (A) had significantly
higher RGP and RGI than did Hap2 (C) (Figure 5a,b). The nonsynonymous mutant SNPs
of LOC_0Os01g04720 were divided into two haplotypes, and Hap2 (G) had significantly
higher RGP and RGI than did Hap1 (C) (Figure 5¢,d). The nonsynonymous mutant SNPs
of LOC_Os01g04870 were divided into two haplotypes, and Hap1l (A) had significantly
higher RGP and RGI values than did Hap2 (G) (Figure 5e,f). The nonsynonymous mutant
SNPs of LOC_Os01g04920 were divided into two haplotypes, and Hap2 (T) had signifi-
cantly higher RGP and RGI than did Hap1 (C) (Figure 5g,h). Gene function annotations
showed that LOC_0Os01g04920 was the cloned gene OsSQD2.2 (Table S2), encoding a
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group I glycosyltransferase-containing structural domain. The overexpression of this gene
increases flavonoid glycoside levels [41], and high levels of flavonoid glycosides improve
stress resistance in rice [42]. This gene may affect salt tolerance in rice by regulating flavo-
noid glycoside metabolism; thus, LOC_Os01g04920 is hypothesized to be the most likely
candidate gene for salt tolerance.
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Figure 4. Candidate gene of JRG1.2 on chromosome 1. (a) Local Manhattan plot (top) and LD
heatmap (bottom) surrounding the lead SNP. (b) Based on the Rice Annotation Project (RAP) [40],
the 310 kb region contained 43 genes.
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Figure 5. Gene structure and haplotype analysis. (a,b) represent the gene structure and haplotype
analysis of LOC_0Os01g04650. (c,d) represent the gene structure and haplotype analysis of
LOC_0Os01g04720. (e,f) represent the gene structure and haplotype analysis of LOC_Os01g04870.
(g /h) represent the gene structure and haplotype analysis of LOC_Os01g04920. The * and ** suggest
significance of ANOVA at p < 0.05 and p < 0.01, respectively.

The LD block region for gRG10 on chromosome 10 was predicted from 20.44 to
20.65 Mb (210 kb). According to the RAP [40], this interval contains 54 genes and does not
include any known salt tolerance genes (Figure 6 and Table S3). Four genes
(LOC_0Os10g38350, LOC_0Os10¢38450, LOC_Os10g3847, and LOC_0Os10g38489) were asso-
ciated with significant differences in RGP and RGI among the different haplotypes. The
nonsynonymous mutant SNPs of LOC_0Os10g38350 were divided into two haplotypes,
and Hap?2 (CAC) had significantly higher RGP and RGI values than did Hap1 (GGT) (Fig-
ure 7a,b). The nonsynonymous mutant SNPs of LOC_Os10¢38450 were divided into two
haplotypes, and Hap2 (AG) had significantly higher RGP and RGI values than did Hapl
(GT) (Figure 7c,d). The nonsynonymous mutant SNPs of LOC_Os10¢38470 were divided
into two haplotypes, and Hap2 (T) had significantly higher RGP and RGI than did Hap1
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(G) (Figure 7e,f). The nonsynonymous mutant SNPs of LOC_Os10g38489 were divided
into two haplotypes, and Hap2 (C) had significantly higher RGP and RGI values than did
Hapl (G) (Figure 7gh). Gene function annotation showed that LOC_0Os10¢38350,
LOC_Os10g38470, and LOC_Os10g38489 encoded glutathione S-transferase (Table S3).
This enzyme plays a role in primary metabolism, secondary metabolism, and plant pro-
tection from oxidative damage [43]. It is suggested that these three genes may further af-
fect plant salt tolerance by influencing the accumulation of reactive oxygen species in
plants [44]. Therefore, LOC_0Os10¢38350, LOC_0Os10¢38470, and LOC_Os10¢38489 are hy-
pothesized to be the most likely candidates for salt tolerance in rice.
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Figure 6. Candidate gene of gRG10 on chromosome 10. (a) Local Manhattan plot (top) and LD
heatmap (bottom) surrounding the lead SNP. (b) Based on the Rice Annotation Project (RAP) [40],
the 210 kb region contained 54 genes.
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Figure 7. Gene structure and haplotype analysis. (a,b) represent the gene structure and haplotype
analysis of LOC_0Os10¢38350. (c,d) represent the gene structure and haplotype analysis of
LOC_0Os10g38450. (e,f) represent the gene structure and haplotype analysis of LOC_Os10¢38470.
(g /h) represent the gene structure and haplotype analysis of LOC_Os10¢38489. The * and ** suggest
significance of ANOVA at p < 0.05 and p < 0.01, respectively.

