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Salinity is a major threat to the yield and productivity of cotton seedlings. In the present study, we developed a BC2F2 population of cotton plants from Gossypium darwinii (5–7) and Gossypium hirsutum (CCRI 12–4) salt-susceptible parents to identify salt-resistant candidate genes. The Illumina HiSeq™ strategy was used with bulked segregant analysis. Salt-resistant and salt-susceptible DNA bulks were pooled by using 30 plants from a BC2F2 population. Next-generation sequencing (NGS) technology was used for the sequencing of parents and both bulks. Four significant genomic regions were identified: the first genomic region was located on chromosome 18 (1.86 Mb), the second and third genomic regions were on chromosome 25 (1.06 Mb and 1.94 Mb, respectively), and the fourth was on chromosome 8 (1.41 Mb). The reads of bulk1 and bulk2 were aligned to the G. darwinii and G. hirsutum genomes, respectively, leading to the identification of 20,664,007 single-nucleotide polymorphisms (SNPs) and insertions/deletions (indels). After the screening, 6,573 polymorphic markers were obtained after filtration of the candidate regions. The SNP indices in resistant and susceptible bulks and Δ(SNP-index) values of resistant and susceptible bulks were measured. Based on the higher Δ(SNP-index) value, six effective polymorphic SNPs were selected in a different chromosome. Six effective SNPs were linked to five candidate genes in four genomic regions. Further validation of these five candidate genes was carried out using reverse transcription-quantitative polymerase chain reaction (RT-qPCR), resulting in an expression profile that showed two highly upregulated genes in the salt-tolerant species G. darwinii, i.e., Gohir.D05G367800 and Gohir.D12G239100; however, the opposite was shown in G. hirsutum, for which all genes, except one, showed partial expression. The results indicated that Gohir.D05G367800 and Gohir.D12G239100 may be salt-tolerant genes. We are confident that this study could be helpful for the cloning, transformation, and development of salt-resistant cotton varieties.
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1 Introduction

Cotton has long been a major source of fiber and is an essential raw material that is used in textile industries all around the world (Renny-Byfield et al., 2016). However, in previous years, the practices of inbreeding and rigorous selection for superior morphological traits have adversely affected cotton’s diversity, decreasing the current genetic diversity of cotton varieties (Abdurakhmonov et al., 2008). Cotton is a mesophytic plant; hence, its yield and fiber quality is severely affected by biotic and abiotic stresses (Dabbert and Gore, 2014). Out of all abiotic stresses, salinity most affects cotton physiology and morphology. Salinity inhibits primary root development (Reinhardt and Rost, 1995), suppresses root length, and secondary root growth (Leidi, 1994), and decreases both the number of bolls and the yield (Uma and Patil, 1996). Salinity stress may also inhibit nutrient uptake and alter the function of photosynthetic mechanisms (Zhu, 2001). Because of the limited gene pool of today’s superior cotton types, developing stress-resistant cotton cultivars has become difficult (Zhang et al., 2014). Cotton is a salt-tolerant crop, but the rapid increase of salt-affected areas and the decline in levels of water available for agricultural land still necessitate superior cotton genotypes that perform better in the field, are more water-efficient, and are capable of high yields in saline soil (Peng et al., 2014).

As salt stress is worsening the situation, the solution to this problem is to integrate conventional breeding with modern genomic techniques to identify the genomic regions or genes that show resistance to or tolerance to salt stress. Complex cotton characteristics have been evaluated via association mapping and biparental mapping. Few studies have reported on trait mapping in which researchers were focused on abiotic stresses, such as important phenotypic traits linked to salt stress in cotton crops. Efforts to investigate various abiotic stresses, such as salinity and drought tolerance, with the main focus being on understanding the manifestations of physiological and agronomic features with the help of next-generation sequencing (NGS) technologies, have been made (Vadez et al., 2012; Hamwieh et al., 2013).

Recent advancements in NGS have brought about a rapid decline in sequencing costs, making it possible to apply genomics for crop development in a cost-effective manner (Varshney et al., 2014). The benefit of identifying large numbers of single-nucleotide polymorphisms (SNPs) and insertions and deletions (indels) by resequencing has made it possible to detect and refine candidate genomic regions more effectively compared with old mapping methods such as quantitative trait locus (QTL) analysis (Chen et al., 2014). Identification of a gene or locus of a trait is one of the main tools to characterize gene function, which is ultimately used for the development of agronomic traits in crops (Takeda and Matsuoka, 2008). Bulk segregant analysis (BSA) is a fast technology used for identifying markers linked with traits of interest and, after being integrated with NGS technology, has reduced time and led to the swift identification of candidate genomic regions (Michelmore et al., 1991). BSA analysis has been utilized in various organisms to map vital genes (Whipple et al., 2011). This method has been applied to a wide variety of plants, including Arabidopsis thaliana (Schneeberger et al., 2009), rice (Abe et al., 2012; Wambugu et al., 2018), soybean (Chen et al., 2014), wheat (Trick et al., 2012), pigeon pea (Singh et al., 2016), sunflower (Livaja et al., 2013), and sorghum (Han et al., 2015), and has identified certain QTLs and candidate genes for key traits. It has been reported that the AtNHX1 gene is involved in the Na+/H+ antiporter mechanism, which enhances sodium uptake into vacuoles and improves salt tolerance and plant biomass under salt stress conditions in A. thaliana (He et al., 2005). In BSA technology, two opposite pools are constructed by mixing the DNA of individuals with the highest and lowest trait values in the segregating population (Takagi et al., 2013). By analyzing the differences in SNPs and indels between the two pools, we can quickly locate the molecular markers that are strongly connected to desirable genes (Klein et al., 2018).

