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Salinity stress is a great threat to the growth and productivity of crops, and development of salt-tolerant crops is of great necessity to ensure food security. Although a few genes with natural variations that confer salt tolerance at germination and seedling stage in rice have been cloned, effective intragenic markers for these genes are awaited to be developed, which hinder the use of these genes in genetic improvement of salt tolerance in rice. In this study, we first performed haplotype analysis of five rice salt-tolerant–related genes using 38 rice accessions with reference genome and 4,726 rice germplasm accessions with imputed genotypes and classified main haplotype groups and haplotypes. Subsequently, we identified unique variations for elite haplotypes reported in previous studies and developed 11 effective intragenic makers. Finally, we conducted genotyping of 533 of the 4,726 rice accessions from worldwide and 70 approved temperate geng/japonica cultivars in China using the developed markers. These results could provide effective donors and markers of salt-tolerant–related genes and thus could be of great use in genetic improvement of salt tolerance in rice.
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Introduction

Soil salinity is an important type of abiotic stress limiting the growth and productivity of crops worldwide. Rice, a staple food crop that feeds more than half of the world population, is susceptible to salinity stress during growth period, especially at germination stage and early seedling stage. Thus, development of salt-tolerant rice cultivars is of great necessity to the utilization of vast saline-alkaline land, which could further increase grain production and ensure food security (Yamaguchi and Blumwald, 2005; Qin et al., 2020). Salt tolerance in rice is a complex quantitative trait and regulated by many genes (Fan et al., 2021). Marker-assisted selection and pyramiding of salt-tolerant genes could be a promising way to improve salt tolerance of rice cultivars (Jiang et al., 2019; Shailani et al., 2021).

Up to now, large quantities of genetic studies on mining quantitative trait loci (QTL) and genes related to salt tolerance have been conducted, and hundreds of related QTL have been identified (Lin et al., 2004; Quan et al., 2018; Ju et al., 2022; Li et al., 2022; Lv et al., 2022; Yin et al., 2022; Yuan et al., 2022; Geng et al., 2023). However, only five genes with natural variations have been cloned (Table 1). SKC1/OsHKT8, the first cloned gene for salt tolerance at seedling stage, encodes a Na+ transporter (Ren et al., 2005). The allele of salt-tolerant accession ‘Nona Bokra’ carries four non-synonymous single-nucleotide polymorphisms (SNPs) relative to that of susceptible accession ‘Koshihikari,’ which affect transport properties of encoded proteins. GS3, a major gene for grain length and weight, encodes an atypical Gγ protein, which negatively regulates the phosphorylation of PIP2;1, leading to elevated reactive oxygen species (ROS) levels in rice under alkaline stress (Fan et al., 2006; Zhang et al., 2023). Thus, GS3 is a negative regulator of salt tolerance at seedling stage. RST1/OsARF18 encodes an auxin response factor (Deng et al., 2022). The protein encoded by elite haplotype RST1HapIII decreases repression activity of OsAS1 and enhances salt tolerance at seedling stage. OsHAK21 encodes a K+ transporter, and expression of the elite allele from salt-tolerant accession ‘Jiucaiqing’ was significantly induced by salinity stress in germinating seeds, which increased K+ and Na+ uptake, activated abscisic acid (ABA) signaling responses, and decreased the H2O2 level (He et al., 2019). OsPAO3 encodes a polyamine oxidase, and expression of the elite allele from accession ‘Teqing’ was significantly induced by salinity stress in germinating seeds, which increased activity of polyamine oxidases, further eliminated over-accumulated H2O2, and finally resulted in stronger salt tolerance at the germination stage (Liu et al., 2022).


Table 1 | Information of five salt-tolerant–related genes.



Development of effective markers for target genes is of great importance to marker-assisted selection (Zhang et al., 2020). However, effective intragenic markers for the five salt-tolerant–related genes are awaited to be developed. In this study, haplotype analysis of the five genes was performed, and unique variations to elite haplotypes of the five genes were identified. Intragenic markers for the five genes were developed and were further exploited to perform genotyping of different panels of rice germplasm accessions. These results would be of great use in marker assisted improvement of salt tolerance in rice.





Materials and methods




Rice accessions and cultivars

Three panels of rice materials were exploited in this study. The first panel consisted of 38 rice accessions with reference genome, including geng/japonica (GJ) accession Nipponbare (NIP) (International Rice Genome Sequencing Project, 2005), well-known accessions Tetep (Wang et al., 2019) and Taichung Native 1 (Panibe et al., 2021), xian/indica (XI) accessions Minghui63 and Zhenshan97 (Song et al., 2021), XI accessions Huazhan and Tianfeng (Zhang et al., 2022), and 31 genetically diverse rice accessions (Qin et al., 2021) (Supplementary Table 1). The second panel consisted of 4,726 rice accessions, including 533 accessions (Chen et al., 2014), 950 accessions (Huang et al., 2011), 3,024 accessions (Wang et al., 2018), and 219 accessions (unpublished) from the website RiceVarMap v2.0 (http://ricevarmap.ncpgr.cn/) (Supplementary Table 2). The third panel consisted of 70 temperate GJ cultivars approved in northern provinces of China, which were stored in our laboratory (Supplementary Table 3). The subpopulation information of accessions in the first panel and the second panel referred to the work Wang et al. (2018) and the website RiceVarMap v2.0, respectively.





