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Rice is a high-silica (SiO2·nH2O) accumulator. Silicon (Si) is designated as a beneficial element associated with multiple positive effects on crops. However, the presence of high silica content is detrimental to rice straw management, hampering its use as animal feed and as raw material in multiple industries. Rice straw management is a serious concern in north-western India, and it is eventually burned in situ by farmers, contributing to air pollution. A practical solution could lie in reducing the silica content in rice while also attaining sound plant growth. A set of 258 Oryza nivara accessions along with 25 cultivated varieties of Oryza sativa was used to assess the variation in straw silica content using the molybdenum blue colorimetry method. A large continuous variation was observed for straw silica content in O. nivara accessions, ranging from 5.08% to 16%, while it varied from 6.18% to 15.81% in the cultivated varieties. The O. nivara accessions containing 43%–54% lower straw silica content than the currently prominent cultivated varieties in the region were identified. A set of 22,528 high-quality single nucleotide polymorphisms (SNPs) among 258 O. nivara accessions was used for estimating population structure and genome-wide association studies (GWAS). A weak population structure with 59% admixtures was identified among O. nivara accessions. Further, multi-locus GWAS revealed the presence of 14 marker-trait associations (MTAs) for straw silica content, with six of them co-localizing with previously reported quantitative trait loci (QTL). Twelve out of 14 MTAs showed statistically significant allelic differences. Thorough candidate gene analyses revealed the presence of promising candidate genes, including those encoding the ATP-binding cassette (ABC) transporter, Casparian thickening, multi-drug and toxin extrusion (MATE) protein, F-box, and MYB-transcription factors. Besides, ortho-QTLs among rice and maize genomes were identified, which could open ways for further genetic analysis of this trait. The findings of the study could aid in further understanding and characterizing genes for Si transport and regulation in the plant body. The donors carrying the alleles for lower straw silica content can be used in further marker-assisted breeding programs to develop rice varieties with lower silica content and higher yield potential.
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Introduction

Ever since the green revolution, rice production has tripled (FAOSTAT, 2021), keeping up with the rising population in the world. Proportionate to the increase in rice grain production, rice straw residue generation has also multiplied over the years, thus posing scientists all over the world with the perplexing query of rice straw management. In India, the north-western states of Punjab, Haryana, and parts of Uttar Pradesh produce large quantities of rice and, in turn, generate copious amounts of rice straw residue. Rice straw is notoriously difficult to manage as rice is a high silica accumulator. There are a myriad of alternative options proposed to handle rice straw, such as animal feed, bioethanol production, bedding material, and as raw material in multiple industries such as paper and pulp, pyrolysis, etc. Although some of these options even carry the potential for a significant income thrust for farmers, most of the suggested management practices are blatantly unpopular due to high investment in terms of labor and machinery for straw collection and transport (Singh et al., 2022). More importantly, the significant negative impact of the high silica content in rice straw is affecting the alternate usage of the same. In addition, an intensive agriculture system and a much shorter interlude between different crops lined up in a cropping system in these areas result in a significantly shorter period left available for straw management. The fact that most of the rice straw residue generated goes unutilized and is eventually burned in situ by the farmers is more of a compulsion than a choice to resort to the distressing practice of stubble burning. Stubble burning not only causes the emission of greenhouse gases on a large scale into the atmosphere, causing global warming, smog, and respiratory illnesses, but also wrecks soil health and microbiota (Agarwal et al., 2012; Lohan et al., 2018; Dutta et al., 2022). A large-scale survey of the farmers who indulge in the practice of stubble burning revealed that the farming community was entirely aware of the ill-effects of stubble burning but was compelled to resort to the action anyway owing to shortcomings in alternate straw management options (Bhattacharyya et al., 2021).

Silicon (Si) exists in the soil in the form of either minerals such as quartz, feldspar, silicon dioxide, aluminosilicates, and mica, or in liquid states as dissolved forms in soil solution, including silicic acid–inorganic compound complexes, monosilicic acid, and polysilicic acid (Schaller et al., 2021). Among these forms, monosilicic acid (H4SiO4) is the plant-available form of Si, which is taken up by the plants and later accumulated as hydrated silica (SiO2·nH2O). Plants exhibit differential abilities to take up and transport monosilicic acid, based on which they are partitioned into three categories: (i) high silica accumulators, which accumulate more than 1% silica content; (ii) intermediate accumulators, which accumulate 0.5%–1% silica content; and (iii) non-accumulators, which accumulate less than 0.5% silica content, on a dry weight basis (Jones and Handreck, 1967; Takahashi et al., 1990). Rice comes in the first category, accruing up to 18% silica in the plant body, most of which is found in polymerized form in the extracellular regions. Other cell wall components such as lignin, cellulose, and hemicellulose have been demonstrated to interact with silica present in plant bodies (Guerriero et al., 2016; Coskun et al., 2019).

The dynamics of silicon (monosilicic acid as the plant-available form of Si) transport and regulation in the plant body have been deciphered quite well, although there are significant gaps regarding understanding the exact mechanisms and coordinated functioning of the transporter genes. There have been a few studies in the past that have identified QTL and cloned genes responsible for Si uptake and transport, including Lsi1 (low silicon gene 1) (Ma et al., 2006), Lsi2 (low silicon gene 2) (Ma et al., 2007), Lsi3 (low silicon gene 3) (Yamaji et al., 2015), and Lsi6 (low silicon gene 6) (Yamaji et al., 2008). Lsi1 belongs to the nodulin26-like protein subfamily of the aquaporin protein family and is primarily responsible for the passive influx of Si from the rhizospheric solution. Subsequently, the Lsi2 gene, which is delimited to the plasma membrane of the endodermal cells of the roots, brings about the ATP-dependent transport of Si from the root cells to the apoplast (Ma et al., 2007; Ma et al., 2011). On the other hand, Lsi6 is responsible for the differential distribution and deposition of Si across different shoot and leaf tissues (Yamaji et al., 2008). The spatial and temporal nuances and synchronies in the expression of these genes are responsible for the uptake and accumulation of Si from the soil. A few QTL mapping studies have also been conducted (Dai et al., 2005; Wu et al., 2006; Bryant et al., 2011; Pinson et al., 2022) to identify genomic regions associated with silica content in rice. All these studies have not encompassed the validated transporter genes Lsi1, Lsi2, and Lsi6, except Pinson et al. (2022), who have reported an association of Lsi1 2 MB away from the peak SNP in one of the QTLs. This also indicates the presence of a wide natural variation in the genes involved in Si transport and regulation present in rice germplasm. In addition, the Si transporters are also responsible for the uptake of analogues of Si, including arsenic (As) and germanium (Ge) (Ma and Yamaji, 2006; Rains et al., 2006; Nikolic et al., 2007; Ma et al., 2008; Delvigne et al., 2009; Li et al., 2009).

Si is deemed to be a beneficial element in plant nutrition and is associated with a plethora of positive effects such as biotic and abiotic stress resistance, improved quality, and quantity of produce, mechanical strength, and lodging resistance. Although the mechanism of how Si brings about beneficial effects in plants is contended, the fact that Si is detrimental to digestibility and thus management of straw is uncontended (Shewmaker et al., 1989; Mayland and Shewmaker, 2001; Coskun et al., 2019) and demands immediate attention to combat stubble burning. In addition, the industrial use of rice straw for bioethanol production, the paper and pulp industry, straw briquetting, biogas production, and pyrolysis is significantly hampered due to the high silica content in the straw (Parameswaran et al., 2010; Kurokochi and Sato, 2015). A pragmatic solution to the issue at hand would be to lower the silica content of rice varieties, striking a balance between sound plant growth and lower straw silica content, thus aiding in straw management. The current study sought the assistance of the wild annual progenitor species of cultivated rice, O. nivara. Wild species house tremendous allelic variation and have been utilized in the past for the breeding of many economically important traits (Khush and Ling, 1974; Tanksley and McCouch, 1997; Thanh et al., 2006; Kaladhar et al., 2008; Swamy et al., 2014; Haritha et al., 2018). It could be possible to identify donors in this rice germplasm that have a lower straw silica content, particularly in straw, in such a way that it does not hamper the plant’s growth and development. The study thus aimed to assess variation and identify promising QTL and candidate genes, thereby enriching the current understanding regarding the regulation of Si and related elements in plant bodies and identifying donors that could be used in future rice breeding programs.





Materials and methods




Plant material

The School of Agricultural Biotechnology, Punjab Agricultural University (PAU), Ludhiana, is maintaining many wild species accessions belonging to different genomes of rice, obtained from the International Rice Research Institute (IRRI), Philippines, and the National Rice Research Institute (NRRI), Cuttack, India. A set of 258 O. nivara accessions (Table S1) from this collection, along with 25 cultivated rice varieties belonging to O. sativa (Table S2), were utilized for the estimation of straw silica content. The 25 cultivated varieties included some of the most prominent varieties in the region, including both Basmati and non-Basmati types, the green revolution mega cultivar Taichung Native 1 (TN1), and a black aromatic cultivated variety (Chakhao Poireiton) of Eastern India. Five plants of each of the O. nivara accessions and 10 plants of each cultivated rice variety of O. sativa were sown during the Kharif season 2020–21 at the experimental fields, Department of Plant Breeding and Genetics, PAU, Ludhiana. The O. nivara accessions were sown at a plant × row spacing of 30 × 30 cm and cultivated rice varieties at 20 × 20 cm. All the recommended practices for rice cultivation were followed to raise a healthy crop (Anonymous, 2023).





Straw silica estimation and statistical analysis

Straw samples consisting of all the above-ground parts except the panicles were collected at maturity from five plants in each accession of O. nivara and cultivated varieties. The samples included the stem and leaf parts, which are considered the straw, excluding the roots and the panicles of each genotype. The samples were chopped into smaller pieces. The chopped straw samples were placed in a hot air oven at a temperature of 70°C for a period of 7 days. The oven-dried samples were ground to a fine powder and sifted through a mesh sieve. The powder so obtained was again oven-dried at 60°C for 2 days. Further, the straw silica content from a 0.1 g powdered sample of each genotype was quantified using the autoclave-based digestion-mediated molybdenum blue colorimetry method given by Weimin et al. (2005) in two replicates. The distribution of mean straw silica content was plotted as a histogram, and the Shapiro–Wilk test was performed to check for a normal distribution. The statistical analysis to estimate significant differences in straw silica content among the O. nivara accessions and cultivated varieties was performed using the lme4 (Bates et al., 2015) package, taking a completely randomized design (CRD).