Sequencing genomes via NGS technologies integrated with BSA is a novel method for speeding up the detection of candidate genes that control key agronomic traits in many crops (Takagi et al., 2013; Lu et al., 2015). Li et al. (2015) sequenced the genome of cultivated upland cotton (Gossypium hirsutum TM-1); the sequenced data included 70,478 protein-coding genes. Wang et al. (2012) sequenced the entire diploid D-genome of Gossypium raimondii, which contained 37,505 genes (Wang et al., 2012). Liu et al. (2015) sequenced the extra-long fiber (AD)2 genome of Gossypium barbadense, which contained 77,358 genes (Liu X. et al., 2015). Li et al. (2014) sequenced the genome of Gossypium arboretum, which contained 41,331 genes and represents a main source for plant scientists, mainly those interested in the genetic development of cotton crops. The utilization of wild cotton progenitors is important to mitigating the effects of many abiotic and biotic stresses in plants (Kirungu et al., 2018). Several studies have been reported on F2 populations developed from two tetraploid cotton genotypes, but few studies have reported on backcross populations. The backcross technique enables the high-level maintenance of recurrent parent genomic content and a high-level of control of the genetic materials passed from the donor parents (Hospital, 2005). In addition, the backcrossing technique has been used to increase the genetic base of cucumber (Cucumis sativus L.) (Behera et al., 2011). According to previous research, backcrossing is an effective method for improving the performance of crops; we used a recurrent parent (G. hirsutum) and a donor parent (G. darwinii) for the development of a backcross population. The BC2F2 populations were genotyped using third-generation BSA technology. In order to identify candidate genes for salt tolerance, these genes were introgressed from a wild parent into a recurrent parent. The objective of this study was to discover candidate genes that confer salt stress-tolerance to cotton plants at the seedling stage. The Illumina HiSeq™ platform was used on a BC2F2 population, crossed between a salt-tolerant parent [i.e., G. darwinii (5–7)] and a salt-susceptible parent [i.e., G. hirsutum (CCRI 12–4)]. The Δ(SNP-index) procedure was used for the identification of associated genomic regions. This study will be helpful in expanding our understanding of the mechanisms underlying salt tolerance in cotton and will also provide a basis for future studies to build upon.




2 Materials and methods



2.1 Experimental site

This research was carried out under controlled greenhouse conditions at the Institute of Cotton Research, the Chinese Academy of Agricultural Sciences, Anyang, China.




2.2 Plant material and development of the mapping population

Backcross inbred lines were developed from G. hirsutum (CCRI 12–4), that is, the recurrent parent, and wild G. darwinii (5–7), that is, the donor parent. The recurrent parent G. hirsutum (CCRI 12–4) variety is cultivated in more than 90% of the area of China. Furthermore, its production is lower because it is less tolerant of salt stress. The CCRI 12–4 variety was developed by the Institute of Cotton Research, Chinese Academy of Agricultural Sciences, Anyang, Henan Province, China (Magwanga et al., 2018). Wild G. darwinii was used as a donor parent. This species of plant emerged from the Galápagos Islands. In addition, it closely resembles G. barbadense and has excellent characteristics, such as fiber fineness, salinity, drought tolerance, and resistance to Verticillium wilts and Fusarium diseases (Chen et al., 2015; Shehzad et al., 2019). G. hirsutum (CCRI 12–4) was crossed with the wild parent G. darwinii (5–7), which resulted in the F1 being crossed again with a recurrent parent, with G. hirsutum being used to develop the BC1F1 generation. The BC1F1 generation was crossed with the recurrent parent a second time, which generated BC2F1. The resulting BC2F1 was selfed and BC2F2 populations developed. In total, 410 lines were developed. Two hundred backcross progenies were used in this study due to insufficient seeds being available.