Haplotype analysis

Genomic sequences of five salt-tolerant–related genes from 38 rice accessions with reference genome were extracted using the software BioEdit (Hall, 1999) and software SeqBuilder from the Lasergene package (DNASTAR, Inc., Madison, USA), including 2-kb region upstream of the start codon termed as 5′ untranslated region (UTR), the open reading frame (ORF), and 1-kb region downstream of the stop codon termed as 3′UTR. Sequence alignment for each gene was conducted using the software MEGA 7 with personal correction (Kumar et al., 2016) (Supplementary Data). For simplicity, imputed variation information of all above identified variations on exons of each gene from 4,726 accessions was downloaded from the website RiceVarMap v2.0 using corresponding variation IDs (Zhao et al., 2015).

Haplotype analysis of each gene was conducted on the basis of a combination of all identified variations on genomic region of 38 rice accessions and imputed variations on exons of 4,726 rice accessions. For each gene, haplotype groups were classified on the basis of variations on exons that caused amino acid substitutions, insertions and deletions, or produced frameshifts and premature stop codons. In each haplotype group, haplotypes were further classified on the basis of synonymous SNPs on exons and all variations in 5′UTR, introns and 3′UTR. The haplotype of accession NIP was defined as HapA or HapA-1, belonging to the haplotype group HapA, and elite haplotypes of each gene referred to published papers (Figures 1–5, Supplementary Tables 1, 2, 4–13). In addition, novel haplotype groups or haplotypes that were identified from imputed variations of 4,726 rice accessions and consisted of less than five accessions were omitted.




Figure 1 | Haplotype analysis of gene SKC1/OsHKT8. Black boxes and lines represented exons and introns. 1) The variation IDs displayed were derived from the website RiceVarMap v2.0. The variation IDs in red color indicated unique variations to elite haplotype groups or haplotypes. 2) The position of each variation was the relative position to the start codon ATG, with A defined as “+1.” 5′UTR and EX represented 5′ untranslated region and exon, respectively. 3) The haplotypes or haplotype groups in bold were identified from the 38 rice accessions with reference genome, and that in red indicated elite haplotypes or haplotype groups. The black nucleotides filled with red color indicated non-synonymous SNPs to differentiate haplotype groups, and the red nucleotides indicated SNPs in untranslated regions or synonymous SNPs in coding region to differentiate different haplotypes in each group. 4) XI-IM, IM, GJ-IM, GJ-tem, GJ-tro and VI/Aro represented XI intermediate, Intermediate, GJ intermediate, temperate GJ, tropical GJ, and VI/Aromatic, respectively. The notes above were also suitable for the following four figures, namely, from Figures 2–5, and thus were not repeatedly displayed below.






Figure 2 | Haplotype analysis of gene GS3. 1) * indicated that the nucleotide A produced a stop codon. F.S. indicated that the 13-, 1-, and 373-bp deletion at position +5000, +5021, and +5063, respectively, caused frameshifts.






Figure 3 | Haplotype analysis of gene OsHAK21. 1) The variation IDs in red color and green color indicated key variations to different elite haplotypes reported by He et al. (2019).






Figure 4 | Haplotype analysis of gene OsPAO3.






Figure 5 | Haplotype analysis of gene RST1/OsARF18.







Marker development

Several rules were followed during marker development. First of all, target variations should be unique to elite haplotypes or haplotype groups of each gene. The unique variations of each elite haplotype were identified using 4,726 accessions. Second, an insertion/deletion (Indel) whose size was between 7 and 30 bp was given priority, and an Indel marker with amplification fragment between 100 and 300 bp was developed. Alternatively, if the size of an Indel was larger than 100 bp, then a marker with amplification fragment between 400 and 1,000 bp could be developed. Third, if no appropriate Indel could be selected, a SNP that could be transformed into a common and cheap restriction enzyme site together with neighboring nucleotides was taken into consideration, and, then, a cleaved amplified polymorphic sequences (CAPS) marker with amplification fragment between 300 and 800 bp or a derived CAPS (dCAPS) marker with amplification fragment between 100 and 300 bp was developed.

Indel markers were developed using the software Primer Premier 6 (PREMIER Biosoft, San Francisco, USA). CAPS markers and dCAPS markers were developed using the website dCAPS Finder 2.0 (Neff et al., 2002) and software Primer Premier 6.





Marker analysis

For all developed markers, the PCR reaction was 3 μL of genomic DNA with a concentration of 20 ng/μL, 0.5 μL of each primer with a concentration of 10 μM/L, 6 μL of ddH2O, and 10 μL of 2*Taq Master Mix P111 purchased from Nanjing Vazyme Biotech Co., Ltd. The PCR profile was 3 min at 94°C for denaturation, followed by 32 cycles of 94°C for 15 s, 55°C for 15 s, and 72°C for 15 s/kb; then by 3 min at 72°C for extension; and finally by 1 s at 26°C. The PCR products of CAPS markers and dCAPS markers were digested with corresponding restriction enzymes purchased from Takara Biomedical Technology (Beijing) Co., Ltd., according to the recommended reaction and temperature.