Genotype data analysis

All the O. nivara accessions were genotyped by sequencing (GBS) using the ddRADseq (double digest restriction-site associated DNA-seq) approach given by Peterson et al. (2012). Total genomic DNA was isolated using a CTAB (cetyl trimethyl ammonium bromide) extraction method (Murray and Thompson, 1980), with the chloroform-isoamyl alcohol purification step repeated twice to assure good-quality DNA. The ddRADseq-based GBS was outsourced to NGB (NextGen Bio) Diagnostics Pvt. Ltd., Noida, India. Data was received in the form of short sequence reads. Raw GBS data in the form of short reads of each line was aligned to O. sativa ssp. japonica cv. Nipponbare (IRGSP v1.0) as the reference genome using BWA (Burrows–Wheeler alignment) (Li and Durbin, 2009) with default parameters. SNPs were called using GATK (Genome Analysis Toolkit) (McKenna et al., 2010) and then filtered based on read depth ≥2, quality score >30, missing data <10%, and minor allele frequency (MAF) of 0.05. The final SNPs so obtained were further pruned to remove multiallelic SNPs using PLINK1.9 (Purcell et al., 2007). After the quality control process, a total of 22,528 informative SNPs were obtained and used for further analysis.





Population structure and linkage disequilibrium analysis

The population structure among O. nivara accessions was determined using Structure v2.3.4 based on the Bayesian clustering algorithm (Pritchard et al., 2000). The input files for the program were prepared using PGDSpider software (Lischer and Excoffier, 2012). The K values were set from 1 to 10, and the admixture model had 100,000 replicates for burn-in periods and 100,000 replicates for MCMC (Markov Chain Monte Carlo) iterations. The best K was determined by Structure Harvester (Evanno et al., 2005; Earl and vonHoldt, 2012). Accessions with membership criterion values of ≥75% were assigned to a specific subpopulation. In addition, principal component analysis (PCA) was performed using the prcomp function as implemented in the GAPIT (Genome Association and Prediction Integrated Tool) package (Lipka et al., 2012) in R. Analysis of molecular variance (AMOVA) was performed as a measure of genetic diversity in the poppr package (Kamvar et al., 2014). The kinship matrix was derived from TASSEL v2.5 (Bradbury et al., 2007) and visualized using the GAPIT package.

Linkage disequilibrium (LD) decay analysis was performed by measuring the pairwise Pearson correlation coefficients of allele frequencies between the SNP markers using PopLDdecay (Zhang et al., 2019). The results were then plotted in R using a customized script.





Multi-locus genome-wide association studies

MTAs were discerned using the ML-GWAS package mrMLM (multi-locus random SNP effect mixed linear model) in R (Zhang et al., 2020). The mrMLM integrates six different ML-GWAS models, namely, mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, pKWmEB, and ISIS EM-BLASSO. Although the six models work generally on the same principle, they vary in their computational ability to identify significant MTAs and estimate the effects of QTNs (quantitative trait nucleotides) precisely. The significance of the MTAs was decided based on the logarithm of odds (LOD) value threshold of ≥3. The QTNs that were repeatedly identified for the trait by two or more of the six models were the reliable QTNs for the trait. The Kruskal–Wallis test for ascertaining allelic differences was performed and visualized in R.





Candidate gene mining, expression analysis, and protein–protein interactions

The candidate genes in the QTL regions of the significantly associated SNPs were retrieved from the BioMart functionality of the EnsemblPlants website (http://plants.ensembl.org/index.html). The potential candidate genes were shortlisted based on scrupulous perusal of annotated functions, a literature review, gene ontology descriptions, and Interpro (https://www.ebi.ac.uk/interpro/) annotations. In silico expression analysis of the genes was conducted by harvesting the log2 transformed spatiotemporal expression data of six different tissues involved in Si metabolism, namely leaf blade, leaf sheath, roots, stem, lemma, and palea, from the RiceXPro database (https://ricexpro.dna.affrc.go.jp/GGEP/index.php). The data also consisted of different growth stages, viz., vegetative, reproductive, and ripening. The gene expression patterns were visualized using TBtools software (Chen et al., 2020). The STRING protein database (https://string-db.org/) was utilized to observe protein–protein interactions of the most probable candidate genes by applying a confidence level of 0.40 as the minimum interaction score. The interactions include evidence from text mining, experimental results, co-expression data, and a curated database.





Identification of cis-regulatory elements

The potential binding sites of transcription factors having a role in the expression of candidate genes were determined to characterize the effect of cis-regulatory elements (CREs) putatively involved in Si dynamics in the rice plant body. For this purpose, the nucleotide sequence of 1,500 base pairs upstream of the transcription start site (ATG) of each of the most probable candidate genes was retrieved using the RSAT (Regulatory Sequence Analysis Tools) Plant Server (https://rsat.eead.csic.es/plants/RSAT_home.cgi) and uploaded into the PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) in FASTA format. The regulatory elements identified only on the sense strand along with a matric value of 5 were retained for the analysis (Sharma et al., 2022).





Identification of conserved genomic regions in different cereals

The candidate gene models from the QTLs identified in the study for straw silica content were checked for the presence of orthologues in the wheat and maize genomes. The gene sequences were retrieved, and BLAST (Basic Local Alignment Search Tool) was analyzed against wheat and maize genomes available in the EnsemblPlants database to discover conserved genomic regions among the cereals, and the orthologues were retrieved as genomic coordinates. The genes possessing a confidence in orthology score of 1 (high), along with a high percentage of identity with the wheat/maize genes,were accepted as orthologues.






Results




Straw silica content of O. nivara accessions and cultivated rice varieties

The 258 O. nivara accessions originally belonged to ten different countries, while most of the cultivated varieties used in the study include the prominent basmati and non-basmati varieties being cultivated in the Punjab state of India. Analysis of variance (ANOVA) indicated highly significant variation among the genotypes for straw silica content, while the replications were non-significant (Table S3). Among the O. nivara accessions, the straw silica content ranged from 5.08% to 16%, while it varied from 6.18% to 15.81% among the 25 cultivated varieties. The values were found to be normally distributed in the O. nivara accessions, as confirmed by the Shapiro–Wilk test for normality and as observed in the histogram (Figure 1). Among the cultivated varieties of Punjab, PR127 recorded the lowest (7.95%) straw silica content, while the highest (12%) was found in Pusa44 and PR106. There was no significant difference in straw silica content between basmati and non-basmati rice varieties. Evidently, O. nivara accessions containing 43%–54% lower straw silica content than the cultivated varieties were identified (Table 1). A total of 52 accessions were found to possess lower straw silica content as compared to the cultivated variety PR127, which recorded the lowest straw silica content among standard check varieties. Also, 94 accessions were found to contain lower straw silica content than PR126 (8.95%), a popular elite non-basmati variety, and 201 accessions were found to contain lower straw silica content than Pusa Basmati 1121 (11%), which is a popular elite basmati rice variety (Table S2). Interestingly, the cosmopolitan variety TN1 (Taichung Native-1) recorded the highest (15.81%) straw silica content.




Figure 1 | Frequency distribution of straw silica content in 258 O. nivara accessions, with arrows showing straw silica content of PR126 (O. sativa), a high yielding non-basmati cultivated variety, and Pusa Basmati 1121 (O. sativa), an elite Basmati cultivated variety of the region.




Table 1 | List of 10 best O. nivara accessions with lower straw silica content as compared to PR126 (O. sativa), an elite non-basmati variety, and PB1121 (O. sativa), an elite basmati rice variety.







Population structure in O. nivara

After stringent filtering, we obtained a total of 22,528 high-quality SNPs distributed uniformly across the 12 chromosomes (Figure S1). The 22,528 SNPs spanned the entire genome of rice, with a frequency of one SNP per every 19 kb region. The genetic relationship among the accessions was assessed by generating the kinship matrix derived from the filtered SNPs. The majority of the pairwise kinship values were close to 0, and only 11.02% of the pairs scored pairwise kinship values >0.05, indicating that most of the accessions are distantly related to each other and cannot be clustered together into specific groups (Figure 2A). This provides preliminary indications of the presence of a weak population structure in the O. nivara accessions. However, principal component analysis (PCA) could reveal a distinction among the subpopulations (Figure 2B) that seems to divide the whole population into three subpopulations. But PCA’s division of O. nivara accessions into subpopulations could not provide information about admixtures. Further, population structure analysis using the Evanno method as implemented in Structure v2.3.4 software pointed out the presence of the highest ΔK peak at K = 6 (Figure 2C), indicating the presence of six subpopulations (Figure 2D). The membership probability criterion of 0.75 was the threshold for admitting an individual into a particular subpopulation, and individuals failing to cross the criterion threshold were considered admixtures. Out of the 258 individuals in the population, only 106 could be admitted into distinct subpopulations, while 152 were considered admixtures. Such high admixture levels in the population led to unclear distinctions between subpopulations indicating a higher degree of gene flow within the wild population and an accumulation of historical recombination events. Also, no correlation was observed between the geographical origin of the accessions and the subpopulation demarcation of the same. In addition, analysis of molecular variance (AMOVA) revealed that the variation among the subpopulations accounted for only 11.84% of the total variation, whereas the variation within the subpopulations accounted for 88.16% (Table S5). From these results, it can be asserted that there is a continuous variation and the absence of any strictly discrete categorization of the individuals into subpopulations. Based on PCA, Structure, and AMOVA, it was posited that the O. nivara population is weakly differentiated, consisting of 59% admixtures. Such a population type could be a decent choice for further GWAS.




Figure 2 | Population structure of the 258 O. nivara accessions based on 22,528 SNPs (A) Kinship heatmap depicting genetic distance between the accessions (B) Principal component analysis (PCA) plot indicating the clustering of the 258 O. nivara accessions into subpopulations (C) Magnitude of delta K values against a putative K range, indicating a peak at delta K = 6 (D) Population structure of 258 O. nivara accessions at K = 6.