2.3 Hydroponic trials

Two hundred backcross BC2F2 progenies were grown for screening of resistance lines and parents under 150 mmol sodium chloride stress in hydroponic culture. The 200 BC2F2 lines with parents were assessed when grown under two salt concentrations of stress in a hydroponic system: one was the control treatment [0 mmol sodium chloride (NaCl)], and the second was the study treatment (150 mmol NaCl). The hydroponic culture chosen for this research was the same as that reported by Oluoch et al. (2016), with three biological repeats. Ten good seeds from each BC2F2 line and parent were selected after seed grading and spread on triple-layer filter paper in a vertical column for germination. Approximately 100 mL of distilled water was then added to the container and fixed in an incubator at 31°C for 72 h. In each line, three replicates were maintained under optimal growth conditions. The adopted experimental design was a completely randomized block design (CRBD). Three same-size seedlings for each replication were chosen and shifted to holes in Thermopore® sheets, where each seedling was fixed with a soft sponge. Each container contained seven liters of half-strength Hoagland nutrient solution (Hoagland and Arnon, 1950). Air pumps were fixed in solution to supply oxygen to the root for proper growth. The greenhouse temperature was adjusted between 27°C and 29°C with a photoperiod of 14 hours of light/10 hours of dark. At the emergence of the third leaves, a 25 mmol NaCl solution was added each day to the solution until a final concentration of 150 mM was attained; no NaCl solution was added to plants grown under control conditions. After 1 week, the solution was changed and the containers were rearranged. The growth performance of the BC2F2 population and their parental lines were assessed for salt tolerance in terms of seven morphological traits. After 2 weeks of seedling growth in 150 mmol NaCl, data were collected. A leaf chlorophyll meter was used for the measurement of chlorophyll content (CHL) (SPAD 502 meter; Minolta Osaka, Japan). The CHL content data were obtained based on the average data for the bottom leaf, middle leaf, and top fresh leaf from each plant. The roots and shoots of each plant were harvested individually and cleaned with distilled water. Shoot fresh weight (SFW), shoot length (SL), root length (RL), and root fresh weight (RFW) were measured. Fresh leaf and root tissue were placed in the oven at a temperature of 80°C and, after 48 h, root dry weight (RDW) and shoot dry weight (SDW) data were collected. Pearson correlation analysis (PCA) and the phenotypical variation among these traits were measured using SPSS software (version 16.0; IBM Corporation, Armonk, NY, USA).




2.4 Construction of sample pools

Resistant and susceptible bulks were prepared based on the phenotypic data obtained from the three replicates (i.e., R1, R2, and R3) grown under salt-stress conditions. The 30 resistant BC2F2 lines were selected from 200 BC2F2 lines based on the highest mean values of phenotypic data and found to have three traits common, that is similar values for SFW, SDW, and RFW. Thirty susceptible BC2F2 lines were selected, with lower mean values occurring for these three traits. Young leaves from parents, resistant lines, and susceptible line samples were collected and instantly frozen in liquid nitrogen before being stored at –80°C for DNA extraction. The Takara MiniBEST Plant Genomic Kit (TAKARA BIO Inc., Beijing, China) was used to extract DNA.




2.5 Library construction and resequencing

A total of four Illumina libraries were prepared, from two parents, 30 resistant progenies, and 30 susceptible progenies (P1, P2, bulk1, and bulk2). Subsequently, the genomic DNA sample was tested for DNA quality using the NanoDrop spectrophotometer. For quality control of sequences (QC-seq) analysis, resistant and susceptible bulks DNA pools were developed from the BC2F2 population after mixing the same quantity of both DNA pools separately. The samples of DNA were sonicated to build 400-bp fragments, which were then repaired at the 3′ ends, connected to an “A” tail, and ligated to the complete adapter for Illumina high-throughput sequencing via PCR amplification. In addition, the final PCR products were purified with the AM-Pure XP system. The Agilent 2100 Bioanalyzer was used for the size division of the libraries. The quantification of the libraries was carried out using reverse transcription-quantitative PCR (RT-qPCR). The products were sequenced with the help of Illumina Hi-Seq 4000 technology to build 150-bp paired-end reads with an insert size of approximately 350 bp. After sequencing, small numbers of poor-quality primary Illumina data or raw data remain; consequently, low-quality reads were filtered in accordance with the following quality control procedure.

	Step 1: The adapter sequence from the reads was removed.

	Step 2: The 5′ end was cut off if the sequencing quality value was below 20 or had been identified as the “N” base.

	Step 3: The 3′ end was cut off if the sequencing quality value was below three or identified as the “N” base.

	Step 4: four bases were used for the window; the base was cut off if the window had an average mass value of less than 20.

	Step 5: The reads containing “N” with a rate of 10% were removed.

	Step 6: We cut the base mass value of more than 40% below 15 reads.

	Step 7: we discarded adapters and a length of less than 30 bp after mass pruning.



The quality inspection qualified the library to use the Illumina HiSeq platform to carry out the sequencing. The sequencing strategy used was Illumina PE150, and the total sequencing read length was 350 bp.




2.6 Assembly and calculation of the SNP index

After using Illumina HiSeq sequencing, raw data were obtained. The clean data were generated through the removal of low-quality reads from the raw data. The process for this was as follows: first, the Burrows–Wheeler aligner (BWA) software (Li and Durbin, 2009) was used to compare the sequencing data with the Gossypium genome sequence; the position attribution of the sequence stored as a binary alignment map (BAM) file, on which SNP tests and small Indels tests were carried out. Second, the Samtool software (Li et al., 2009) was use to delete duplicate sequences. Third, the genotypic differences between each sample and the Gossypium genome sequence were analyzed using the haplotype algorithm of the genome analysis toolkit (GATK) software (McKenna et al., 2010). The analysis of different samples was combined, and the difference in data between the products was determined. The resistant parent’s variants were then used to construct the reference-guided assembly of the resistant parent, G. darwinii, by replacing the bases in the genome with confidence variant calls. After the alignment of resistant and susceptible poles, reads with previously formed assembly variations were located in both poles.

We targeted the mutation sites and annotation of the genes with the help of the formula described by Abe et al. (2012) and found them around the mutant loci.