For PCR products of Indel markers and digested PCR products of CAPS and dCAPS markers, those with size smaller than 300-bp were run on 6% polyacrylamide gels with a voltage of 160 V for 120 min, and bands were then revealed using a silver staining procedure: Gels were washed for 1 min with dH2O, followed by incubated for 10 min in staining solution (0.4 g of AgNO3, 400 ml of dH2O) with gentle shaking, then washed two times for 1 min with dH2O, then incubated for 4 min in developing solution (6 g of NaOH, 2 ml of CH3CHO, 400 ml of dH2O) with gentle shaking, and finally washed for 1 min with water. Those PCR products with size larger than 300 bp were run on 2% agarose gels containing GeneRed nuclelic acid dye with a voltage of 120V for 20 min, and bands were developed in UVP EC3 Imaging System (Analytik Jena AG, Jena, Germany).






Results




Haplotype analysis of five salt-tolerant–related genes

To identify sequence variations in the five salt-tolerant–related genes as possible (Table 1), we extracted genomic sequences from 38 rice accessions with reference genome, including 2-kb 5′UTR, the ORF, and 1-kb 3′UTR; performed sequence alignment; and identified variations on all regions. For variations identified on exons, we downloaded imputed genotypes from the 4,726 germplasm accessions using corresponding variation IDs. Subsequently, we conducted haplotype analysis of each gene, with the type of accession NIP termed as HapA or HapA-1, belonging to the haplotype group HapA (see details in Materials and Methods section).

For SKC1/OsHKT8, 11 haplotype groups were identified (Figure 1, Supplementary Tables 4, 5). Among those, HapE and HapK-4 were represented only by accession ‘KY131’ and accession ‘R498,’ respectively, and totally carried five SNPs lacking of variation IDs on website RiceVarMap v2.0. HapK and HapH were the two primary haplotype groups in XI subpopulations, and HapA was the primary group in GJ subpopulations. HapD, HapF, and HapJ were mainly existed in XI subpopulations. Of all haplotype groups, HapK carried all four reported non-synonymous SNPs at position +418, +551, +994, and +1183 from salt-tolerant variety ‘Nona Bokra’ and was thus termed as the elite haplotype group (Ren et al., 2005).

For GS3, nine haplotype groups were identified (Figure 2, Supplementary Tables 6, 7). Eight variations at position +3230, +5000, +5021, +5063, +5075, +5110, +5176, and +5346 were lack of corresponding variation IDs on website RiceVarMap v2.0, of which six were carried only by an accession, such as the 1-bp deletion at position +5021 by accession ‘Chuan 7,’ the 13-bp deletion at +5000 by accession ‘Zhimali,’ and the 373-bp deletion at position +5063 by accession ‘SYB5’ (Fan et al., 2006; Zhang et al., 2021). HapA and HapB were the two primary haplotype groups in temperate GJ subpopulation, and HapD and HapE were the two primary haplotype groups in XI subpopulations. HapG was another major group in XI subpopulations and the major group in tropical GJ subpopulation. Of all haplotype groups, HapG carried the reported functional SNP that produced a stop codon at position +1637 from elite XI variety ‘Minghui63’ and was thus termed as the elite haplotype group (Fan et al., 2006; Mao et al., 2010).

For qSE3/OsHAK21, 10 haplotype groups were identified (Figure 3, Supplementary Tables 8, 9). Among those, HapJ was represented only by XI accession ‘DG’ and carried six SNPs on exons lacking of corresponding variation IDs. HapA was the primary haplotype group in GJ subpopulations, whereas HapE and HapH were primary haplotype groups in XI subpopulations (Figure 3). HapB, HapF-1, and HapF-2 were mainly existed in VI/aromatic, aus, and XI subpopulations, respectively. HapC, HapG, and HapI were rare haplotypes represented by less than 10 of 4,726 accessions. Of all haplotype groups, HapA and HapB carried all six reported SNPs at position +6, +807, +3740, +3870, +3889, and +4082 from salt-tolerant landrace ‘Jiucaiqing’ and were thus termed as elite haplotype groups (He et al., 2019). HapF-2 and HapJ carried the reported SNP at position −2036 from HAP3 and were thus likely to be other elite haplotypes (He et al., 2019).

For qSTG4/OsPAO3, six haplotype groups were identified (Figure 4, Supplementary Tables 10, 11). Eleven haplotypes were identified in group HapA, among which HapA-1 and HapA-2 were primary haplotypes in GJ subpopulations, whereas HapA-3 and HapA-4 were primary haplotypes in XI subpopulations (Figure 4). HapB, HapC, and HapD were mainly existed in XI subpopulations, whereas HapF was mainly existed in GJ subpopulations. Of all haplotype groups, HapB carried all three reported SNPs at position +3395, +3474, and +3724 from elite XI variety ‘Teqing’ and was thus termed as the elite haplotype group (Liu et al., 2022).

For RST1/OsARF18, seven haplotype groups were identified (Figure 5, Supplementary Tables 12, 13). HapA and HapB were two primary haplotype groups in GJ subpopulations, and HapG and HapH were two primary haplotype groups in XI subpopulations. HapC-1 and HapC-3 were mainly existed in XI subpopulations and VI/aromatic subpopulation, respectively. Of all haplotype groups, HapA and HapB carried all four reported SNPs at position +1743, +1830, +1986, and +2102 from elite haplotype RST1HapIII and were thus termed as elite haplotype groups (Deng et al., 2022).





