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Comparative single nucleotide polymorphisms (SNPs) analysis of MR 297 and MRQ 
76 rice varieties reveals potential SNPs in coding genes
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Abstract

MR 297 and MRQ 76 are commercial rice varieties in Malaysia, but the genomic information of these varieties are 
scarcely reported. This study aims to unravel the genomic variations in these two rice varieties, annotate the single 
nucleotide polymorphisms (SNP) and generate a list of potential SNPs in coding genes related to agronomically 
important genes. In this study, the genomes of MR 297 and MRQ 76 were sequenced using Illumina HiSeq 4000. 
Bioinformatics analysis was carried out to identify potential SNPs in both varieties. A total of 2,424,521 and 2,354,097 
SNPs were identified in MR 297 and MRQ 76, respectively. Annotation of SNPs in coding genes identified 153,058 
SNPs in MR 297 and 147,431 SNPs in MRQ 76. Deleterious SNPs analysis using SIFT4G found 12 deleterious SNPs 
in genes encoding seed metabolism, salinity, cell-wall biosynthesis, and disease resistance. Identification and annotation 
of SNPs in MR 297 and MRQ 76 suggested potential SNPs that valuable for PCR-based marker development or 
whole-genome genotyping to facilitate marker-assisted rice breeding (MAB) and marker-assisted selection (MAS) in 
rice breeding programme.
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Introduction

	 High-throughput sequencing plays an essential role 
for exploring the genome of crop species. The genome 
sequence of crops provides the rapid identification of 
agronomically important genes and the discovery of 
molecular markers (i.e., microsatellite, single nucleotide 
polymorphism (SNP), insertion-deletion (InDel)). For 
example, the first large rice re-sequencing project has 
sequenced 3000 rice genomes from various rice sub-
species and varieties to discover millions of SNPs in 
coding genes (Consortium et al. 2016). Previous studies 
have performed genome re-sequencing of extensive 
collections of rice germplasms (Tanaka et al. 2020) within 
rice sub-species (Lv et al. 2020) and pigmented rice 
varieties (Lachagari et al. 2019) to discover potential SNPs 
in coding genes that contribute to agronomic traits. These 
efforts indicate the usefulness and effectiveness of a high-
throughput sequencing platform for researchers to exploit 
large-scale genomic variation in rice. Consequently, this 
genomic variation can be used as molecular markers to 

aid in the development of quantitative trait loci (QTL), 
marker-assisted selection (MAS) and marker-assisted 
breeding (MAB).
	 Genome-wide identification of single nucleotide 
polymorphism (SNP) in the coding genes has been 
widely used in investigating the genomic basis of 
phenotypic differences within and intra sub-species, 
genetic diversity study, and evolutionary relationships 
(Manrique-Carpintero et al. 2013; Rezaei et al. 2016; 
Vasconcelos et al. 2016). SNP is highly abundant in 
the genome, codominance inheritance and amenable for 
high-throughput genotyping (Edwards et al. 2005). In 
addition, the SNP in the coding region is crucial as the 
substition of amino acid may affect the protein function 
that subsequently may lead to differential phenotypic 
expression (Martinez-Garcia et al. 2013).
	 To date, information on polymorphisms in the coding 
genes of Malaysian white rice varieties remains limited. 
In this study, we report the genome re-sequencing of 
two Malaysian white rice varieties, namely MR 297 and 
MRQ 76. Genome re-sequencing is an approach for which 
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a reference genome of species exists, and several rice 
genomes from the japonica and indica sub-species have 
been established (Guo et al. 2014). Hence, we performed 
the re-sequencing of MR 297 and MRQ 76. Additionally, 
the genome re-sequencing approach has been performed in 
many crop species and varieties to identify the variation 
in different species and cultivars (Guo et al. 2013; Thudi 
et al. 2016; Gramazio et al. 2019).
	 MR 297 and MRQ 76 are white, cultivated and modern 
rice varieties from the indica sub-species. MR 297 is a 
high-yielding variety and widely planted in Malaysia 
whereas MRQ 76 is fragrant rice variety and low 
amylose content. In addition, the demand for fragrant 
rice in Malaysia has increased due to it taste and aroma 
(Hashim et al. 2016). Therefore, it is of importance to 
gain insight into the genomics variation in these two rice 
varieties, which could be used in the future rice breeding 
programme. Table 1 shows the morpho-physiological 
features of MR 297 and MRQ 76.
	 This study aims to unravel the genomic variations in 
these two rice varieties, focusing on the polymorphism 
in the coding genes that are responsible for expression 
of agronomically important traits, such as nutritional, 
aromatic, amylose content and stress response. We also 
identified unique SNPs between both rice varieties and 
annotated the SNPs into biological processes, molecular 
functions and pathways. The results from this study will 
facilitate us in developing more QTLs and molecular 
markers for application in in rice breeding programme.