The mutant parent index was measured as the depth of the mutant plus the depth of the wild divided by the depth of the mutant. A similar procedure was applied to the index of a wild parent. The Δ index values were determined by subtracting the mutant index from the wild parent index. If the genome of the bulked DNA was related to the resistant parent (G. darwinii), it meant that the Δ index was equal to one. If the Δ index was equal to one under this condition, the genome of bulked DNA was consistent with the susceptible parent and the Δ index was equal to zero, which meant that both parents contributed equally. If the Δ index was equal to –1, it meant that the alleles came from resistant parents. Sniff software (Cingolani et al., 2012) was used for functional annotation of the identified genes.




2.7 RT-qPCR validation of the candidate genes for salt tolerance in G. darwinii, with G. hirsutum as a reference

G. hirsutum (CCRI 12–4) and G. darwinii 5-7 species were used in this research to investigate gene expression under 200 mmol salt treatment at three leaf stages while grown in a hydroponic system. Leaf samples were taken after 0 h, 1 h, 3 h, 6 h, and 24 h of salt stress treatment and quickly transferred into liquid nitrogen and stored at –80°C for RNA extraction. Under controlled conditions, seedlings were treated with only fresh water. The RNAprep Pure Plant Kit (Tianjin, China) was used for the extraction of RNA from leaf samples. The RNAprep Pure Plant Kit was used for the extraction of RNA from leaf samples. Single-stranded complementary DNA (cDNA) was synthesized using the RT reagent Takara kit, China. Protein kinase gene primers were designed from the online NCBI database. Supplementary Table S6 contains primer information. RT-qPCR was carried out in accordance with the method described by Wang et al. (2020).





3 Results



3.1 Phenotypic identification under salt stress

Both parents’ mean values of seven morphological traits were compared under control and stress conditions (Figure 1). Significant differences were observed between the parents under controlled conditions regarding CHL content, SL, RL, RDW, and RFW, whereas no difference was observed in SFW and SDW. Under control conditions, CCRI 12–4 had higher values in all traits except RL. In the treated condition, at 150 mmol NaCl, the CHL content of G. darwinii decreased in SPAD value to 18 (from 31), and in CCRI12, it decreased to 27 (from 46). The CHL content of G. darwinii showed a less significant decrease than that of CCRI 12–4. G. darwinii showed tolerance in two morphological trait values: RL, increased greatly, and CHL, which decreased to a lesser extent.




Figure 1 | (A, B). Control condition of parents with seven morphological traits indicated by (A) and treated conditions under 150 mmol NaCl of parents with seven morphological traits indicated by (B). The x-axis shows the number of traits, and the y-axis indicates the mean values of traits. CHL, chlorophyll content; RDW, root dry weight; RFW, root fresh weight; RL, root length; SDW, shoot dry weight; SFW, shoot fresh weight; SL, shoot length.



BC2F2 populations had a wide range of phenotypic variation in seven traits (CHL content, SL, RL, SFW, RFW, SDW, and RDW) under salt stress conditions (Table 1). The frequency distributions of all traits were found to be normal (Supplementary Figure G1). Correlation analysis was carried out using the mean values of four seedlings per replication for the 150 mmol salt treatment. All traits had a significantly positive correlation with each other except for RL/SL CHL content/SL, and CHL content/SDW, which showed no significant correlation. The maximum significant correlation was noted between SFW and SDW (0.927) under salt stress conditions, thus showing an association between these traits. For example, RFW was highly correlated with RL (0.259). The SDW had a significant correlation with RFW (0.764). The correlation between SDW and RDW was positively significant (0.812) (Tiwari et al., 2013). The CHL content under 150 mmol NaCl was significantly correlated with RFW (0.161) and SDW (0.122). Under control conditions, CHL content was highly significantly correlated with RDW (0.221) (Table 2).


Table 1 | Phenotypic variation measured in seven traits in the BC2 F2 generation.




Table 2 | PCA in seven morphological traits.






3.2 Construction of the BSA pools

Based on the phenotypic data collected from the CCRI 12–4 × G. darwinii BC2F2 population, two bulks, one resistant and one susceptible, were prepared for BSA analysis. The significant correlation between SFW and SDW (0.927) was under salt stress conditions, showing that there was an association between these traits. The SDW was highly correlated with RFW (0.764). The correlation between SFW and RFW was positively significant (0.723). The 30 resistant BC2F2 lines were selected on the basis of the three common traits, including mean values for SFW (10.87–19.79), SDW (1.30–2.13), and RFW (4.36–8.80). The same procedure was used for 30 susceptible BC2F2 lines, including SFW (1.55–4.26), SDW (0.17–0.50), and RFW (0.55–2.26).




3.3 Sequencing base content and error rate distribution

Base content grouping examination is commonly used to find the distribution of adenine (A), thymine (T), guanine (g), and cytosine (C). AT and GC gave uncertainty of sequences and complementary bases. Theoretically, the GC and AT content is equal in each sequencing cycle, and the entire sequencing process is stable and unchanged. The “N” indicates that the sequencer cannot determine the less unknown protein bases. The sequencing error rate increases as the sequence length increases, which is due to the utilization of chemical reagents in the sequencing test. Furthermore, owing to the technical features of Illumina HiseqTM sequencing, the error rate at the end of sequencing fragments and the end of numerous cycles was high, as shown in Figures 2A, B.