Development of markers for salt-tolerant–related genes

To develop effective intragenic markers for salt-tolerant–related genes, we focused on the variations only carried by elite haplotype group of each gene; developed Indel, CAPS, and dCAPS markers (Table 2); and evaluated the effectiveness of these markers with 24 representative rice accessions (Figure 6).


Table 2 | Molecular markers for the five salt-tolerant–related genes.






Figure 6 | Molecular markers for five salt-tolerant–related genes, SKC1/OsHKT8 (A), GS3 (B), OsPAO3 (C), OsHAK21 (D), and RST1/OsARF18 (E). The 24 accessions used were NIP, Koshihikari, Kongyu131, Daohuaxiang No.2, Runnong 11, Shengdao 22, Nangeng 505, Zhonghua 11, Dular, Nanjing 11, 02428, Lemont, Basamati 370, Kasalath, Tetep, Suyunuo, Digu, Nona Bokra, Zhenshan 97, 9311, IR36, IR64, Huagengxian 74, and Guichao No.2. In (B), the marker SF28 was developed by Fan et al. (2009).



For the elite group HapK of gene SKC1/OsHKT8, many unique variations were identified, including three SNPs and a 2-bp Indel in the 5′UTR, a SNP on exon 1, and five SNPs on introns (Supplementary Tables 4, 5). Among those, the SNP at position −1250 and neighboring nucleotides of non-elite haplotype groups could be transformed into a cut site for the restriction enzyme EcoR I, and, thus, a dCAPS marker ‘SKC1 5Ud’ was developed. The SNP at position +551 on exon 1 produced a cut site for the enzyme Hha I, and, thus, a CAPS marker ‘SKC1 E1C’ was developed. The SNP at position +1964 on intron 1 and neighboring nucleotides of elite haplotypes could be transformed into a cut site for the restriction enzyme EcoR II, and, thus, a dCAPS marker ‘SKC1 I1d’ was developed.

For the elite group HapG of gene GS3, the functional SNP at position +1637 was the only unique variation, which created a cut site for the restriction enzyme Pst I (Supplementary Tables 6, 7). A CAPS marker ‘SF28’ had been developed in a previous study (Fan et al., 2009). A CAPS marker ‘GS3 E2C’ for the same cut site was developed.

For the elite group HapA and HapB of gene qSE3/OsHAK21, 26 unique variations were identified, without consideration of the rare type HapC (Supplementary Tables 8, 9). These variations included six SNPs in the 5′UTR, three SNPs on exons, nine SNPs and three Indels on introns, and three SNPs in the 3′UTR. Among those, the SNP at position +1251 of elite groups created a cut site for the restriction enzyme Dra I, and, thus, a CAPS marker ‘HAK21 I2C’ was developed. For the elite haplotype HapF-2 and HapJ of gene qSE3/OsHAK21, seven unique variations were identified, including three Indels and two SNPs in the 5′UTR and a SNP on intron 1 (Supplementary Tables 8, 9). Two Indel markers ‘HAK21 5U2’ and ‘HAK21 5U1’ were developed for the 391-bp insertion and 17-bp deletion at position −2447 and −1169, respectively.

For the elite group HapB of gene qSTG4/OsPAO3, two unique variations were identified, which were the SNP in the 5′UTR at position −1141 and the SNP on exon 9 at position +3474 (Supplementary Tables 10, 11). Of the two, the SNP at position +3474 and neighboring nucleotides of non-elite haplotype groups could be transformed into a cut site for the restriction enzyme EcoR I, and, thus, a dCAPS marker ‘PAO E9d’ was developed.

For the elite group HapA and HapB of gene RST1/OsARF18, many unique variations were identified, including six SNPs and two Indels in the 5′UTR, five SNPs on exons, two SNPs on intron 2, and two SNPs in the 3′UTR (Supplementary Tables 12, 13). Among those, the 514-bp Indel at position −2858 was transformed into an Indel marker ‘ARF18 5U.’ The SNPs at position −1505 and +1612 created cut sites of Hinf I for non-elite haplotypes and Hae III for elite haplotypes, respectively, and, thus, two CAPS markers ‘ARF18 5UC’ and ‘ARF18 E2C’ were developed.





Genotyping of salt-tolerant–related genes in germplasm accessions

To facilitate the development of salt-tolerant rice cultivars using related genes, we conducted genotyping of 533 rice accessions from the 4,726 accessions and 70 temperate GJ cultivars approved in China using the 11 markers developed above. The haplotypes of 533 rice accessions detected using markers were consistent with that using imputed SNPs, except for a few accessions (Supplementary Table 14). For the 70 approved temperate GJ cultivars, almost all cultivars carried elite haplotypes of RST1/OsARF18 and OsHAK21, but not that of SKC1/OsHKT8 and OsPAO3 (Supplementary Table 3). In addition, only three of the 70 cultivars carried elite haplotype of GS3.






Discussion

Development of effective markers for target genes is the premise of marker-assisted selection in genetic improvement. Intragenic markers are ideal markers for its co-segregating with elite alleles, whereas linked markers may lose its power due to possible crossover events between them and target genes. In this study, to ensure the effectiveness of developed markers, unique intragenic variations to elite haplotypes were identified using 4,726 rice germplasm accessions (Supplementary Tables 3–12), and, then, markers for appropriate variations were developed. Take the gene SKC1/OsHKT8 for example. Five markers were developed in three granted patents in China and the corresponding variations were at position +418 (vg0111462858), +551 (vg0111462725), and +994 (vg0111462282), respectively (Zhou et al., 2018; Peng Y. B. et al., 2020; Peng P. et al., 2020). However, only the variation at position +551 (vg0111462725) was unique to elite haplotype group HapK. Three markers were developed in this study, and the marker ‘SKC1 E1C’ was designed for the variation at position +551. It was noteworthy that the variations of the other two markers were unique to some haplotypes of the elite group HapK. The 11 markers developed in this study could be of great use in marker-assisted genetic improvement of salt tolerance in rice breeding.