Materials and methods

Plant materials

	 Seeds of MR 297 and MRQ 76 were obtained from 
MARDI Seberang Perai, Penang, Malaysia. Seeds were 
sterilised, incubated at 42 °C overnight and soaked in 
water for two days before being placed onto wet tissues 
or directly sowed into the soil.

DNA isolation and genome sequencing

	 Total DNA of each variety was extracted from leaves 
of two weeks old germinated seedlings using Murray 
and Motou protocol (Murray and Thompson 1980), 

and Sigma DNA extraction kit. Analysis of the DNA 
quality and quantity was carried out using a nanodrop 
spectrophotometer. The integrity of the DNA samples 
was determined using 0.8% agarose gel. The DNA 
samples were sent to the sequencing service provider and 
sequencing was performed using Illumina HiSeq4000 
sequencing (Illumina, Inc. San Diego, CA, USA). The 
sequencing procedure was performed by following the 
standard Illumina protocol. The cleaned paired-end 
sequence reads from MR 297 and MRQ 76 have been 
deposited in the ENA database (www.ebi.ac.uk/ena) under 
the acession number PRJEB32344.

Reads mapping and identification of SNPs

The pair-end sequencing reads from MR 297 and MRQ 
76 with the read length of 150bp at each end were aligned 
against Nipponbare genome sequences using Burrows-
Wheeler Aligner (BWA) (H. Li and Durbin, 2009) software 
with default parameters except for “mem -m 10000 -o 1 
-e 10 -t 4”. The mapped reads were merged and indexed 
as BAM files. All reads from each variety were cleaned 
by removing PCR duplicate reads using PICARD version 
0.7.12. Haplotype Caller package in (GATK) version 3.6 
was used for SNP calling with default parameters except 
a minimum phred-scaled confidence threshold of 50, a 
minimum phred-scaled confidence threshold for emitting 
variants at 10, every site in a genome were set at >30 for 
mapping quality, >50 for variant quality and >10 for the 
number of supporting reads for every base.

Annotation of SNPs

	 SnpEff version 4.1 was used to annotate the SNPs 
into three different categories: i) intergenic, ii) genic and 
iii) non-coding (Cingolani et al. 2012). The genic SNPs 
were classified into four different genomic regions: i) 
exon, ii) 3’prime untranslated region (UTR), iii) 5’prime 
UTR and iv) intron. The SNPs in the exon region were 
divided into synonymous and non-synonymous amino 
acid substitutions. Filtering of annotated SNPs according 
to the above criteria was performed using R packages 
(dataframe plyr (dplyr), structured query language data 
frame (sqldf) and tidy R language (tidyr). Unique SNPs 
were identified and compared among the rice cultivars 
using R scripts. The SNPs from different rice cultivars 
were retrieved from Ensembl Plants Variation database 
(http://plants.ensembl.org/Oryza_indica/Info/Index). 

Functional enrichment of non-synonymous SNPs 
(nsSNPs)

	 Gene ontology (GO) and pathway analysis were 
performed using ClueGO plugin (Bindea et al. 2009) in 
Cytoscape version 3.6.1 (Cline et al. 2007) to decipher 
the biological interpretation of these non-synonymous 
SNPs (nsSNPs). A two-sided hypergeometric test and 
multiple testing by Bonferroni were selected to identify 
the GO terms and pathways. Two-sided hypergeometric 

Table 1. Morpho-physiological features of MR 297 and MRQ 76

MR 297 MRQ 76
Grain length (mm) 7.07 6.54

Width grain (mm) 2.07 1.96

Maturity day 110 days 117 days

Amylose content 23.3 (hard) 16.0 (intermediate)

Plant height (mm) 6.4 – 7.0 7.8

Stem length (mm) 2.1 – 2.7 2.2

Weight 1,000 grains (g) 27.8 – 29.2 25.2
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test represents enrichment or depletion of GOs and 
pathways. It is the most appropriate and standard 
parameter for GO and pathway annotation analyses in 
ClueGO (Rivals et al. 2007).

Prediction of deleterious and tolerated non-
synonymous SNPs

	 Deleterious and tolerated of non-synonymous SNPs 
were predicted using the SIFT4G (Sorting Intolerant 
from Tolerant) (Kumar et al. 2009). In SIFT4G, the SNPs 
are classified as deleterious if tolerance index ≤0.05 
whereas tolerated if tolerance index ≥0.05. We used list of 
agronomically important genes from The Rice Annotation 
Project database (RAP-DB) (https://rapdb.dna.affrc.go.jp/
agri_genes/agri_gene_list.html) to screen the potential 
genes containing deleterious SNPs in MR 297 and MRQ 
76 rice varieties (Supplementary Table 1).