Figure 2 | (A, B). (A) The horizontal line indicates the base of clean reads from the 5′ end to the 3′ end. In addition, the longitudinal line indicates the percentage of all clean data reads. Each base is indicated by a different color. (B) The horizontal line indicates the base pair position of the reads and the longitudinal line indicates the percentage of the base error rate of the entire reads.






3.4 Whole-genome resequencing and mapping of reads

Four Illumina libraries [one for the resistant bulk, one for the susceptible bulk, and two for the parents (i.e., CCRI 12–4 and G. darwinii 5–7)] were assembled and used in the Illumina PE150 sequencing strategy for whole-genome sequencing. In total, 291,637,437 raw reads for the resistant bulk, 347,206,384 raw reads for the susceptible bulk, 110,926,703 raw reads for CCRI 12–4, and 143,954,134 raw reads for G. darwinii were generated. After filtration, 291,626,020 clean reads for bulk1, 347,192,723 clean reads for bulk2, 110,919,876 for CCRI 12–4, and 141,174,760 clean reads for G. darwinii were produced. BWA software was used to generate mapped clean reads from CCRI 12–4 to the reference genome sequence obtained from the cotton genome (http://mascotton.njau.edu.cn). After alignment, the average depth of CCRI 12–4 was 10.61, and its genome coverage was 93.41. The average depth of G. darwinii was 28.78, and its genome coverage was 88.53. After the development of reference-based assemblies, CCRI 12–4 and G. darwinii were aligned with clean reads of resistant and susceptible bulks, resulting in average depths of 27.62 and 33.18 and genome coverages of 94.02 and 95.05 for the resistant and susceptible bulks, respectively. The clean guanine–cytosine (GC) percentage of sequences for both parents was 34.65% for CCRI 12–4, 35.77% for G. darwinii, 34.7% for bulk1, and 34.63% for bulk2. The clean Q30 score for CCRI 12–4, G. darwinii, bulk1, and bulk2 was 93.8%, 93.52%, 93.8%, and 93.52%, respectively, and showed that this sequencing method had a minimum error rate (Table S1).

One of the most polymorphic legacies on the genome is the SNP, which primarily refers to a DNA sequence polymorphism created by the alteration of a single nucleotide at the genomic level. SNP variants are divided into two types: conversions and transversions. Mutations between the same type of base (purine to purine, pyrimidine to pyrimidine) are called conversions (transition), and mutations between diverse forms of bases (purine and pyrimidine) are called transversions. In general, conversions are more likely to occur than transversions (Table 3). GATK technology (available online: https://software.broadinstitute.org/) was used to process the result (i.e., the BAM file) via the GATK haplotype procedure for the detection of SNPs.


Table 3 | The details of the SNPs that were identified in two parents and two bulks.






3.5 Indel identification, annotation, and positional distribution

It is believed that indel markers are a significant source of genetic markers that are commonly disseminated in genomes; however, they are not familiar as SNPs. The genetic alteration between individuals is determined as native changes comprising the replacement of small indels, which change small base pairs, and major alterations, in which large indels are reshuffled, resulting in copy number variations (Bansal and Libiger, 2011). Indels are the most regular fundamental variants that promote pathogenesis in diseases in animals, especially gene expression and function in humans (Montgomery et al., 2013). Current methods were used for the identification of indels, such as read splitting (Jiang et al., 2012), depth of coverage analysis (Abyzov et al., 2011), de novo assembly of unaligned reads (Li et al., 2013), and analysis of insert size variations.

GATK practices were used to compare the results of the BAM files. In addition, SNP detection and filtering were carried out using the GATK haplotype method. The filter conditions were used based on the parameters suggested by GATK (accessible online at https://software.broadinstitute.org/gatk/documentation/article.php?id=3225).

The wild donor parent G. darwinii had a large insertion number (1,138,252), deletion number (879,688), heterozygosity number (427,622), and homozygosity number (1,590,318). The recurrent parent CCRI 12–4 had a low insertion number (341,608), deletion number (120,133), heterozygosity number (175,140), and homozygosity number (286,601) (Figure 3). The results showed that both bulks had high heterozygositynumbers (747,437 for the resistant bulk and 786,174 for the susceptible bulk) and low homozygosity numbers (284,477 for the resistant bulk and 301,048 for the susceptible bulk). The results indicated that BC2F2 bulks are more diverse than the recurrent parent (Figure 3; Table S2) (Hanada et al., 2007).




Figure 3 | The horizontal line indicates the distribution of indel length (positive numbers show insertion length and negative numbers represent deletion length) and the longitudinal coordinate shows indel numbers by length. Indel, insertion/deletion.



According to genetic variant annotation and the functional effect prediction toolbox (Snpeff), the influence of mutation sites on protein-coding has been divided into four levels, i.e., higher, moderate, lower, and modifier. The wild parent G. darwinii had larger numbers of indels with high functional mutations (7,665), moderate indels (3,202), low indels (3,425), and modifier indels that have no functions (2,030,744). In contrast, the recurrent parent CCRI 12–4 had smaller numbers of indels with high functional mutations (2,625), moderate indels (458), low indels (962), and modifier indels (474,073). The resistant bulk (4,234) and susceptible bulk (4,443) both have a larger number of indels with high mutational effects than the recurrent parent (Supplementary Figure G2).