Asian cultivated rice could be classified into several subpopulations, and rice accessions in different subpopulations displayed a significant difference in agronomic traits, which was the result of pyramiding effects of different alleles or haplotypes (Huang et al., 2012). In this study, elite haplotypes of five salt-tolerant–related genes were distributed in different subpopulations (Figures 1–5). For the three genes conferring salt tolerance at seedling stage, elite haplotypes of SKC1/OsHKT8 were mainly distributed in XI subpopulations, whereas that of RST1/OsARF18 were mainly distributed in GJ subpopulations. The elite haplotypes of GS3 were mainly distributed in XI and tropical GJ subpopulations. For the two genes conferring salt tolerance at germination stage, HapA of OsHAK21 was mainly distributed in GJ subpopulations, whereas HapF-2 and HapJ were distributed in XI subpopulations. The elite haplotype of OsPAO3 was mainly distributed in XI subpopulations. The dispersed distribution of elite haplotypes of the five genes in different subpopulations may provide an explanation for that the majority of rice accessions are susceptible to salt stress regardless of subpopulations. Thus, pyramiding of these elite haplotypes could be a promising way to improve salt tolerance of rice cultivars.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

PL: Writing – review & editing, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Resources, Software, Validation, Visualization, Writing – original draft. ZL: Writing – original draft, Formal Analysis, Investigation. XL: Writing – original draft, Formal Analysis, Investigation. HZ: Writing – original draft, Formal Analysis, Resources. SZ: Writing – original draft, Formal Analysis, Resources. FL: Writing – original draft, Formal Analysis, Resources. NL: Resources, Writing – original draft, Formal Analysis. YY: Formal Analysis, Funding acquisition, Resources, Writing – original draft. KX: Formal Analysis, Resources, Writing – original draft. HD: Conceptualization, Supervision, Writing – review & editing. FY: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Natural Science Foundation of China (32101756), Key Research and Development Project of Shandong Province (2021LZGC025), the Natural Science Foundation of Shandong Province (ZR2019BC105), The Rice Industry Technology Program of Shandong (SDAIT-17-03), and Agricultural Science and Technological Innovation Project of Shandong Academy of Agricultural Sciences (CXGC2023A04, CXGC2023C02, CXGC2023F14, and CXGC2022E14).




Acknowledgments

We thank Prof. Lizhong Xiong and Associate Prof. Gongwei Wang from Huazhong Agricultural University for providing 533 rice germplasm accessions.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1259462/full#supplementary-material




References

 Chen, W., Gao, Y. Q., Xie, W. B., Gong, L., Lu, K., Wang, W. S., et al. (2014). Genome-wide association analyses provide genetic and biochemical insights into natural variation in rice metabolism. Nat. Genet. 46, 714–721. doi: 10.1038/ng.3007

 Deng, P., Jing, W., Cao, C. J., Sun, M. F., Chi, W. C., Zhao, S. L., et al. (2022). Transcriptional repressor RST1 controls salt tolerance and grain yield in rice by regulating gene expression of asparagine synthetase. Proc. Natl. Acad. Sci. U.S.A. 119, e2210338119. doi: 10.1073/pnas.2210338119

 Fan, C. C., Xing, Y. Z., Mao, H. L., Lu, T. T., Han, B., Xu, C. G., et al. (2006). GS3, a major QTL for grain length and weight and minor QTL for grain width and thickness in rice, encodes a putative transmembrane protein. Theor. Appl. Genet. 112, 1164–1171. doi: 10.1007/s00122-006-0218-1

 Fan, C. C., Yu, S. B., Wang, C. R., and Xing, Y. Z. (2009). A causal C-A mutation in the second exon of GS3 highly associated with rice grain length and validated as a functional marker. Theor. Appl. Genet. 118, 465–472. doi: 10.1007/s00122-008-0913-1

 Fan, X. R., Jiang, H. Z., Meng, L. J., and Chen, J. G. (2021). Gene mapping, cloning and association analysis for salt tolerance in rice. Int. J. Mol. Sci. 22, 11674. doi: 10.3390/ijms222111674

 Geng, L. Y., Zhang, W., Zou, T., Du, Q., Ma, X. D., Cui, D., et al. (2023). Integrating linkage mapping and comparative transcriptome analysis for discovering candidate genes associated with salt tolerance in rice. Front. Plant Sci. 14, 1065334. doi: 10.3389/fpls.2023.1065334

 Hall, T. A. (1999). BioEdit: A user-friendly biological sequence alignment editor and analysis program for windows 95/98/NT. Nucleic Acids Symposium Ser. 42, 95–98. doi: 10.1021/bk-1999-0734.ch008

 He, Y. Q., Yang, B., He, Y., Zhan, C. F., Cheng, Y. H., Zhang, J. H., et al. (2019). A quantitative trait locus, qSE3, promotes seed germination and seedling establishment under salinity stress in rice. Plant J. 97, 1089–1104. doi: 10.1111/tpj.14181