Multi-locus genome-wide association studies

ML-GWAS implemented in mrMLM revealed 14 MTAs across 10 different chromosomes, except chromosomes 6 and 9, with LOD scores ranging from 3.01 to 7.23 (Figure 3, Table 2). These 14 MTAs were repeatedly identified as being significantly associated with the trait in two or more of the six ML-GWAS models. Two MTAs each were detected on chromosomes 3, 4, 5, and 11, while chromosomes 1, 2, 7, 8, 10, and 12 consisted of one MTA each. The most significant association occurred on chromosome 4, designated as qSSi4.2, which altered the straw silica content by 14.77%. A total of four out of the 14 MTAs, on chromosomes 3, 4, and 5, namely qSSi3.2, qSSi4.2, qSSi5.1, and qSSi5.2, respectively, were simultaneously found to be significant in five out of the six ML-GWAS models. Six MTAs identified in our study have been found to be co-localized with QTLs from other mapping studies for silica content (Dai et al., 2005; Wu et al., 2006; Pinson et al., 2022), thus providing analytical corroboration to our current study (Table 2).




Figure 3 | Manhattan plot depicting marker-trait associations (MTAs) for straw silica content among O. nivara accessions. Pink dots indicate significant MTAs identified simultaneously by two or more ML-GWAS models.




Table 2 | Marker Trait Associations (MTAs)/Single Nucleotide Polymorphisms (SNPs) associated with straw silica content in O. nivara accessions, along with previously reported QTLs for Silica, Arsenic (As) and Germanium (Ge).







Estimation of allelic effects

The allelic effects of the significant MTAs were examined using the Kruskal–Wallis test. The chi-square values and probability (p) values indicated the presence of a significant statistical difference in allelic effects for 12 out of the 14 MTAs (Table S6). For the MTA S5_13182993, representing qSSi5.1, the accessions with allele ‘A’ had, on average, 3.96% lower straw silica content than the accessions containing the ‘G’ allele. Similarly, for the MTA S1_12218963, representing qSSi1, the accessions with the allele ‘G’ had, on average, 3.61% less straw silica content than those containing the ‘A’ allele (Figure 4). Interestingly, heterozygotes usually scored a straw silica value roughly around the midpoint between the two homozygotes in most of the MTAs.




Figure 4 | Boxplots depicting allelic effect differences of significant MTAs (A) S1_12218963 (B) S3_27398544 (C) S5_13182293 (D) S5_29790457 (E) S11_25225732 (F) S11_25832818, identified using ML-GWAS







Candidate gene mining in QTL regions

A QTL region with significant MTAs was identified based on LD decay analysis. LD decay in the population was 150 kb, where LD dropped below 0.2 (Figure S2). The 300 kb region surrounding the significant MTAs was analyzed for the identification of candidate genes responsible for straw silica content. A total of 344 gene models were found in the 14 QTL regions of significant MTAs. The list was further filtered to include only those genes that were components of membranes and/or involved in transmembrane transport of Si, other nutrients, metals, and metalloids, along with other subsidiary genes involved in Si metabolism in plants. Overall, based on a scrupulous literature review, functional annotation description, gene ontology, and Interpro annotations, 57 genes were shortlisted, including those coding for transmembrane transporters, integral membrane components, Casparian thickenings, multi-drug and toxin extrusion (MATE) protein, F-box domains, MYB (myeloblastosis)-transcription factors, BTB (Broad-Complex, Tramtrack, and Bric a Brac) domain-containing protein, and SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptors). In addition, 108 domains of unknown functions and hypothetical genes were also shortlisted. These were especially considered for downstream analysis because of the dearth of ample functional genomics-assisted studies of Si biology in rice. The shortlisted 165 genes, including the hypothetical genes, were rigorously examined for differential expression in the concerned tissues involved in Si uptake, distribution, and accumulation, viz., roots, stem, leaf sheath, leaf blade, lemma, and palea. The expression profiles of the candidate genes were stringently matched with those of the validated Si transporter genes as well as the subsidiary genes.

In silico expression analysis revealed 16 genes to be differentially expressed in the tissues, matching the expression profiles of the known Si transporter genes (Figure 5). Among the 16 genes, there were two transmembrane transporter genes in qSSi8 and qSSi3.2, respectively, i.e., Os08g0167000, which encodes ABC transmembrane transporter domain protein, and Os03g0687000 present in qSSi3.2, which putatively encodes a nitrate transporter and belongs to the protein oligopeptide transport family. These genes are primarily expressed in the roots and stems of plants. A gene cluster was found in qSSi11.2 consisting of four genes encoding Casparian strip membrane domains, responsible for Casparian strip formation in the endodermis of the roots. Another gene coding for the MATE (multi-drug and toxin extrusion) domain-containing protein, Os02g0273800, was found in the qSSi2 region. Intriguingly, one non-protein-coding transcript was found through differential expression analysis, namely Os04g0121800, as a part of the qSSi4.1 region. Other than the two hypothetical genes that lack functional annotation, all the other genes could be tied up with transport, metabolism, and gene regulation functions regarding Si in rice. The F-box and MYB-domains were also found across different QTLs responsible for the regulation of silica content (Table S7).




Figure 5 | Expression heatmap depicting tissue-specific expression profiles of candidate genes (identified based on ML-GWAS among O. nivara accessions) having a role in silicon transport and regulation.







Promoter analysis of putative candidate genes

Cis-regulatory elements (CREs) in the promoter regions are instrumental in deciding and influencing gene regulation. Hence, promoter analysis was conducted for the candidate genes to identify the CREs in the promoter regions, i.e., 1.5 kb upstream of the 5’ end of the transcriptional start site (ATG) of the 13 differentially expressed genes. Among the 13 genes, a total of 381 CREs were discovered (Figure 6), out of which the common core CREs non-inclusive of any specific function, including TATA box and CAAT box regulators, accounted for a total of 182 CREs. The remaining 199 CREs could be grouped into plant growth and development, phytohormone response, and stress response. Unfortunately, there is a considerable dearth of literature regarding the function of CREs in Si transport and metabolism regulation; therefore, conclusive, or convincing outcomes could not be expected from promoter analysis. For partial redressal of the issue, the Si transporter gene Lsi1 was also included in the analysis to ascertain the types and number of CREs it possessed. Lsi1 consisted of four MYB-binding sites. MYB-domains are transcription factors that have previously been reported to be involved in Si regulation (Lu et al., 2002; Li et al., 2015; Roy, 2016; Chen et al., 2017; Wang et al., 2017; Xu et al., 2018; Chen et al., 2021). In addition, it contains the ABRE element, which is involved in the abscisic acid response and was reported to regulate the expression of the Si transporter genes (Lu et al., 2002; Chen et al., 2017; Chen et al., 2021). There was at least one and up to five MYB elements present in the promoter sequences of all the other genes. Also, the TC-rich repeats were related to defense and stress response, and CAT-box elements were found to be related to root meristem expression. The P-box and GARE-motifs were responsible for gibberellin response, and Me-JA and TGA-elements were responsible for jasmonate and auxin response, respectively. It can be concluded that MYB elements could be taken up for further studies, along with a thorough examination of other CREs that could be involved in Si and As regulation in the plant body. It can also be stated that the gene functioning mechanisms of the Si-transporters and all the regulatory and subsidiary genes involved with Si and As metabolism have a very complex functioning system, engaging in cross-talks with the regulatory elements, hormones, non-coding RNAs, external environmental conditions, and possibly epigenetic mechanisms governing the same.




Figure 6 | Cis-regulatory elements (CREs) in the promoter regions of Lsi1 (Os02g0745100) and candidate genes (identified based on ML-GWAS among O. nivara accessions) having a role in silicon transport and regulation.







Conserved genomic regions associated with straw silica content in maize

All 344 gene models found in the QTLs identified in our study were BLAST-analyzed against the maize and wheat genomes. In maize, out of 344 genes, 104 were found to possess an orthology score of 1, showing at least 70% identity with the target gene. These genes were used to discern collinear genomic regions between rice and maize. In a particular QTL, if more than 60% of the genes possessing high-confidence orthology were found to agree with synteny and collinearity, they were reported as syntenic and collinear across the species. There were four significantly collinear regions, where the QTLs qSSi1, qSSi2, qSSi7.1, and qSSi8 correspond to maize genomic regions 58.5–59.44 MB on chromosome 3, 136.5–138.58 MB on chromosome 5, 180.06–180.83 MB on chromosome 7, and 73.83–76.03 MB on chromosome 10, respectively (Figure 7A). It is to be noted that other than the orthologues of rice Si transporters present in maize (ZmLsi1, ZmLsi2, and ZmLsi6) (Mitani et al., 2009), there is a lack of available literature regarding silica transport and regulation. Hence, the syntenic regions reported in our study could be studied further in maize in the future. A similar attempt was made to the wheat genome as well. However, no significant syntenic regions were found across a single chromosome (Figure 7B).




Figure 7 | Syntenic relationship of genes present in QTL regions governing straw silica content in O. nivara accessions with (A) maize and (B) wheat. The physical sizes of the chromosomes are indicated by the ruler drawn above them, with larger and smaller tick marks at every 100 and 20 MB region, respectively.








Discussion




Straw silica content variation

The presence of silica in rice is associated with multiple biotic and abiotic stress regulation mechanisms. However, its high percentage in rice straw is detrimental to its management and alternate uses. Thus, farmers must resort to burning rice straw in the field, causing environmental pollution. A breeding solution to the issue would be to lower the silica content of rice varieties, keeping a balance with sound plant growth. Understanding the variation in straw silica content in rice germplasm, particularly wild relatives of rice, has not been attempted before, and this study explored this variation in the collection of diverse O. nivara accessions, a wild progenitor species of O. sativa, with the objective of identifying accessions that contain lower silica content.