3.6 Candidate gene prediction

To determine the candidate genomic regions that caused the difference between the two opposite poles by comparing their respective SNP/indel indices, we focused on the specific position of SNPs within the genome. The SNP/indel index is measured using a ratio of reads mapped to a specific position that represents a nucleotide substitution within the reference genome sequence. The SNP/indel index indicated the frequency of parent alleles in a population of bulked individuals. The G. darwinii genome was used as the reference genome for the resistant bulk and CCRI 12–4 for the susceptible bulk, with the resulting SNP index being one and its mean readings in the bulked population merely originating from CCRI 12–4. If the SNP index is zero, it indicates that the alleles are derived from G. darwinii. If the SNP index is 0.5, this indicates that both parents contributed equally. The ΔSNP index value was calculated through the substitution of a resistant pole index for the susceptible pole index.

Illumina high-throughput sequencing resulted in 347,192,723-bp and 110,919,876-bp reads for the resistant and susceptible bulks, respectively. The reads of bulk1 and bulk2 were aligned to the G. darwinii and G. hirsutum genomes, respectively, leading to the identification of 20,664,007 SNPs/indels. After the screening, 6,573 polymorphic markers were obtained after filtration in candidate regions. The SNP –index ( indices) of resistant and susceptible bulks and Δ(SNP-index) values of resistant and susceptible bulks were measured in a 1-Mb window using a 5-kb step with a 10 × sequencing depth (Table S3).

The ΔSNP index value is significantly different from 0 if a genomic region harbors a target gene. A total of 201 SNPs/indels were identified based on moderate and high mutation effects (Table S4). At the 95% significance level and higher, the Δ(SNP-index) value of six effective polymorphic SNPs was selected for the different chromosomes (Table S5). Four mutation regions were identified at the 99.9% significance level: one region was present on chromosome 18 (1.86 Mb) (positions 60,120,000–61,980,000) and had a Δ(SNP-index) ratio that was significantly different from zero. Two SNPs: one SNP was located in the stop–gain region and was a non-sense mutation, and the other was in the missense variant region and was associated with the same gene, Gohir.D05G367800, encoding the LRR receptor-like serine/threonine-specific protein kinase (Figure 4). Another two regions were lying on chromosome 25: Region 1 had a relative size of 1.06 Mb and was positioned between 57,795,000 and 58,850,000, and Region 2 was 1.94 Mb in size and was positioned between 58,890,000 and 60,825,000. In the first region, two SNPs were present, both found in the missense variant region; these SNPs were linked to the two genes Gohir.D12G217800 and Gohir.D12G224700. It was predicted that Gohir.D12G217800 was the E3 ubiquitin-protein ligase HOS1 and Gohir.D12G224700 was the kinesin-like protein KIN-UA. The other region contained a single SNP that was present in the missense variant region associated with a linked gene, Gohir.D12G239100, which is involved in the production of B2 proteins and is thought to take part in stress responses and play a key role in plant growth and development. One SNP that was present in the missense variant region contained the Gohir.A08G124300 gene on chromosome 8 and was positioned between 95,745,000–97,150,000. The Gohir.A08G124300 gene is predicted to code for the serine/threonine-specific protein kinase WNK4. Six effective SNPs were linked to five candidate genes in four genomic regions (Figure 5).




Figure 4 | Horizontal coordinates indicate different classifications of the effect of SNPs on protein translation, and longitudinal coordinates represent the number of SNPs in the samples; different colors represent different samples. SNPs, single nucleotide polymorphisms.






Figure 5 | (A, B). The x-axis values are the specific physical location of each window on different chromosomes, the y-axis values are the index value corresponding to the position, and the threshold line is determined according to the threshold determination method. The resistant bulk is indicated by (A) and the susceptible bulk is indicated by (B).



We noted the occurrence of five candidate salt tolerance genes on chromosomes 8, 18, and 25. The higher Δ(SNP-index) values remained in the 6098-bp stop–gain region, which was the non-sense mutation of Gohir.D05G367800 on chromosome 18 and the 6020-bp missense mutation of Gohir.D12G239100 on chromosome 25 (Figure 6). The Gohir.D05G367800 gene also appeared promising based on the gene annotation results. The Gohir.D05G367800 gene was predicted to be a leucine-rich repeat (LRR) receptor-like serine/threonine-specific protein kinase that contains the InterPro domain IPR000719. Moreover, the corresponding A. thaliana homolog for the LRR protein kinase family includes At3g47570. Protein BLAST alignment revealed that the sequence similarity between Gohir.D05G367800 and At3g47570 was 43%. The LRR receptor-like serine/threonine-specific protein kinase plays a crucial role in the signaling cascade of the transmembrane receptor protein tyrosine kinase. The Gohir.D05G367800 gene is the main possible candidate gene for salt stress tolerance in cotton plants. The Gohir.D12G239100 gene, involved in the production of B2 proteins, is also linked to stress responses and play a vital role in the growth and development of plants (Singh and Khurana, 2016). According to publicly available transcript profiling data, the assumed A. thaliana ortholog At5g42050 of Gohir.D12G239100 has the ability to tolerate different stresses, such as salinity, cold, and osmotic stress (Genevestigator: https://www.genevestigator.ethz.ch/).




Figure 6 | Index1 represents the resistant pole, index2 indicates the susceptible pole, and the delta index for the correlation analysis. The x-axis indicates the position of chromosomes, and the y-axis shows the SNPs index.