Results and discussion

Genome re-sequencing of MR 297 and MRQ 76 
and identification of SNPs

	 Using Illumina HiSeq 4000, 96.8 million reads (14.52 
Gb) and 96.5 million reads (14.48 Gb) were generated 
in MR 297 and MRQ 76, respectively (Table 1). The 
sequencing depth was 30X coverage. 30X coverage is 
sufficient for variants discovery (Sims et al. 2014). This 
genome re-sequencing has covered 89.3% and 88.50% 
genome of MR 297 and MRQ 76, respectively. After 
removing adapter and low quality base, clean reads 
achieved 99.26% and 99.36% for MR 297 and MRQ 76, 
respectively. The clean reads were mapped on the Oryza 
sativa japonica cultivar Nipponbare genome, which 
resulted in 96.54% and 96.64% mapping rates in MR 
297 and MRQ 76, respectively (Table 1). The difference 
in mapping rates could be related to the divergence 
between indica and japonica sub-species (Xu et al. 2012) 
and the difference in genomic features that could not 
be shared between the genomes of indica and japonica 
sub-species (Schatz et al. 2014). For instance, structural 
variants (i.e., insertions, deletions, inversions) and genes 
that contributed to domestication can be identified as 
divergent between these two genomes of sub-species 
(Wang et al. 2014; Kou et al. 2020).
	 We mapped the genomes of MR 297 and MRQ 76 onto 
O. sativa cv. Nipponbare. Nipponbare is a high-quality and 
well-annotated reference genome. Although several indica 
rice genomes are available and well-assembled (i.e., 93-
11, HR-12, R498, IR64), they need to be well-annotated as 
compared to Nipponbare. For instance, many hypothetical 
and unknown genes annotation in 93-11 requires the user 
to annotate the gene sequences for further description. In 
addition, the gene identifier of Nipponbare is widely used 
in many bioinformatics tools and databases, which ease 
the user to analyse the genes into biologically meaningful 
information. Previous studies have used the Nipponbare to 
map onto indica rice variety (Jain et al. 2014 ; Srivasta et 

al. 2014; Rathinasabapathi et al. 2015). According to a 
previous report, the difference between the genomes of 
indica and japonica sub-species should not be too different 
(Campbell et al. 2020).
	 A total of 2,425,462 and 2,355,126 raw putative SNPs 
were identified in MR 297 and MRQ 76, respectively 
(approximately six SNPs for every one kilobase of MR 
297 and MRQ 76 rice genomes). In addition, SNP filtering 
identified 479,341 high-quality SNPs in MR 297, whereas 
468,254 high-quality SNPs in MRQ 76 (Table 1). This 
finding shows a higher frequency of SNPs was found in 
MR 297 as compared to MRQ 76. The frequency of SNPs 
indicates the measurements of genetic diversity between 
two individuals or within the population (Edwards et 
al. 2005). The different SNPs frequency between the 
individuals was likely due to the combination of mutation 
rate, generating new polymorphism either through natural 
or artificial selection in the breeding activity (Edwards et 
al. 2005). High SNPs frequency in MR 297 could indicate 
MR 297 has received new genes during the artificial 
breeding selection. 

SNPs annotation to identify the functional effects 
of SNPs

	 A total of 153,058 SNPs in the MR 297 and 147,431 
SNPs in the MRQ 76, were annotated in the coding regions 
of rice genes (Table 1). 330,682 and 324,961 SNPs were 
located in the intergenic regions of MR 297 and MRQ 76, 
respectively. High-number of SNPs in intergenic regions 
has been commonly observed in rice (Ebana et al. 2010; 
Mehra et al. 2015; Tatarinova et al. 2016).
	 A total of 76,213 genic SNPs were identified in the 
intron, followed by 44,347 SNPs in the exon and 32, 
498 in the UTRs of MR 297. In MRQ 76, 73,581 genic 
SNPs were found in the intron, followed by 42,461 SNPs 
in the exon and 32,498 SNPs in the UTR (Figure 1). 
SNP in the intron region resides at the splice junction, 
intron splice enhancer or silence elements (Coulombe-
Huntington et al. 2009). Furthermore, SNPs in the intron 
region have the potential to alter the DNA splicing and 
regulate the transcript level by changing the binding sites 
of miRNAs, which reside in the intron region (Wang and 
Cooper, 2007).
	 Low-frequency of SNPs were identified in the 3’ prime 
UTR and 5’ prime UTR. Fewer SNPs in this region due 
to the amino acid conservation (Tatarinova et al. 2016). 
Mutation in the UTR is capable of changing the local 
mRNA structure near the 3’ and 5’ cap and potentially 
affect the translation process (Tatarinova et al. 2016).