Wild species contain enormous amounts of genetic diversity and have been used as donors of favorable alleles for improvement in multiple traits. O. nivara belongs to the ‘AA’ genome, similar to O. sativa, and both constitute the primary gene pool of rice along with other species. There is high compatibility and crossability between O. sativa and O. nivara (Oka, 1988; Brar and Khush, 2018), leading to the development of fertile hybrids under natural and artificial hybridization. Hence, O. nivara is an excellent donor to incorporate desirable variation into elite breeding rice lines. The study has identified promising donor accessions in O. nivara, IR106308, CR100184, CR100414, and IR92759, containing up to 43%–54% less straw silica content than the currently popular cultivated varieties of the region. Also, no significant difference was observed in the straw silica content between basmati and non-basmati rice varieties. It was intriguing that the cosmopolitan variety, TN1 (Taichung Native-1), which played a pivotal role in the green revolution, recorded a considerably higher silica content of 15.81% in the study. In addition, TN1 is used worldwide as a susceptible check in pest and pathogen resistance studies (Li et al., 2019), including rice brown planthopper (Nilaparvata lugens) (Tan et al., 2004; Deen et al., 2017), white-backed planthopper (Sogatella furcifera) (Wu and Khush, 1985; Yang et al., 2014), green leafhopper (Nephotettix virescens) (Vu et al., 2014), bacterial blight (Xanthomonas oryzae) (Kumar et al., 2012; Yugander et al., 2018), and rice stem borer (Scirpophaga incertulas) (Liu et al., 2018). The study thus raises the question of the evolutionary role of the presence of silica in rice. It is also noteworthy that studying the genotypic differences in straw silica uptake under soil Si homeostasis and its correlation with biotic stresses is different from studying the disease reaction after externally supplementing silica on one genotype, as reported in most of the previous studies. However, additional studies are required in this regard to dissect the role of silica in biotic and abiotic stresses.





Population structure and genome-wide association studies in O. nivara accessions

Population structure assessment through different methodologies, including PCA, Structure, and AMOVA, depicted unclear differentiation among the O. nivara accessions, with 59% admixtures. A similar study in the Oryza rufipogon (a close relative of O. nivara) panel indicated slightly higher genetic diversity than the O. nivara panel used in our study (Kuroda et al., 2007; Li et al., 2020; Malik et al., 2022), indicating a higher rate of outcrossing and gene flow in O. rufipogon as compared to O. nivara. O. nivara, the annual form of O. rufipogon species complex (ORSC) and the proposed progenitor of the indica subpopulation of rice, is propounded to have originated more than once independently from different subpopulations of O. rufipogon (Sharma, 1965; Chang, 1976; Oka, 1988; Sharma, 2000; Cheng et al., 2003; Haritha et al., 2018; Eizenga et al., 2022). There is a considerable dearth of previous literature regarding extensive population genetic analyses in O. nivara populations. While the current panel was divided into six subpopulations using Structure, the clarity of differentiation was too low to call them distinct. Similar results were obtained from AMOVA and the kinship matrix. This indicates high gene flow and the accrual of historical recombination over thousands of years, resulting in higher genetic diversity, even though the outcrossing percentage of O. nivara is lower as compared to O. rufipogon (Kuroda et al., 2007; Li et al., 2020).

Single-locus GWAS models have been extensively used in the past for GWAS but suffer from caveats such as a high false-positive discovery rate and the requirement for corrections for multiple testing (Kaler and Purcell, 2019), leading to the use of the Bonferroni correction factor. It has been argued that the Bonferroni factor is highly stringent and results in the rejection of what would be true-positive associations, on account of its stringency (Su et al., 2018). Multi-locus GWAS models, on the other hand, address these issues due to the non-necessity of multiple corrections and true estimates of QTN effects. ML-GWAS in O. nivara accessions for straw silica content identified 14 MTAs, of which six were found to be co-localized with QTLs identified in previous mapping studies. Eight novel QTLs for straw silica content floating in O. nivara accessions have been identified in the current study.





Relationship between silicon and arsenic

Arsenic (As) is a carcinogenic element that accumulates in the grains of rice. The non-existence of any threshold below which As does not cause cancer and related ailments in humans makes it more alarming. In rice, there has been an increase in As accumulation in the recent past as compared to previous years (Meharg, 2004). The dynamics of the Si–As relationship have been studied previously. The As uptake and accumulation in the lsi1 mutant (low silicon mutant) line, which was originally used to identify the Si transporter gene Lsi1, were 71% and 53% lower in shoots and roots, respectively, as compared to the wild type (Ma et al., 2008). Zhang et al. (2008) reported that among two genotypes, CJ06 and TN1, the grain As content of TN1 was 2.44 times that of CJ06. Incidentally, the Si content of the TN1 variety was also found to be considerably higher at 15.81%, as found in our current study. In light of these facts, it can be hypothesized that the inherent properties of the transporter proteins that are coded by different alleles of the Si transporter genes also correspond in the same direction to As uptake and accumulation. This could potentially create a double-win situation, combating stubble burning and grain As at once, and further studies directed in this arena could manifest the relationship between As and Si.

Further, our study found three QTLs to be co-localizing with previously reported QTLs for As content. qSSi4.2 was found to be co-localized with qAs4, while qSSi11.1 and qSSi11.2 were co-localized with qAs11-2 identified by Pinson et al. (2022). In addition, qSSi11.1 was found to be co-localized with qGAs18 and qGAs22 identified by Liu et al. (2019) (Table 2).





Relationship between silicon and germanium

Along with As, Si is also analogous to germanium (Ge), due to which it is considered that it is transported by the same transporter genes as Si (Ma and Yamaji, 2006; Rains et al., 2006; Nikolic et al., 2007; Delvigne et al., 2009). However, in contrast to Si, Ge is highly phytotoxic and produces toxicity symptoms at even extremely low concentrations (above 1 μg/L) in crops like rice and horsetail, both of which are known to be high Si accumulators (Takahashi et al., 1976). It causes symptoms of distress, including necrosis, increased activity of peroxidases in barley, and characteristic brown spots on leaves in rice (Halperin et al., 1995). Ge was used as a proxy for tracing the amount of Si taken up by Ma et al. (2002), where rice mutants defective for Si uptake were screened using Ge kinetics. Plants with higher concentrations of Si were characterized by higher concentrations of Ge (Ma et al., 2001). Nikolic et al. (2007) reported that the processes of uptake into the roots and root-to-shoot transmission of both Si and Ge were extremely similar. The silicon efflux transporter gene Lsi2 was identified based on Ge uptake and its correlation with silicon uptake. A set of mutant rice was screened by treating them with Ge and observing the manifestation of the deleterious symptoms. The mutants that did not display such deleterious effects were found to accumulate very low Si contents (Ma et al., 2007).

Ge is a metalloid and a semiconductor used in the electronic industries, gradually overthrowing the usage of Si (Lin et al., 2005). Since the usage of Ge has gained pace of late, the discharge of electronic waste has gone up and will continue to scale up in the coming years. Even though, as of today, the soils are not characterized as being contaminated with Ge, the days are not far away when such a predicament presents itself and stirs up the risks of potentially disrupting ecosystem equilibrium. Si content could be a reliable marker for Ge uptake and thus coincidentally assist in breeding lines with a lower ability to take up Ge, Si, and As, resulting in a triple win. This could be the way to look at it to accommodate breeding for climate change and climate-smart agriculture. Also, two QTLs, qSSi2 and qSS11.2, identified in our study were found to be co-localized with Ge5 and Ge6 QTLs, respectively, identified by Talukdar et al. (2015) for Ge content in rice (Table 2).





Candidate genes for straw silica content

Based on in silico expression analysis, gene ontology searches, and a thorough literature review, promising candidate genes in the QTL regions involved in Si transport and regulation were identified. These could be novel genes existing in the natural population rather than the mutant genes Lsi1, Lsi2, Lsi3, and Lsi6.

qSSi8 harbors an ABC transporter domain-containing transmembrane transporter protein, Os08g0167000. This gene was found to be expressed primarily in the roots and stem, followed by the lemma and palea. This follows the expected flow path of Si and As transport and distribution and is also backed by the fact that both elements are transported by the same transporters (Li et al., 2009). ABC transporters have been demonstrated to perform functions such as Si-induced formation of Casparian strips in the endodermis of the roots (OsABCG25) (Hinrichs et al., 2017) and reduced As accumulation in the rice grains by detoxification and vacuolar sequestration (OsABCC1) (Song et al., 2014). Hence, this gene most certainly warrants further studies with respect to Si and As uptake and metabolism in the plant body.

qSSi11.2 consists of a cluster of four genes, namely Os11g0649400, Os11g0649500, Os11g0649600, and Os11g0649700, belonging to the plant transmembrane domain and responsible for Casparian band formation (Roppolo et al., 2011). Casparian strips are significantly influential in the transport of nutrients and minerals by providing a stringent apoplastic diffusion barrier, preventing apoplastic bypass of nutrients and backflow of nutrients, ions, and water (Enstone et al., 2002; Geldner, 2013; Sakurai et al., 2015). Based on the simulative model as presented by Sakurai et al. (2015), when the Casparian strips are present, Si accumulated in the shoots is significantly higher in high Si-accumulators such as rice. In turn, the roots lacking the Casparian strips transport considerably fewer amounts of Si to the shoots (Sakurai et al., 2015). These genes could be studied further in depth to weave a stronger link between Si transport and root characteristics of the plant, an area of study that is still unclear.

qSSi2 harbors a gene encoding a multi-antimicrobial extrusion protein (multidrug and toxic compound extrusion protein, MATE), Os02g0273800. One gene coding for the MATE protein, OsMATE2, was reported to modulate As transport. Upon constitutive expression, the gene decreased root-to-shoot transport of As in transgenic tobacco and reduced the accumulation of As in the grains in transgenic rice. In As-stressed conditions, the gene was found to be overexpressed six-fold, leading to a significantly increased accumulation of As in the grains (Das et al., 2018). Since As and Si are commonly transported by different transporters, the candidate gene in our study warrants thorough scrutiny, including studies about its role in Si and As transport and accumulation.