3.7 Validation of candidate genes in G. darwinii with G. hirsutum as reference

To determine the expression levels of five vital genes, these we studied their salt-stress responses in detail. We used the five candidate genes and designed primers for real-time RT-qPCR analysis (Table S6). The recurrent parent, CCRI12–4, and the donor parent, G. darwinii 5–7, were grown in controlled conditions in a greenhouse. RT-qPCR analysis was carried out for the two parents at 0-, 1-, 3-, 6-, and 12-hour time periods. Leaf, stem, and root samples were collected for RNA extraction. The results showed that five candidate genes had different expression levels under salt stress treatment, i.e., 200 mmol NaCl. The differing levels of expression allowed us to divide the genes into two groups in G. hirsutum. Group 1 genes were upregulated in all tissues except leaf tissue after salt stress, while higher expression was noted in stem and root tissue after 12 h of salt stress application. Group 2 had two genes that were more highly expressed in stem tissue, but downregulated in leaves and root tissues after salt stress treatments (Figure 7A).




Figure 7 | (A, B). (A) heatmap of G. darwinii and (B) G. hirsutum. Upregulated genes are represented by the red color, the blue color shows downregulated genes, while the white color shows no gene expression.



In G. darwinii, expression patterns were also separated into two main groups, and the first group had three genes. The majority of group 1 genes were upregulated in all tissues of G. darwinii at 12 h of stress exposure, except in leaf tissue after 1 h, while in stem tissues, partially downregulated expression was observed after 1 and 3 h. Group 2 consisted of three genes, all of which were downregulated in leaf and stem tissues except for 1 h after salt treatment (Figure 7B). These three genes were upregulated in roots after 1 h and downregulated in root tissue after 3 h of salt treatment. These results show that these two vital genes are directly involved in the salt stress tolerance mechanism, particularly in root and stem tissues.

Furthermore, the two highly upregulated genes in G. darwinii, Gohir.D05G367800, and Gohir.D12G239100, had lower levels of gene expression in G. hirsutum, except Gohir.D12G239100. These two vital genes in G. darwinii had higher levels of gene expression in root tissue after 12 h of salt treatment, which showed the role they played in improving salt tolerance in developing roots. The results showed that certain significant alleles from the tolerant parent, G. darwinii, which was utilized as the donor parent for the creation of the BC2F2 mapping population, could have been introgressed into the population, potentially aiding in lessening the effect of salt stress in cotton plants. The majority of the genes in G. darwinii were significantly expressed in roots, whereas the majority of the genes in G. hirsutum were upregulated in stems. Different genes in both plants showed variable expression levels in different organs. G. darwinii demonstrated higher upregulation of a few genes in root tissues than G. hirsutum, indicating greater salt stress tolerance. We can hypothesize from these results that these two candidate genes are directly related to salt stress, particularly in roots.





4 Discussion

Salinity stress is the main abiotic stress that has a direct impact on cotton plants at the seedling stage and reduces cotton crop output. The mechanisms of salt stress tolerance have been the subject of many investigations, but the identification of salt tolerance genes has received less attention. However, salt-tolerant genes have been reported in wheat and barley (Genc et al., 2010). At present, upland cotton (G. hirsutum) varieties tolerant to salt stress are not grown in sufficient quantities to increase cotton production in salt stress conditions (Higbie et al., 2010). The transfer of salt tolerance from wild species to upland cotton is a feasible choice for the development of salt-tolerant cotton (Tiwari et al., 2013). The development of salt-tolerant cotton varieties is a rapid and effective way of reducing yield losses in areas where cotton is grown. The backcross population study is vital as compared with the inbred lines of the F2 population. In this study, we have successfully established a BC2F2 population that is a cross between the G. hirsutum and wild-type G. darwinii varieties. Both parents and the BC2F2 population were exposed to 150 mmol NaCl for the identification of salt stress-tolerance candidate genes.

In this study, we used hydroponic culture for the screening of salt-tolerant inbred lines rather than saline soil conditions because in a hydroponic system, the salt concentration is distributed equally to all plants, thus confirming that the genes identified are linked with the salt treatment. In a previous study, which reported on wheat, the results of salt tolerance measurements attained in water cultures were consistent with those of soil screening (Genc et al., 2007). Both parents and the BC2F2 population were exposed to 150 mmol NaCl at the seedling stage in controlled conditions in a greenhouse. Copious evidence has shown that plants at the seedling stage are most susceptible to salinity stress (Foolad and Jones, 1993). Under controlled conditions, all traits exhibited significant differences, except SFW and SDW. In addition, under controlled conditions, CCRI 12–4 produced more CHL than G. Darwinii. Enhanced levels of chlorophyll in the susceptible cultivar can be explained by the plant’s ability to increase photosynthetic activity in response to a sudden alteration in the environment that increases its survival. Our findings were consistent with previous findings indicating that higher levels of chlorophyll A and B and total chlorophyll contents were present in tolerant cultivars and were significantly lower in sensitive cultivars (Vadez et al., 2012). Highly significant differences were noted in all traits between the two parents under stressed conditions. Under salt stress conditions, all traits except RL, including CHL content, SFW, SDW, RFW, and RDW, were reduced. In a previous study, a 150 mmol NaCl application resulted in a significant decrease in growth for both a tolerant parent and a sensitive parent (Gossett et al., 1991). However, salt stress increased RL growth when G. darwinii was exposed to it. These findings support earlier research that reported on the improved growth of cotton under salt stress conditions (Tiwari and Stewart, 2008).