 Huang, X. H., Kurata, N., Wei, X. H., Wang, Z. X., Wang, A. H., Zhao, Q., et al. (2012). A map of rice genome variation reveals the origin of cultivated rice. Nature 490, 497–501. doi: 10.1038/nature11532

 Huang, X. H., Zhao, Y., Wei, X. H., Li, C. Y., Wang, A. H., Zhao, Q., et al. (2011). Genome-wide association study of flowering time and grain yield traits in a worldwide collection of rice germplasm. Nat. Genet. 44, 32–39. doi: 10.1038/ng.1018

 International Rice Genome Sequencing Project (2005). The map-based sequence of the rice genome. Nature 436, 793–800. doi: 10.1038/nature03895

 Jiang, H. C., Li, Z., Liu, J., Shen, Z. K., Gao, G. J., Zhang, Q. L., et al. (2019). Development and evaluation of improved lines with broad-spectrum resistance to rice blast using nine resistance genes. Rice (N Y) 12, 29. doi: 10.1186/s12284-019-0292-z

 Ju, C. Y., Ma, X. D., Han, B., Zhang, W., Zhao, Z. W., Geng, L. Y., et al. (2022). Candidate gene discovery for salt tolerance in rice (Oryza sativa L.) at the germination stage based on genome-wide association study. Front. Plant Sci. 13, 1010654. doi: 10.3389/fpls.2022.1010654

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

 Li, C. J., Lu, C. S., Zou, B. L., Yang, M. M., Wu, G. L., Wang, P., et al. (2022). Genome-wide association study reveals a genetic mechanism of salt tolerance germinability in rice (Oryza sativa L.). Front. Plant Sci. 13, 934515. doi: 10.3389/fpls.2022.934515

 Lin, H. X., Zhu, M. Z., Yano, M., Gao, J. P., Liang, Z. W., Su, W. A., et al. (2004). QTLs for Na+ and K+ uptake of the shoots and roots controlling rice salt tolerance. Theor. Appl. Genet. 108, 253–260. doi: 10.1007/s00122-003-1421-y

 Liu, G. Y., Jiang, W. X., Tian, L., Fu, Y. C., Tan, L. B., Zhu, Z. F., et al. (2022). Polyamine oxidase 3 is involved in salt tolerance at the germination stage in rice. J. Genet. Genomics 49, 458–468. doi: 10.1016/j.jgg.2022.01.007

 Lv, Y., Ma, J., Wei, H., Xiao, F., Wang, Y. Y., Jahan, N., et al. (2022). Combining GWAS, genome-wide domestication and a transcriptomic analysis reveals the loci and natural alleles of salt tolerance in rice (Oryza sativa L.). Front. Plant Sci. 13, 912637. doi: 10.3389/fpls.2022.912637

 Mao, H. L., Sun, S. Y., Yao, J. L., Wang, C. R., Yu, S. B., Xu, C. G., et al. (2010). Linking differential domain functions of the GS3 protein to natural variation of grain size in rice. Proc. Natl. Acad. Sci. U.S.A. 107, 19579–19584. doi: 10.1073/pnas.1014419107

 Neff, M. M., Turk, E., and Kalishman, M. (2002). Web-based primer design for single nucleotide polymorphism analysis. Trends Genet. 18, 613–615. doi: 10.1016/S0168-9525(02)02820-2

 Panibe, J. P., Wang, L., Li, J., Li, M. Y., Lee, Y. C., Wang, C. S., et al. (2021). Chromosomal-level genome assembly of the semi-dwarf rice Taichung Native 1, an initiator of Green Revolution. Genomics 113, 2656–2674. doi: 10.1016/j.ygeno.2021.06.006

 Peng, Y. B., Xie, X. Z., He, Y. N., Zheng, C. K., Xie, L. X., Li, W., et al. (2020). A molecular marker primers for rapid and effective selection of salt tolerance gene SKC1 in rice and its application (Beijng, China: China National Intellectual Property Administration). China Patent No 111378781 A.

 Peng, P., Ye, C. R., Li, L., Tang, S. X., Xiao, J. H., and Tian, B. C. (2020). SNP molecular markers of salt tolerance gene SKC1 in rice and and its application (Beijng, China: China National Intellectual Property Administration). China Patent No 1112458199 A.

 Qin, H., Li, Y. X., and Huang, R. F. (2020). Advances and challenges in the breeding of salt-tolerant rice. Int. J. Mol. Sci. 21, 8385. doi: 10.3390/ijms21218385

 Qin, P., Lu, H. W., Du, H. L., Wang, H., Chen, W. L., Chen, Z., et al. (2021). Pan-genome analysis of 33 genetically diverse rice accessions reveals hidden genomic variations. Cell 184, 3542–3558.e3516. doi: 10.1016/j.cell.2021.04.046

 Quan, R. D., Wang, J., Hui, J., Bai, H. B., Lyu, X. L., Zhu, Y. X., et al. (2018). Improvement of salt tolerance using wild rice genes. Front. Plant Sci. 8, 2269. doi: 10.3389/fpls.2017.02269