Intriguingly, one of the hypothetical proteins, Os05g0295200, present in qSSi5.1 and shortlisted based on stringent expression in roots and stems, revealed that it interacts with a myriad of genes, two of them being NIP1-1 and NIP1-4. NIPs (Nodulin26-like intrinsic proteins) are the aquaporin family proteins responsible for water and solute transport across membranes (Figure S3). NIP1-1 is a putative arsenate transporter, and NIP1-4 is an aquaporin specific to arbuscular mycorrhiza (Sakurai et al., 2005), both of which are involved in Si transport. Since this hypothetical gene is primarily expressed in leaf blades and stems, and carries interactions with aquaporins, its inherent nature and the nature of interactions with aquaporins could be studied in detail.

qSSi3.2 harbors an interesting gene, Os03g0687000, which is a transmembrane transporter gene functioning as a pH-dependent low-affinity nitrate transporter (Xia et al., 2015), expressed primarily in roots and stems, followed by lemma and palea. It was also found that potassium (K) levels were also affected on account of overexpression and knockouts of the gene. The property of non-specificity leads to reasonable suspicion that this gene could be a candidate for investigation for its role in Si or As transport and distribution.

Other than genes directly involved in Si transport, certain other genes that fulfill the role of regulation as well as the genes proposed to be upregulated under the Si amendment were found in the QTL regions in our study. Thirteen cyclin-like F-box domain-containing proteins were detected in our study, possibly linked to Si regulation. Twelve of them were found in a single QTL, qSSi10, while one was found in qSSi2. (Table S5). Cyclin-like F-box domains are protein-protein interaction mediators, the genes of which were upregulated upon external Si amendment in response to rice blast stress (Brunings et al., 2009). Also, twelve F-box domain proteins were found in the As QTL regions in a panel phenotyped for As concentration in flag leaf and dehulled grains (Frouin et al., 2019). This indicates the putative role of F-box domain proteins in Si and As regulation.

In addition, two genes encoding MYB transcription factors were detected in our study (Os02g0271900 and Os12g0586300) (Table S7). MYB-related transcription factors have previously been shown to be involved in the regulation of expression of certain genes involved in heavy metal (Cd) and metalloid (As) detoxification and/or resistance/tolerance (Li et al., 2015; Roy, 2016; Wang et al., 2017; Xu et al., 2018). Wang et al. (2017) reported that OsARM1, an MYB transcription factor, was found to regulate the plant response to As stress. Also, Chen et al. (2021) proposed that an MYB factor gene, OsMYBS1, is responsible for Si-mediated As and Cd stress responses by regulating the expression of the transporter genes through GA or ABA signals (Lu et al., 2002; Chen et al., 2017; Chen et al., 2021). Additionally, a transcriptome study in wheat found that MYB factor genes formed a significant subset of the genes that were differentially expressed when the seedlings were treated with Si. These genes were involved in chaperones, folding catalysts, and protein processing in the endoplasmic reticulum (Hao et al., 2021). Hence, the candidate genes in our study require further study to comprehend the gene regulation mechanisms underlying Si and As dynamics.

Additionally, qSSi4.1 contains the SNARE-interacting protein Os04g0252400. SNAREs were reported to be influencing the expression of the level of trafficking in PIPs (Plasma membrane-intrinsic proteins), which belong to the aquaporin protein family and are responsible for the transport of water and certain solutes, including silicic acid and arsenate (Tyrrell et al., 2007). Also, qSSi3.2 bears another interesting gene that encodes a BTB-domain-containing gene, Os03g0686050. The OsTAZ24 gene, which encodes a BTB-domain protein, was found to be responsible for promoting plant resistance to various heavy metals (Shalmani et al., 2021; Pinson et al., 2022). Hence, it has been considered a candidate gene in relation to responses to As or Si. Based on expression analysis, one gene coding for a non-protein-coding transcript was also found in relation to Si. The influence of non-coding RNAs on gene expression is an unchartered world that requires deeper understanding.






Conclusions

Overall, the study has identified donors and QTLs for lower straw silica content in O. nivara, which would open avenues for manipulating silica content in rice for the judicious management of rice straw. The high phenotypic variation along with a weak population structure makes this panel very suitable for GWAS. GWAS identified 14 significant MTAs, of which six lie in previously reported QTL regions. Candidate genes, including the ABC transporter, Casparian strip proteins, MATE gene, F-box, and MYB-domain proteins, have been identified in the study. Future studies could be directed on multiple fronts, including the validation of candidate genes, deciphering the role of regulatory elements in Si transport and regulation, root architecture studies, comprehending the role of Si and the underlying mechanisms of Si in biotic and abiotic stress responses, and so on. The syntenic regions in the maize genome for Si QTLs could also be studied further. The candidate genes identified in the study will further enhance our understanding of the role of silica in rice and will develop a platform for targeted breeding for engineering silica content in rice.





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 author.





Author contributions

DB conceived the idea, designed, and supervised the study. RSRG carried out phenotyping, analyzed genotypic and phenotypic data, carried out GWAS and other analyses, wrote the first draft of the manuscript. SS, RSG, and GM helped in phenotyping and interpretation. DB and RSRG edited and wrote final version of manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.





Funding

The genotyping of the panel was funded by the Department of Science and Technology, India (Grant No. EMR/2017/003069).




Acknowledgments

The authors are grateful to Dr. Kumari Neelam, School of Agricultural Biotechnology, PAU, Ludhiana, for sharing wild species germplasm. The authors are also thankful to Dr. Sagar More, Assistant Professor, Department of Soil Science and Agricultural Chemistry, Mr. Avadut Walekar, PhD Scholar, Department of Soil Science and Agricultural Chemistry, and Dr. Balasaheb Sawant Konkan Krishi Vidyapeeth, Dapoli, Maharashtra, India, for their crucial inputs during the estimation of the straw silica content.





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.2023.1174266/full#supplementary-material




References

 Agarwal, R., Awasthi, A., Singh, N., Gupta, P. K., and Mittal, S. K. (2012). Effects of exposure to rice-crop residue burning smoke on pulmonary functions and oxygen saturation level of human beings in patiala (India). Sci. Total Environ. 429, 161–166. doi: 10.1016/j.scitotenv.2012.03.074

 Anonymous (2023). Package of practices for crops of punjab kharif 2023 (Ludhiana: Punjab Agricultural University).

 Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Stat. Softw 67, 1–48. doi: 10.18637/jss.v067.i01

 Bhattacharyya, P., Bisen, J., Bhaduri, D., Priyadarsini, S., Munda, S., Chakraborti, M., et al. (2021). Turn the wheel from waste to wealth: economic and environmental gain of sustainable rice straw management practices over field burning in reference to India. Sci. Total Environ. 775, 145896. doi: 10.1016/j.scitotenv.2021.145896

 Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and Buckler, E. S. (2007). TASSEL: software for association mapping of complex traits in diverse samples. Bioinformatics 23, 2633–2635. doi: 10.1093/bioinformatics/btm308

 Brar, D. S., and Khush, G. S. (2018). “Wild relatives of rice: a valuable genetic resource for genomics and breeding research,” in The wild oryza genomes. Eds.  T. K. Mondal, and R. J. Henry (Cham: Springer International Publishing), 1–25. doi: 10.1007/978-3-319-71997-9_1

 Brunings, A. M., Datnoff, L. E., Ma, J. F., Mitani, N., Nagamura, Y., Rathinasabapathi, B., et al. (2009). Differential gene expression of rice in response to silicon and rice blast fungus Magnaporthe oryzae. Ann. Appl. Biol. 155, 161–170. doi: 10.1111/j.1744-7348.2009.00347.x

 Bryant, R. B., Proctor, A., Hawkridge, M. E., Jackson, A. K., Yeater, K. M., Counce, P. C., et al. (2011). Genetic variation and association mapping of silica concentration in rice hulls using a germplasm collection. Genetica 139, 1383–1398. doi: 10.1007/s10709-012-9637-x

 Chang, T. T. (1976). The origin, evolution, cultivation, dissemination, and diversification of Asian and African rices. Euphytica 25, 425–441. doi: 10.1007/BF00041576

 Chen, Y. S., Chao, Y. C., Tseng, T. W., Huang, C. K., Lo, P. C., and Lu, C. A. (2017). Two MYB-related transcription factors play opposite roles in sugar signaling in arabidopsis. Plant Mol. Biol. 93, 299–311. doi: 10.1007/s11103-016-0562-8

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools - an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, H., Liang, X., Gong, X., Reinfelder, J. R., Chen, H., Sun, C., et al. (2021). Comparative physiological and transcriptomic analyses illuminate common mechanisms by which silicon alleviates cadmium and arsenic toxicity in rice seedlings. J. Environ. Sci. 109, 88–101. doi: 10.1016/j.jes.2021.02.030

 Cheng, C., Motohashi, R., Tsuchimoto, S., Fukuta, Y., Ohtsubo, H., and Ohtsubo, E. (2003). Polyphyletic origin of cultivated rice: based on the interspersion pattern of SINEs. Mol. Biol. Evol. 20, 67–75. doi: 10.1093/molbev/msg004

 Coskun, D., Deshmukh, R., Sonah, H., Menzies, J. G., Reynolds, O., Ma, J. F., et al. (2019). The controversies of silicon's role in plant biology. New Phytol. 221, 67–85. doi: 10.1111/nph.15343

 Dai, W. M., Zhang, K. Q., Duan, B. W., Zheng, K. L., Zhuang, J. Y., and Cai, R. (2005). Genetic dissection of silicon content in different organs of rice. Crop Sci. 45, 1345–1352. doi: 10.2135/cropsci2004.0505

 Das, N., Bhattacharya, S., Bhattacharyya, S., and Maiti, M. K. (2018). Expression of rice MATE family transporter OsMATE2 modulates arsenic accumulation in tobacco and rice. Plant Mol. Biol. 98, 101–120. doi: 10.1007/s11103-018-0766-1

 Deen, R., Ramesh, K., Padmavathi, G., Viraktamath, B. C., and Ram, T. (2017). Mapping of brown planthopper [Nilaparvata lugens (Stål)] resistance gene (bph5) in rice (Oryza sativa l.). Euphytica 213, 1–14. doi: 10.1007/s10681-016-1786-z

 Delvigne, C., Opfergelt, S., Cardinal, D., Delvaux, B., and André, L. (2009). Distinct silicon and germanium pathways in the soil-plant system: evidence from banana and horsetail. J. Geophys Res. 114. doi: 10.1029/2008JG000899

 Dutta, A., Patra, A., Hazra, K. K., Nath, C. P., Kumar, N., and Rakshit, A. (2022). A state of the art review in crop residue burning in India: previous knowledge, present circumstances and future strategies. Environ. Challenges 100581. doi: 10.1016/j.envc.2022.100581

 Earl, D. A., and vonHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and implementing the evanno method. Conserv. Genet. Resour. 4, 359–361. doi: 10.1007/s12686-011-9548-7

 Eizenga, G. C., Kim, H., Jung, J. K., Greenberg, A. J., Edwards, J. D., Naredo, M. E. B., et al. (2022). Phenotypic variation and the impact of admixture in the Oryza rufipogon species complex (ORSC). Front. Plant Sci. 13. doi: 10.3389/fpls.2022.787703

 Enstone, D. E., Peterson, C. A., and Ma, F. (2002). Root endodermis and exodermis: structure, function, and responses to the environment. J. Plant Growth Regul. 21, 335–351. doi: 10.1007/s00344-003-0002-2

 Evanno, G., Regnaut, S., and Goudet, J. (2005). Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14, 2611–2620. doi: 10.1111/j.1365-294x.2005.02553.x

 Food and Agriculture Organization of the United Nations (2021). FAOSTAT statistical database (Rome: FAO).