When exposed to salt stress, that is, when plants are treated with 100 mmol NaCl, the primary root length of the tolerant genotype plants is greater than that of the susceptible genotype plants (Leidi, 1994). The ability of G. darwinii to maintain a high photosynthetic rate despite limited shoot development, or the distinct reactions of its roots and shoots to phytohormones, may have produced root growth stimulation under salt stress (Youngner and Lunt, 1967). Tolerant and susceptible plants have been distinguished in some species based on root lengths, such as grasses (Liem et al., 1985) and sorghum (Azhar and McNeilly, 1988). Based on root length, G. darwinii has revealed some degree of salt tolerance, which can be transferred to upland cotton (G. hirsutum) to improve its tolerance against salt stress. The results indicate that CCRI12–4 showed tolerance to salt stress on above-ground traits, including CHL content, SFW, SDW, RFW, and RDW, whereas G. darwinii displayed salt tolerance on underground traits, such as RL.

The BSA analysis method was originally developed for the rapid identification of markers associated with particular gene/genomic regions in different crops, including cotton. This method provided an effective approach to the identification of genetic differences among bulk samples only within selected regions, but all these samples were heteromorphic and monomorphic for all genetic regions (Michelmore et al., 1991). The BSA technique, when combined with NGS, makes for a quick method for the identification of the main QTLs and genes associated with a particular trait (Singh et al., 2016).

In this study, two very distinctive phenotypic (resistant and susceptible) bulks were constructed; both bulks were sequenced, and clean data Q30 of 295.75 Gb was attained with 18,333,376 SNPs and 233,0631 indels. These SNPs/indels were used for the calculation of all SNP/indel genomic indexes. From sequence analysis, four candidate regions were identified for resistant and susceptible bulks. By BSA mapping analysis, four candidate regions were identified, one on chromosomes 8, 19, and 26, with five candidate genes responsible for salt stress tolerance. The total length of the candidate regions was 6.25 Mb. Similar findings were reported by Su et al. (2016), who identified five genomic regions on chromosome 2 with 0, 85, 13, 29, and 63 genes in maize (Su et al., 2016). The same type of research was also undertaken by Sun et al. (2018), where only two genes, LOC_Os06g39740 and LOC_Os06g39750, were annotated with a function of the cold stress response, suggesting a key role in regulating cold tolerance in rice (Sun et al., 2018).

Technically, the two plants’ responses to salt stress are known, with G. darwinii being more salt-tolerant than the elite cultivar, G. hirsutum. Furthermore, G. darwinii, a wild allotetraploid species with an (AD)5 genome, is closely linked to G. barbadense but is substantially distinct from the farmed G. hirsutum, and it has several agronomically important features such as finer fiber fineness, drought/salt stress tolerance, and resistance to both Fusarium and Verticillium wilt (Liu F. et al., 2015). According to the results of RT-qPCR, based on the heatmaps, the five vital genes were highly expressed in G. hirsutum and expressed at lower levels in G. darwinii as per their log10 (FPKM, fragments per kilobase per million reads) range. In addition, Gohir.D05G367800 and Gohir.D12G239100 showed higher levels of expression in G. darwinii and lower levels in G. hirsutum, except Gohir.D12G239100. Even if root tissues are in direct contact with saline soil, an increase in solutes on root media, primarily ions, can induce a decrease in water intake from plant roots, causing a decline in root conductivity. As a result, plants take up the least amount of water, and if the transpiration rate exceeds the decrease in water absorption rate, the results can be reduced photosynthesis and growth rate (Zhou et al., 2013). Salinity influences both the reproductive and vegetative growth of plants, resulting in negative effects on plant organs such as the stem length, leaf length, root length, shoot length, fruit, fiber, or grain. Salt stress tends to suppress the first growth of the shoot as compared with root growth, and it can decrease blooming and enhance the chance of sterility (Wang et al., 2011).

The results confirmed that these salt-tolerant genes may have originated from a tolerant parent. These two candidate genes are salt-tolerant and could be useful for gene cloning, transformation, gene editing, and the generation of resistant cotton types in the future.




5 Conclusions

In the current study, the BC2F2 population developed from CRI12–4 × G.darwinii 5–7 was used for the identification of candidate genes under salt stress at the seedling stage in cotton plants. The Illumina HiSeq platform strategy with the NGS-based BSA technique was used as the gene mapping method. Previously, these techniques have most been used for gene mapping in different crop species. Total SNP/indels that were produced in this study in which Q30 ranged from 93.80 to 92.35, which indicated a high threshold for sequencing processes and error reduction to zero. Four genomic regions contained five candidate genes. Two genes showed higher expression levels under salt stress in G. darwinii than in G. hirsutum, and we recommend these as candidate genes. These are Gohir.D05G367800, an LRR receptor-like serine/threonine-specific protein kinase that has an important function in the transmembrane receptor protein tyrosine kinase signaling pathway, and Gohir.D12G239100, which is involved in the production of B2 proteins. Both of these genes are possibly involved in stress responses and play an key role in plant growth and developmental processes.
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