4. Discussion

Identifying salinity tolerance in rice is important, and different methods of identifi-
cation may lead to different salinity tolerance quantification in rice [45]. In this study, RGP
and RGI were selected as indicators for the identification of salt tolerance at the germina-
tion stage of rice, which have also been used in previous studies [18,19]. The concentration
of salt in seed treatment is an important factor for the accurate determination of salt toler-
ance during rice germination. Shi et al. [46] measured SSI, VI, and MGT at three different
concentrations of NaCl (60, 80, and 100 mM) in 35 randomly selected rice varieties (from
478 varieties) to determine the most appropriate salt concentration. The results showed
the most genetic variation was observed in the 60 mM NaCl treatment among all treat-
ments. Yu et al. [19] randomly selected 12 rice varieties for screening experiments using
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GP with 0, 200, and 300 mM NaCl. According to the screening results, 200 mM NaCl ade-
quately exposed their phenotypic variation and facilitated the differentiation of rice vari-
eties with different levels of salt tolerance. In this study, we analyzed and compared phe-
notypic values under six different concentrations of NaCl (100, 200, 300, 400, 500, and 600
mM NaCl) (Table 1) and found that 200 mM NaCl best reflected the differences among
varieties. Combining RGP and RGI, we finally screened 21 highly salt tolerant varieties
among 295 japonica rice accessions, which provided material for the direct seeding of rice.
We found that salt stress did both: exerted a significant inhibitory effect and delay seed
germination.

The identification of genes related to salinity tolerance in different rice varieties is
important to improve rice productivity in saline soils. GWAS technology is based on mil-
lions of SNP loci in the genome. Phenotypic traits are directly associated with genotypes
through mathematical models to identify loci or master effect genes associated with the
target traits [47]. This study used 295 japonica rice accessions to investigate candidate
genes and 40 QTL on chromosomes 1,2, 3,5, 6,7, 8,9, 10, 11, and 12 that regulate important
phenotypes under salt stress in rice at the germination stage. Some QTL detected in this
study were located at the same or similar intervals as previously localized QTL or cloned
genes, based on the information published in the National Rice Center gene database
(http://www.ricedata.cn/gene/ (accessed on 14 October 2021)). For example, the salt toler-
ance-related QTL qSHL1.7b [35] was in the same interval as gRGP1.5 and qRGI1.3 in our
study; the salt sensitive gene OsDREB2A [36] was located within the gRGP1.6 and gRGI1.6
intervals. Similarly, salt tolerance-related QTL, gSTL1-1 [25], gSTLS-1 [25], and gRNC-9
[12], were located near gqRGP1.2, gRGI1.4, gRGP9, gqRGI9, and qRGIS8. Moreover, salt toler-
ance-related genes, OsPP2A-2 [37], OsHAK13 [38], and SRWD4 [39], were located within
gqRGP3.2, qRGP6.1, gRGI6, and gRGI8. The results indicates that GWAS accurately detected
and localized QTL intervals.