 Frouin, J., Labeyrie, A., Boisnard, A., Sacchi, G. A., and Ahmadi, N. (2019). Genomic prediction offers the most effective marker assisted breeding approach for ability to prevent arsenic accumulation in rice grains. PloS One 14, e0217516. doi: 10.1371/journal.pone.0217516

 Geldner, N. (2013). The endodermis. Annu. Rev. Plant Biol. 64, 531–558. doi: 10.1146/annurev-arplant-050312-120050

 Guerriero, G., Hausman, J. F., and Legay, S. (2016). Silicon and the plant extracellular matrix. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00463

 Halperin, S. J., Barzilay, A., Carson, M., Roberts, C., Lynch, J., and Komarneni, S. (1995). Germanium accumulation and toxicity in barley. J. Plant Nutr. 18, 1417–1426. doi: 10.1080/01904169509364991

 Hao, L., Shi, S., Guo, H., Zhang, J., Li, P., and Feng, Y. (2021). Transcriptome analysis reveals differentially expressed MYB transcription factors associated with silicon response in wheat. Sci. Rep. 11, 1–9. doi: 10.1038/s41598-021-83912-8

 Haritha, G., Malathi, S., Divya, B., Swamy, B. P. M., Mangrauthia, S. K., and Sarla, N. (2018). “Oryza nivara sharma et shastry,” in The wild oryza genomes (Cham, Switzerland: Springer International publishing), 207–238. doi: 10.1007/978-3-319-71997-9_20

 Hinrichs, M., Fleck, A. T., Biedermann, E., Ngo, N. S., Schreiber, L., and Schenk, M. K. (2017). An ABC transporter is involved in the silicon-induced formation of casparian bands in the exodermis of rice. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00671

 Jones, L. H. P., and Handreck, K. A. (1967). Silica in soils, plants, and animals. Adv. Agron. 19, 107–149. doi: 10.1016/S0065-2113(08)60734-8

 Kaladhar, K., Swamy, B. P. M., Babu, A. P., Reddy, C. S., and Sarla, N. (2008). Mapping quantitative trait loci for yield traits in BC2F2 population derived from swarna x O. nivara cross. Rice Genet. Newslett. 24. doi: 10.3389/fpls.2022.790221

 Kaler, A. S., and Purcell, L. C. (2019). Estimation of a significance threshold for genome-wide association studies. BMC Genom. 20, 1–8. doi: 10.1186/s12864-019-5992-7

 Kamvar, Z. N., Tabima, J. F., and Grünwald, N. J. (2014). Poppr: an r package for genetic analysis of populations with clonal, partially clonal, and/or sexual reproduction. PeerJ 2, e281. doi: 10.7717/peerj.281

 Khush, G. S., and Ling, K. C. (1974). Inheritance of resistance to grassy stunt virus and its vector in rice. J. Hered. 65, 135–136. doi: 10.1093/oxfordjournals.jhered.a108483

 Kumar, P. N., Sujatha, K., Laha, G. S., Rao, K. S., Mishra, B., Viraktamath, B. C., et al. (2012). Identification and fine-mapping of Xa33, a novel gene for resistance to Xanthomonas oryzae pv. oryzae. Phytopathology 102, 222–228. doi: 10.1094/phyto-03-11-0075

 Kuroda, Y., Sato, Y. I., Bounphanousay, C., Kono, Y., and Tanaka, K. (2007). Genetic structure of three oryza AA genome species (O. rufipogon, o. nivara and O. sativa) as assessed by SSR analysis on the Vientiane plain of laos. conserv. Genet 8, 149–158. doi: 10.1007/s10592-006-9156-3

 Kurokochi, Y., and Sato, M. (2015). Effect of surface structure, wax and silica on the properties of binderless board made from rice straw. Ind. Crops Prod. 77, 949–953. doi: 10.1016/j.indcrop.2015.10.007

 Li, R. Y., Ago, Y., Liu, W. J., Mitani, N., Feldmann, J., McGrath, S. P., et al. (2009). The rice aquaporin Lsi1 mediates uptake of methylated arsenic species. Plant Physiol. 150, 2071–2080. doi: 10.1104%2Fpp.109.140350


 Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics 25, 1754–1760. doi: 10.1093/bioinformatics/btp324

 Li, Y., Huang, Y. F., Huang, S. H., Kuang, Y. H., Tung., C. W., Liao, C. T., et al. (2019). Genomic and phenotypic evaluation of rice susceptible check TN1 collected in Taiwan. Bot. Stud. 60, 1–7. doi: 10.1186/s40529-019-0269-7

 Li, C., Ng, C. K. Y., and Fan, L. M. (2015). MYB transcription factors, active players in abiotic stress signaling. Environ. Exp. Bot. 114, 80–91. doi: 10.1016/j.envexpbot.2014.06.014

 Li, W., Zhang, Q. J., Zhu, T., Tong, Y., Li, K., Shi, C., et al. (2020). Draft genomes of two outcrossing wild rice, Oryza rufipogon and O. longistaminata, reveal genomic features associated with mating-system evolution. Plant Direct. 4, e00232. doi: 10.1002/pld3.232

 Lin, K. F., Xu, X. Q., Jin, X., Ni, H. Y., and Xiang, Y. L. (2005). Eco-toxicological effects of germanium stress on rice (Oryza sativa l.) and their critical value. Acta Ecologica Sinica. 25, 108–114.

 Lipka, A., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P., et al. (2012). GAPIT: genome association and prediction integrated tool. Bioinformatics 28, 2397–2399. doi: 10.1093/bioinformatics/bts444

 Lischer, H. E., and Excoffier, L. (2012). PGDSpider: an automated data conversion tool for connecting population genetics and genomics programs. Bioinformatics 28, 298–299. doi: 10.1093/bioinformatics/btr642

 Liu, X., Chen, S., Chen, M., Zheng, G., Peng, Y., Shi, X., et al. (2019). Association study reveals genetic loci responsible for arsenic, cadmium and lead accumulation in rice grain in contaminated farmlands. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00061

 Liu, X., Li, J., Xu, L., Wang, Q., and Lou, Y. (2018). Expressing OsMPK4 impairs plant growth but enhances the resistance of rice to the striped stem borer Chilo suppressalis. Int. J. Mol. Sci. 19, 1182. doi: 10.3390%2Fijms19041182


 Lohan, S. K., Jat, H. S., Yadav, A. K., Sidhu, H. S., Jat, M. L., Choudhary, M., et al. (2018). Burning issues of paddy residue management in north-west states of India. Renew Sust Energ Rev. 81, 693–706. doi: 10.1016/j.rser.2017.08.057

 Lu, C. A., Ho, T. H. D., Ho, S. L., and Yu, S. M. (2002). Three novel MYB proteins with one DNA binding repeat mediate sugar and hormone regulation of α-amylase gene expression. Plant Cell. 14, 1963–1980. doi: 10.1105/tpc.001735

 Ma, J. F., Miyake, Y., and Takahashi, E. (2001). Silicon as a beneficial element for crop plants. Stud. Plant Sci. 8, 17–39. doi: 10.1016/S0928-3420(01)80006-9

 Ma, J. F., Tamai, K., Ichii, M., and Wu, G. F. (2002). A rice mutant defective in Si uptake. Plant Physiol. 130, 2111–2117. doi: 10.1104%2Fpp.010348


 Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., et al. (2006). A silicon transporter in rice. Nature 440, 688–691. doi: 10.1038/nature04590

 Ma, J. F., and Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends Plant Sci. 11, 392–397. doi: 10.1016/j.tplants.2006.06.007

 Ma, J. F., Yamaji, N., Mitani, N., Tamai, K., Konishi, S., Fujiwara, T., et al. (2007). An efflux transporter of silicon in rice. Nature 448, 209–212. doi: 10.1038/nature05964

 Ma, J. F., Yamaji, N., Mitani, N., Xu, X. Y., Su, Y. H., McGrath, S. P., et al. (2008). Transporters of arsenite in rice and their role in arsenic accumulation in rice grain. Proc. Natl. Acad. Sci. 105, 9931–9935. doi: 10.1073/pnas.0802361105

 Ma, J. F., Yamaji, N., and Mitani-Ueno, N. (2011). Transport of silicon from roots to panicles in plants. Proc. Jpn Acad. Ser. B. 87, 377–385. doi: 10.2183/pjab.87.377

 Malik, P., Huang, M., Neelam, K., Bhatia, D., Kaur, R., Yadav, B., et al. (2022). Genotyping-By-Sequencing based investigation of population structure and genome wide association studies for seven agronomically important traits in a set of 346 Oryza rufipogon accessions. Rice 15, 37. doi: 10.1186/s12284-022-00582-4

 Mayland, H. F., and Shewmaker, G. E. (2001). Animal health problems caused by silicon and other mineral imbalances. J. Range Manage. 54, 441–446. doi: 10.2307/4003115

 McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al. (2010). The genome analysis toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303. doi: 10.1101/gr.107524.110

 Meharg, A. A. (2004). Arsenic in rice–understanding a new disaster for south-East Asia. Trends Plant Sci. 9, 415–417. doi: 10.1016/j.tplants.2004.07.002

 Mitani, N., Yamaji, N., and Ma, J. F. (2009). Identification of maize silicon influx transporters. Plant Cell Physiol. 50, 5–12. doi: 10.1093/pcp/pcn110

 Murray, M. G., and Thompson, W. (1980). Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 8, 4321–4326. doi: 10.1093%2Fnar%2F8.19.4321


 Nikolic, M., Nikolic, N., Liang, Y., Kirkby, E. A., and Romheld, V. (2007). Germanium-68 as an adequate tracer for silicon transport in plants. characterization of silicon uptake in different crop species. Plant Physiol. 143, 495–503. doi: 10.1104%2Fpp.106.090845


 Oka, H. I. (1988). Origin of cultivated rice (Amsterdam: Elsevier).