 Ren, Z. H., Gao, J. P., Li, L. G., Cai, X. L., Huang, W., Chao, D. Y., et al. (2005). A rice quantitative trait locus for salt tolerance encodes a sodium transporter. Nat. Genet. 37, 1141–1146. doi: 10.1038/ng1643

 Shailani, A., Joshi, R., Singla-Pareek, S. L., and Pareek, A. (2021). Stacking for future: Pyramiding genes to improve drought and salinity tolerance in rice. Physiol. Plant 172, 1352–1362. doi: 10.1111/ppl.13270

 Song, J. M., Xie, W. Z., Wang, S., Guo, Y. X., Koo, D. H., Kudrna, D., et al. (2021). Two gap-free reference genomes and a global view of the centromere architecture in rice. Mol. Plant 14, 1757–1767. doi: 10.1016/j.molp.2021.06.018

 Wang, W. S., Mauleon, R., Hu, Z. Q., Chebotarov, D., Tai, S. S., Wu, Z. C., et al. (2018). Genomic variation in 3,010 diverse accessions of Asian cultivated rice. Nature 557, 43–49. doi: 10.1038/s41586-018-0063-9

 Wang, L., Zhao, L. N., Zhang, X. H., Zhang, Q. J., Jia, Y. X., Wang, G., et al. (2019). Large-scale identification and functional analysis of NLR genes in blast resistance in the Tetep rice genome sequence. Proc. Natl. Acad. Sci. U.S.A. 116, 18479–18487. doi: 10.1073/pnas.1910229116

 Yamaguchi, T., and Blumwald, E. (2005). Developing salt-tolerant crop plants: challenges and opportunities. Trends Plant Sci. 10, 615–620. doi: 10.1016/j.tplants.2005.10.002

 Yin, W., Lu, T., Chen, Z., Lu, T., Ye, H., Mao, Y., et al. (2022). Quantitative trait locus mapping and candidate gene analysis for salt tolerance at bud stage in rice. Front. Plant Sci. 13, 1041081. doi: 10.3389/fpls.2022.1041081

 Yuan, L., Zhang, L. C., Wei, X., Wang, R. H., Li, N. N., Chen, G. L., et al. (2022). Quantitative trait locus mapping of salt tolerance in wild rice Oryza longistaminata. Int. J. Mol. Sci. 23, 2379. doi: 10.3390/ijms23042379

 Zhang, L., Ma, B., Bian, Z., Li, X. Y., Zhang, C. Q., Liu, J. Y., et al. (2020). Grain size selection using novel functional markers targeting 14 genes in rice. Rice (N Y) 13, 63. doi: 10.1186/s12284-020-00427-y

 Zhang, H., Wang, Y. X., Deng, C., Zhao, S., Zhang, P., Feng, J., et al. (2022). High-quality genome assembly of Huazhan and Tianfeng, the parents of an elite rice hybrid Tian-you-hua-zhan. Sci. China Life Sci. 65, 398–411. doi: 10.1007/s11427-020-1940-9

 Zhang, H. L., Yu, F. F., Xie, P., Sun, S. Y., Qiao, X. H., Tang, S. Y., et al. (2023). A Gγ protein regulates alkaline sensitivity in crops. Science 379, eade8416. doi: 10.1126/science.ade8416

 Zhang, J. C., Zhang, D. J., Fan, Y. W., Li, C. C., Xu, P. K., Li, W., et al. (2021). The identification of grain size genes by RapMap reveals directional selection during rice domestication. Nat. Commun. 12, 5673. doi: 10.1038/s41467-021-25961-1

 Zhao, H., Yao, W., Ouyang, Y. D., Yang, W. N., Wang, G. W., Lian, X. M., et al. (2015). RiceVarMap: a comprehensive database of rice genomic variations. Nucleic Acids Res. 43, D1018–D1022. doi: 10.1093/nar/gku894

 Zhou, L., You, A. Q., Jiang, Y. W., Han, X. L., Li, S. H., Zha, W. J., et al. (2018). Primers and application of co-dorminant molecular markers for unique intragenic SNP of salt tolerance gene SKC1 in rice (Beijng, China: China National Intellectual Property Administration). China Patent No 108411028 A.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Li, Li, Liu, Zhang, Zhang, Liu, Li, Yang, Xie, Ding and Yao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1259462-g004.jpg
EEE ERBE
EEREN i
HEPLEEEEENEEL R
3| ST T
AT HHEK

s
p
i

oot E[2] 3 A:AAAAA:.AA
oeron 32 |<[o]o[o[o[o]<][o[o]o[<[]
[N 1 Y I Y 8 W o
oo 32 1 [o]e]e]e]e]<]s o
rriousteron| £ 2| L 1 4 15 15 81 8 1 1
oo 22| 5 |<|<|<|<|<| < <|<| <|<|<| <
ot 28] 5 ||| |||~ -] ||| |-
joswonerons| 82 [ofo] =] <[] o| ||
owosaon| Bl5| [o]ofo]ofo]e|ofo]ofo]o]o]<
jocsomeronn| £ 2| |ofo|ofo|o|o|<|of<|ofc|o| <]
FPSUEN - I O O I
oot E[ [ 7 [<|<| <[ <[ <[ <] <[ <[ <[ || <]
joscreonesonn| & o|o]o]o]<[o|o[c[o|o|o|<|o]o]o|
H £ [5.1505 0 sls 25 515 )L 5 o
e A FHEEEEEEEEEERLEER
2 £|ETEE

adodug






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Haplotype analysis and marker development of five salt-tolerant–related genes in rice (Oryza sativa L.)