Cloning QTL affecting complex traits is a major challenge for plant geneticists and
molecular biologists because of the labor-intensive and time-consuming nature of the tra-
ditional gene map cloning. The GWAS method for QTL and haplotype analyses for all
genes within the QTL interval targets candidate genes with significant differences be-
tween different haplotype phenotype values. It also combines gene annotation and previ-
ous results, which may improve the efficiency and accuracy of candidate gene screening
[48]. This study performed a GWAS for salinity tolerance in rice using high-density SNP
markers, and the upstream and downstream LD decay distances of lead SNPs were used
as candidate intervals to locate QTL regions significantly associated with salinity toler-
ance. Haplotype analysis of candidate genes was conducted for QTL co-localized with >3
consecutive significant SNPs for RGP and RGI; four genes in the gRG1.2 interval had sig-
nificant differences in RGP and RGI between haplotypes. This included LOC_0Os01g04920
(OsSQD2.2), which encodes a group I glycosyltransferase-containing structural domain.
The overexpression of the this gene increases flavonoid glycoside levels [41], whereas the
overexpression of SQD2.1 (SQD2.2 homolog) enhances tolerance to salinity and drought
[49]. The QTL GSA1 regulates grain size and stress tolerance in rice, and its overexpression
positively regulates flavonoid glycoside levels, which increases salt stress tolerance in rice.
In contrast, the knockdown of GSA1 flavonoid glycoside synthesis under salt stress re-
duces resistance to salt stress in rice [42]. Therefore, it is hypothesized that OsSQD2.2 is
most likely a candidate gene for salt tolerance in §RG1.2 and that it may regulate flavonoid
metabolism.

Similarly, four genes in the gRG10 interval showed significant differences among
haplotypes, including LOC_0Os10¢38350, LOC_Os10¢38470, and LOC_Os10¢38489 encod-
ing glutathione S-transferase, which play important roles in primary and secondary me-
tabolism and protection against oxidative damage in plants. The three candidate genes
are located on chromosome 10 in a gene cluster containing 28 Tau class GST genes that
are present in tandem at a single locus [50]. Members of the Tau class appear to respond
more frequently to various stimuli; the expression of two GST genes of the Tau class
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(OsGSTU3 and OsGSTU4) is induced by hypoxia and salt stress [51]. Transgenic tobacco
seedlings overexpressing cDNA encoding glutathione S-transferase grow significantly
faster than do control seedlings under salt stress [52]. Glutathione S-transferase catalyzes
the scavenging of free radicals in plants, and the overexpression of glutathione S-transfer-
ase confers salt stress tolerance [43]. Therefore, we hypothesized that LOC_Os10¢38350,
LOC_0Os10g38470, and LOC_Os10¢38489 are the most likely candidate genes for salt toler-
ance in rice. The next steps of our research will focus on the functional validation of
transgenes and utilization of LOC_0Os01g04920, LOC_0Os10¢38350, LOC_Os10¢38470, and
LOC_0Os10¢38489 for molecular breeding to provide a theoretical basis for improving salt
tolerance in japonica rice.

5. Conclusions

Overall, the present study identified 295 japonica rice accessions with salt tolerance at
the germination stage, screened 21 highly salt tolerant rice varieties to provide material
support for direct seeding of rice. Two-hundred and ninety five japonica rice varieties ex-
hibited considerable differences in salt stress tolerance, strongly suggesting a wide range
of genetic variation in the natural population that could be exploited. Therefore, we fur-
ther performed GWAS. We localized 40 QTL for salt tolerance at the germination stage
based on a high density of SNPs. The 23 QTL detected in the present study have not been
reported in previous studies and may be new QTL affecting salt tolerance in japonica rice.
In addition, based on haplotype analysis and functional annotation of genes, we screened
four genes (LOC_Os01g04920, LOC_0s10¢38350, LOC_0Os10¢38470, and LOC_
0s10438489) that may contribute to salt tolerance at the germination stage. These new salt
tolerance candidate genes may be useful for the molecular breeding of japonica rice during
germination to increase salt tolerance and improve quality.
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