 Parameswaran, B., Sindhu, R., Singhania, R. R., Vikram, S., Devi, G. L., Satya, N., et al. (2010). Bioethanol production from rice straw: an overview. Bioresour Technol. 101, 4767–4774. doi: 10.1016/j.biortech.2009.10.079

 Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., and Hoekstra, H. E. (2012). Double digest RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and non-model species. PloS One 7, e37135. doi: 10.1371/journal.pone.0037135

 Pinson, S. R., Heuschele, D. J., Edwards, J. D., Jackson, A. K., Sharma, S., and Barnaby, J. Y. (2022). Relationships among arsenic-related traits, including rice grain arsenic concentration and straight head resistance, as revealed by genome-wide association. Front. Genet. 12. doi: 10.3389/fgene.2021.787767

 Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population structure using multilocus genotype data. Genetics 155, 945–959. doi: 10.1093/genetics/155.2.945

 Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., et al. (2007). PLINK: a toolset for whole-genome association and population-based linkage analysis. Am. J. Hum. Genet. 81, 559–575. doi: 10.1086/519795

 Rains, D. W., Epstein, E., Zasoski, R. J., and Aslam, M. (2006). Active silicon uptake by wheat. Plant Soil. 280, 223–228. doi: 10.1007/s11104-005-3082

 Roppolo, D., De Rybel, B., Tendon, V. D., Pfister, A., Alassimone, J., Vermeer, J. E., et al. (2011). A novel protein family mediates casparian strip formation in the endodermis. Nature 473, 380–383. doi: 10.1038/nature10070

 Roy, S. (2016). Function of MYB domain transcription factors in abiotic stress and epigenetic control of stress response in plant genome. Plant Signal Behav. 11, e1117723. doi: 10.1080%2F15592324.2015.1117723


 Sakurai, J., Ishikawa, F., Yamaguchi, T., Uemura, M., and Maeshima, M. (2005). Identification of 33 rice aquaporin genes and analysis of their expression and function. Plant Cell Physiol. 46, 1568–1577. doi: 10.1093/pcp/pci172

 Sakurai, G., Satake, A., Yamaji, N., Mitani-Ueno, N., Yokozawa, M., Feugier, F. G., et al. (2015). In silico simulation modeling reveals the importance of the casparian strip for efficient silicon uptake in rice roots. Plant Cell Physiol. 56, 631–639. doi: 10.1093/pcp/pcv017

 Schaller, J., Puppe, D., Kaczorek, D., Ellerbrock, R., and Sommer, M. (2021). Silicon cycling in soils revisited. Plants 10, 295. doi: 10.3390/plants10020295

 Shalmani, A., Ullah, U., Muhammad, I., Zhang, D., Sharif, R., Jia, P., et al. (2021). The TAZ domain-containing proteins play important role in the heavy metals stress biology in plants. Environ. Res. 197, 111030. doi: 10.1016/j.envres.2021.111030

 Sharma, S. D. (1965). Taxonomic studies in genus oryza. III. o. rufipogon griff. sensu stricto and O. nivara sharma et shastry nom nov. Indian J. Genet. Plant Breed. 25, 157–167.

 Sharma, S. D. (2000). “Origin of o. sativa and its ecotypes,” in Rice breeding and genetics: research priorities and challenges, 349–369.

 Sharma, H., Batra, R., Kumar, S., Kumar, M., Kumar, S., Balyan, H. S., et al. (2022). Identification and characterization of 20S proteasome genes and their relevance to heat/drought tolerance in bread wheat. Gene Rep. 27, 101552. doi: 10.1016/j.genrep.2022.101552

 Shewmaker, G. E., Mayland, H. F., Rosenau, R. C., and Asay, K. H. (1989). Silicon in c-3 grasses: effects on forage quality and sheep preference. Rangel Ecol. Manage. 42, 122–127. doi: 10.2307/3899308

 Singh, G., Sachdeva, J., and Walia, G. S. (2022). Paddy straw management in punjab: an economic analysis of different techniques. Indian J. Ecol. 49, 302–308. doi: 10.55362/IJE/2022/3521

 Song, W. Y., Yamaki, T., Yamaji, N., Ko, D., Jung, K. H., Fujii-Kashino, M., et al. (2014). A rice ABC transporter, OsABCC1, reduces arsenic accumulation in the grain. Proc. Natl. Acad. Sci. 111, 15699–15704. doi: 10.1073/pnas.1414968111

 Su, J., Ma, Q., Li, M., Hao, F., and Wang, C. (2018). Multi-locus genome-wide association studies of fiber-quality related traits in Chinese early-maturity upland cotton. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01169

 Swamy, B. P. M., Kaladhar, K., Reddy, G. A., Viraktamath, B. C., and Sarla, N. (2014). Mapping and introgression of QTL for yield and related traits in two backcross populations derived from Oryza sativa cv. swarna and two accessions of O. nivara. J. Genet. 93, 643–654. doi: 10.1007/s1204-014-0420-x

 Takahashi, E., Ma, J. F., and Miyake, Y. (1990). The possibility of silicon as an essential element for higher plants. Comments Agric. Food Chem. 2, 99–102.

 Takahashi, E., Matsumoto, H., Syo, S., and Miyake, Y. (1976). Difference in the mode of germanium uptake between silicophile plants and non silicophile plants. comparative studies on the silica nutrition in plants. J. Sci. Soil Manure. 47, 217–221.

 Talukdar, P., Douglas, A., Price, A. H., and Norton, G. J. (2015). Biallelic and genome wide association mapping of germanium tolerant loci in rice (Oryza sativa l.). PloS One 10, e0137577. doi: 10.1371/journal.pone.0137577

 Tan, G. X., Weng, Q. M., Ren, X., Huang, Z., Zhu, L. L., and He, G. C. (2004). Two whitebacked planthopper resistance genes in rice share the same loci with those for brown planthopper resistance. Heredity 92, 212–217. doi: 10.1038/sj.hdy.6800398

 Tanksley, S. D., and McCouch, S. R. (1997). Seed banks and molecular maps: unlocking genetic potential from the wild. Science 277, 1063–1066. doi: 10.1126/science.277.5329.1063

 Thanh, P. T., Sripichitt, P., Chanprame, S., and Peyachoknagul, S. (2006). Transfer of drought resistant character from wild rice (Oryza meridionalis and Oryza nivara) to cultivated rice (Oryza sativa l.) by backcrossing and immature embryo culture. Agric. Nat. Resour. 40, 582–594.

 Tyrrell, M., Campanoni, P., Sutter, J.-U., Pratelli, R., Paneque, M., Sokolovski, S., and Blatt, M.R. (2007). Selective targeting of plasma membrane and tonoplast traffic by inhibitory (dominant-negative) SNARE fragments. Plant J. 51, 1099–1115. doi: 10.1111/j.1365-313x.2007.03206.x

 Vu, Q., Quintana, R., Fujita, D., Bernal, C. C., Yasui, H., Medina, C. D., et al. (2014). Responses and adaptation by nephotettix virescens to monogenic and pyramided rice lines with G rh-resistance genes. Entomol Exp. Appl. 150, 179–190. doi: 10.1111/eea.12149

 Wang, F. Z., Chen, M. X., Yu, L. J., Xie, L. J., Yuan, L. B., Qi, H., et al. (2017). OsARM1, an R2R3 MYB transcription factor, is involved in regulation of the response to arsenic stress in rice. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01868

 Weimin, D., Ke-Qin, Z., Bin-Wu, D., Cheng-Xiao, S., Kang-Le, Z., Run, C., et al. (2005). Rapid determination of silicon content in rice. Rice Sci. 12, 145–147.

 Wu, C. F., and Khush, G. S. (1985). A new dominant gene for resistance to whitebacked planthopper in rice. Crop Sci. 25, 505–509. doi: 10.2135/cropsci1985.0011183X002500030017x

 Wu, Q. S., Wan, X. Y., Su, N., Cheng, Z. J., Wang, J. K., Lei, C. L., et al. (2006). Genetic dissection of silicon uptake ability in rice (Oryza sativa l.). Plant Sci. 171, 441–448. doi: 10.1016/j.plantsci.2006.05.001

 Xia, X., Fan, X., Wei, J., Feng, H., Qu, H., Xie, D., et al. (2015). Rice nitrate transporter OsNPF2. 4 functions in low-affinity acquisition and long-distance transport. J. Exp. Bot. 66, 317–331. doi: 10.1093/jxb/eru425

 Xu, Z., Ge, Y., Zhang, W., Zhao, Y., and Yang, G. (2018). The walnut JrVHAG1 gene is involved in cadmium stress response through ABA-signal pathway and MYB transcription regulation. BMC Plant Biol. 18, 1–13. doi: 10.1186/s12870-018-1231-7

 Yamaji, N., Mitatni, N., and Ma, J. F. (2008). A transporter regulating silicon distribution in rice shoots. Plant Cell. 20, 1381–1389. doi: 10.1105%2Ftpc.108.059311


 Yamaji, N., Sakurai, G., Mitani-Ueno, N., and Ma, J. F. (2015). Orchestration of three transporters and distinct vascular structures in node for intervascular transfer of silicon in rice. Proc. Natl. Acad. Sci. 112, 11401–11406. doi: 10.1073/pnas.1508987112

 Yang, Y., Xu, J., Leng, Y., Xiong, G., Hu, J., Zhang, G., et al. (2014). Quantitative trait loci identification, fine mapping and gene expression profiling for ovicidal response to whitebacked planthopper (Sogatella furcifera horvath) in rice (Oryza sativa l.). BMC Plant Biol. 14, 1–16. doi: 10.1186/1471-2229-14-145