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Rice accessions and cultivars

          



          		

            Haplotype analysis

          



          		

            Marker development

          



          		

            Marker analysis

          



        



        



        		

          Results

        

          		

            Haplotype analysis of five salt-tolerant–related genes

          



          		

            Development of markers for salt-tolerant–related genes

          



          		

            Genotyping of salt-tolerant–related genes in germplasm accessions

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2023.1259462_cover.jpg
& frontiers | Frontiers in Plant Science

Haplotype analysis and marker
development of five salttolerant- related
genes in rice (Oryza sativa L.)





OEBPS/Images/fpls-14-1259462-g001.jpg
—
[ ]
|

il 7 L

S5 [ s oot 1
i [ext [ Ext et | X

Variation
IDD

Position?
Amlno acid

|
haps 207
ot
|
|
hupD-1 |
happ2 |
ot |
G|
haptt17 |
ot |
ot |
hupicT |
hapic2s |
hapics |
fapks

vg0111462282

o &

%2 | ve0111462894
ll ve0111462858
l! vg0111462725

ve0111462093
ve0111461312
ve0111460354
ve0 111460344
ve0111460324

+
]
~
+
3
o0

Subpopulation?

sl
H
)
sl
H
\§)

]
=
]
s

¥
v
e
i
Y
~

-
Y
<
¢
v
Z
o
v
>
&

Y
an)
E
Y
~
“
Y
)

%
X
O
o)
~
+
)
NS}
)
[\
_,I_
)
NS}
oY)
o
+
)
O
¥
S)

o s
alala AV IS
<>—A

e - " b
1 -----

ll
N

O
EEETEY

9%}
\]
N

lellelolele
ololololole

!

[\®]
(9,1
|98

—

[\

=
O | o0 |

lw
W | N
SR\

O
—_
(@)

m
Qlalala Qlaja|lalajlalajalalala S | ve0111463271

HHHHHHHHHHHHHEEH-IE-

EEEEREEEEREEE 26

GREERE 0 EEREARE
N
[w)

olelo[o]ololelololo]o]olo o]0
~ ) 9]





OEBPS/Images/table2.jpg
Variation Variation Marker type Marker name Primer sequence (5'->3) Reference Restriction Haplotype *

position ¥ ID? ize ¥ enzyme
SKCI/OSHKTS. ¥ ACTGAGCATCTCAGATGATC
-1250 V0111464525 dcaps SKCI 5Ud 194/(20, 174) EcoR T HapK-2/3/4/5
R ACCGGCTAGAGTGGTGAATT
F ACTCCTCCAAGATGATAGCA
4551 V0111462725 CcaPs SKCI EIC 423/(202, 221) Hha 1 HapK-12/3/4/5
R GAGACGACGGTGAAGATG
¥ ACATGGATTGACGCTTCCAG
+1964 V0111461312 dcaps SKCI 11d (20,175)/195 EcoR 11 HapK-1/2/3/4
R ATAACCTTCATCTAGCTAG
s ¥ AAAGTTGACAGGCTAAACAC
1637 Vg0316733441 CAPS GS3 E2C 427/130, 297) it HapG-1/2/3
R GCTTGCACGATACTATGATT
GSE3/OsHAK21 ¥ TGACAGAGTGAGTGGCTAT
2147 Indel HAK21 502 (+391)/262 HapF-2 & Hap)
R GCTGACTGGAATACTATGTAGA
¥ AGGGTTTCACTTCTACTT
1169 10321066133 Indel HAK21 5U1 17179 HapF-2 & Hap]
R ACACTCGTACATCCACAAG
¥ GGTGACGGTTAGTGTTCTC
+1251 V40321063718 CAPS HAK21 12C (172, 300)/472 Drat HapA & HapB
R TCTTCCGCCTGATGGTTA
4STGY/ ¥ CTCGACTCCAACTGAGATT
0sPAO3 +3474 Vg0431670265 dCAPS PAO3 E9d 210/20, 190) EcoR T HapB
R CCACCATTCCTTATTGCTAATC
RSTI/OSARF1S ¥ GGTGACGAGAGATCGGAC
2858 Indel ARFI8 5U 866/(-514) HapA & HapB
R CTGTATGCAAATTGGGAC
¥ TTATATGGCATTAGGCAATCC
-1505 V0628585614 caps ARFIS 5UC 195/(36, 159) Hinf1 HapA & Haph
R TATACTCGCATGTGAAGGTT
¥ GGTTGGTCCTATGTGCTATT
1612 V0628585730 caps ARFIS E2C (126, 315)/441 Hae 111 HapA & Haph
R GTGCCATTCTGATTACTTCTC

¥ Vaiation position is the position of target variation selected for marker development, relative to the start codon ATG,

2 Variation ID is the ID of each target variation on the website RiceVarMap v2.0 (http://ricevarmap.ncpgrn/).

 The number before */”is the size of fragment for elte haplotypes, whereas that following */” is the size of fragment for other haplotypes. For Indel markers, the number in bracket i the information of target Indel carried by corresponding haplotypes. For CAPS and
dCAPS markers, the number in bracket is the information of enzyme-digested products.

* Haplotypes represented elite haplotypes or haplotype groups detected with the developed marker.
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