 Yugander, A., Sundaram, R. M., Singh, K., Ladhalakshmi, D., Subba, Rao., L. V., Madhav, M. S., et al. (2018). Incorporation of the novel bacterial blight resistance gene Xa38 into the genetic background of elite rice variety improved samba mahsuri. PloS One 13, e0198260. doi: 10.1371/journal.pone.0198260

 Zhang, C., Dong, S. S., Xu, J. Y., He, W. M., and Yang, T. L. (2019). PopLDdecay: a fast and effective tool for linkage disequilibrium decay analysis based on variant call format files. Bioinformatics 35, 1786–1788. doi: 10.1093/bioinformatics/bty875

 Zhang, Y. W., Tamba, C. L., Wen, Y. J., Li, P., Ren, W. L., Ni, Y. L., et al. (2020). mrMLM v4. 0.2: an r platform for multi-locus genome-wide association studies. Genom Proteom Bioinform. 18, 481–487. doi: 10.1016/j.gpb.2020.06.006

 Zhang, J., Zhu, Y. G., Zeng, D. L., Cheng, W. D., Qian, Q., and Duan, G. L. (2008). Mapping quantitative trait loci associated with arsenic accumulation in rice (Oryza sativa). New Phytol. 177, 350–356. doi: 10.1111/j.1469-8137.2007.02267.x




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 Gowda, Sharma, Gill, Mangat and Bhatia. 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.2023.1174266_cover.jpg
& frontiers | Frontiers in Plant Science

Genome wide association studies and
candidate gene mining for understanding
the genetic basis of straw silica content in a
set of Oryza nivara (Sharma et Shastry)
accessions





OEBPS/Images/fpls-14-1174266-g004.jpg
Straw silica content

Straw silica content

15.0

10.0

75

5.0

10.0

75

5.0

B C
S1_12218963 £ A E3 A6 E2 66 $3_27398544 E3 cc E3 et E3 T S5_13182203 £ A E3 Ac E2 66
1]
o 150 o« 1501
c c
3 3
c =
8 125 8 1251
© ©
= S
@ 100 B 1004
2 2 e e
© ©
5 s
wv 75 v 751 l—t .
[
50 50
AA AG GG cc CcT T AA AG GG
S1_12218963 S3_27398544 S5_13182293
S5_29790457 3 cc B3 ¢T 2 1T E S11_25225732 £3 aa E3 A6 B3 GG F S11_25832818 £ an E3 AG 2 GG
. . C o .
. « 150 « 1501
c =4
3 3
[ [ =4 .
8 125 8 1251
_‘ g | g T
= S
@ 100 @ 1004 :
’ H 2 [
E g |-
| Lo J 759
T
. - 2 50 . Y ; 501 = 2 :
cc CcT T AA AG GG AA AG GG
S5_29790457 S11_25225732 S11_25832818





OEBPS/Images/fpls-14-1174266-g007.jpg





OEBPS/Images/fpls-14-1174266-g006.jpg
Os02g0745100 ——t+—m-t+—"+F+H—"F—+—A4—H—~—F+—"++H——ATC
0s03g0687000 ——HH—H—+—+—H—+—H1+—+H—FH+—H—+H—""F"F¥—AT¢
Oso4g0119800 —08M™+H—H—H—"~HH+—"H—H—+HH+—+H+HH+H+—+HHH—H+H—ATe
Os04g0121800 ——HH—+F+—HHl—H—F++—F+—-H—AT6
0s0590295200 ——MH+—H—+—H++—++H++—+—+H+H+—+—++——AT6
Os05g0596500 ———H——+H—+—"—+H—H+—"+—""+H+H++——"HH+—F+—F+—+H—ATC
0s07g0663500 —————M8—————+—+—+——+H+—"F++—H—H—H—F+HH—ATG
0s08g0167000 ———H—F+—H—+H++H—H—"F—F+—H—+—+—++—1-AaT6
Os11g0153500 —— H—+—++—+—H—WHH—H—+—+——"+1—+tATG
Os11g0646300 ———M8M8M8MHH—+HH+—+H—"+H+—"F—"HH—F+—F+—H+—1++AT6
Os11g0649400 ——— H—+—mM8M88H—HH+—F+—H—"—F—H—4++—+—H—"~F+H+ATe
0s11g0649500 ———— —+HHHHWH—F—"+H—H+—+H—+—+4+—F—F++H——ATc
Os11g0649600 ——M8M8Mm ™ ——F+———F——H}————————ATG
0s11g0649700 ——H—+—+HH—+—4— —+H+—4——++—+——+—FHi-ATe
e ————————————————————

5 3l

0 300 600 900 1200 1500

B O2-site
'~ ABRE
P AE-box
I Box 4
I CAAT-box
I CCAAT-box
I CGTCA-motif
P circadian
I vss
My

B vvB

B3 Myb-binding site

B TATA-box

[ TGACG-motif

B A-box
I ABRE4
B GCN4_motif
B LTR

B YB-like sequence [ DRE core

B myC
I P-box
I ARE

I AT-rich element

I G-Box
B L-box
I ABRE3a
B ATCT-motif
I G-box
B STRE
P TCCC-motif
B TCT-motif
I AcE

B GARE-motif
" GT1-motif
[ Box I
P GC-motif

B sp

I !-box

B AT-rich sequence

B GATA-motif

[ MYB recognition site

B TGA-element

I CARE

I CAT-box

P LAMP-element

_ TC-rich repeats

B TATA

B WRE3
ACA-motif

I ERE

B cA

I TCA-element

I Whbox





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome wide association studies and candidate gene mining for understanding the genetic basis of straw silica content in a set of Oryza nivara (Sharma et Shastry) accessions

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant material

          



          		

            Straw silica estimation and statistical analysis

          



          		

            Genotype data analysis

          



          		

            Population structure and linkage disequilibrium analysis

          



          		

            Multi-locus genome-wide association studies

          



          		

            Candidate gene mining, expression analysis, and protein–protein interactions

          



          		

            Identification of cis-regulatory elements

          



          		

            Identification of conserved genomic regions in different cereals

          



        



        



        		

          Results

        

          		

            Straw silica content of O. nivara accessions and cultivated rice varieties

          



          		

            Population structure in O. nivara

          



          		

            Multi-locus genome-wide association studies

          



          		

            Estimation of allelic effects

          



          		

            Candidate gene mining in QTL regions

          



          		

            Promoter analysis of putative candidate genes

          



          		

            Conserved genomic regions associated with straw silica content in maize

          



        



        



        		

          Discussion

        

          		

            Straw silica content variation

          



          		

            Population structure and genome-wide association studies in O. nivara accessions

          



          		

            Relationship between silicon and arsenic

          



          		

            Relationship between silicon and germanium

          



          		

            Candidate genes for straw silica content

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1174266-g002.jpg
Deltak = mean(|L"(K)]} / sd(L(K))

g o £ -
a
? ) 28 ’
Ao &
§1 S -20 J
/40
8 . ’-60 e
-20 0 20 40 60 80 . A A
PC1
1.00
0.80
0.60
0.40

0.20

0.00





OEBPS/Images/table2.jpg
SNP associ- Chrom  Position Genotype = Models* = Previously reported QTLs colocal-

ated ((]9)] ized
48Sil S1_12218963 1 12218963 3.89-4.07 049 AG 5,6
48Si2 $2_10002377 2 10002377 3.12-4.43 048 GG 1,2,6 Talukdar et al. (2015) (Ge)
gSSi31 $3.25015087 3 25015087 331-3.44 022 TT 12 Wu et al. (2006) (Si)
gSSi32  $3_27398544 3 27398544 3.1-551 045 cc 1,2,4,5 | Wuetal. (2006) (Si)
6
gSSi4.1 | S4_1274437 4 1274437 3.6-4.06 029 TT 4,6
qSSi4.2 | 49839223 4 9839223 422-6.67 0.15 GG 1,2,4,5 | Pinson et al (2022) (Si), Pinson et al. (2022)
6 (As)
gSSis1 $5_13182293 5 13182293 42-63 049 GG 1,2,4,5 | Dai et al (2005) (Si)
6
g8Si5.2  $5.29790457 5 29790457 35-72 047 TT 1,2,4,5,
6
48Si7 §7_27857697 7 2787697 4.05-5.76 042 GG 1,2 Wu et al. (2006) (Si),
Pinson et al. (2022) (Si)
48Si8 $8_4062103 8 4062103 3.89-4.11 048 GG 5.6
gSSil0 S10_1674921 10 1674921 3.01-3.11 032 TT 5,6 Wu et al. (2006) (Si)
gSSill.1 | S11.25225732 11 25225732 338-4.28 048 GG 1,6 Pinson et al. (2022) (As), Liu et al. (2019) (As)
gSSi11.2 | S11.25832818 11 25832818 3.79-3.86 038 AA 2,5 Pinson et al. (2022) (As), Talukdar et al.
(2015) (Ge)
gSSil2 | S12_24560066 12 24560066 4.00-5.30 035 TT 1,6

*MAF, Minor Allele Frequency.
1, mrMLM; 2, FASTmrMLM; 3, FASTmrEMMA; 4, pKWmEB; 5, pLARmEB, 6, ISIS EM-BLASSO.
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OEBPS/Images/table1.jpg
Accession Country of origin = Si content (%) % Decrease in Si w.r.t. PR126 | % Decrease in Si w.r.t. Pusa Basmati 1121

number

IR106308 Cambodia 5.08 43.24% 53.81%
CR100184 India 5.52 38.32% 49.81%*
CR100414 India 5.54 38.10" 49.63**
1R92759 Cambodia 5.54 38.10" 49.63**
IR105410 Sri Lanka 573 35.97% 47.90**
IR103841 Bangladesh 5.83 34.86"* ' 47.00%*
IR105806 Thailand 5.84 34.74 46.90**
1R92799 Cambodia 5.90 34,07 46.36"
CR100370 India 5.98 33.18* 45.63**
CR100418 India 6.08 32.06™ 44.72**

**p-value significant at o = 0.001.
***p-value significant at &t = 0.0001.