Identification of unique SNPs

	 Unique SNP shows the presence of alleles only in one 
variety and with different alleles in multiple varieties or 
individuals (Figure 2). Hence, unique SNPs can be used 
to investigate the relationship and differentiate between 
accessions and varieties. In this study, 76,645 unique SNPs 
were identified between MR 297 and MRQ 76 (Figure 3)
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(Supplementary Table 2). The proportion of unique SNPs 
between MR 297 and MRQ 76 is low (42.68%), showing 
that these two varieties tend to share the alleles. This 
finding is consistent with previous report that MRQ 76 is 
one of the parental lines to MR 297 (Sunian et al. 2022).
	 Of these, 135 unique SNPs were identified after 
comparing with SNP data from Ensembl Plants Variation, 
consisting the variation data from six large-scale SNP 
studies from various cultivars (Supplementary Table 2). 
This finding indicates that many SNPs have been 
discovered from various rice cultivars by rice genome-
sequencing efforts from time to time. The application of 
unique SNPs has been demonstrated in seed purity testing 
and DNA fingerprinting analysis (Rhomdane et al. 2018; 
Ooi et al. 2019; Josia et al. 2021).

Functional annotation on non-synonymous and 
deleterious SNPs

	 A total of 23,636 nsSNPs in the MR 297 and 22,640 
nsSNPs in the MRQ 76 were further analysed into pathway, 
biological process and molecular function terms to gain 
better insight into the biological function of the potential 
genes and proteins (Table 2). The biological process 
(BP) terms, such as peptide transport (GO:0015833) 
and positive regulation of transcription DNA-template 
(GO:0045893) were enriched in genes containing 

nsSNPs of MR 297. For molecular function (MF) terms, 
such primary active transmembrane transporter activity 
(GO:0015399), ether lipid metabolism (GO:0046485), ion 
transmembrane transporter activity (GO:0046873), and 
histone binding (GO:0042393) were enriched in genes 
containing nsSNPs of MRQ 76 (Figure 4a). GO terms, 
such as metal ion transmembrane transporter activity, 
primary active transmembrane transporter activity and 
peptide transport are likely related to the catalysis and 
transport of substrates throughout the cell membrane 
(Miyadate et al. 2011; Ueno et al. 2011).
	 In MRQ 76, BP terms, such as oxylipin metabolic 
process (BP) (GO:0031407) and molecular function of 
coenzyme binding (MF) (GO:0050662) were enriched 
in genes containing nsSNPs (Figure 4b). The GO term 
coenzyme binding is likely associated with plant growth 
and development (Lu et al. 2013) whereas the oxylipin 
metabolic process is likely related to the defence response 
in rice (Chehan et al. 2007). A previous study has 
reported that repression of metabolic genes during stress 
might be able to defend the plant from pathogen attack 
(Zeier 2013).
	 Five pathways, including diterpenoid biosynthesis 
(osa00904), glycerophospholipid metabolism (osa00564), 
starch and sucrose metabolism (osa00500) and amino 
sugar and nucleotide sugar metabolism (osa00520), and 
aminoacyl-tRNA biosynthesis (osa00970) were enriched 

Figure 3. Unique and common SNPs present in MR 
297 and MRQ 76

Figure 2. Unique SNPs show the allele presence in one variety 
and with different alleles combinaBon in other varieBes

Figure 1. Frequency of SNPs in each functional effect of MR 297 and MRQ 76. The functional effects 
were classified into UTR, intron, non-synonymous and synonymous

MRQ 76MRQ 297
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in genes containing nsSNPs of MR 297 and MRQ 76. 
Starch and sucrose metabolism has been associated 
with plant abiotic stress, such as high salinity, drought 
resistance (Thalmann and Santelia 2017) and submergence 
(Lee et al. 2019).
	 The nsSNP or missense SNP are categorised into 
deleterious or tolerated SNPs. Deleterious SNPs may 
alter the conserved regions, affect the protein stability 
and cause phenotypic changes (Kono et al. 2016). In this 
study, SIFT4G predicted 775 nsSNPs were deleterious in 
MR 297 while 677 nSNPs were predicted as deleterious in 
MRQ 76 (Table 2) (Supplementary Table 3). Annotation 
of deleterious SNPs identified 30 potential deleterious 
SNPs in agronomically important genes, such as seed 
metabolism, disease resistance, cell wall biosynthesis, 
aromatic, salinity, yield, flowering and quality (Table 3).
	 Deleterious SNP (chr06_4799710) predicted in the 
sucrose synthase 2 (RSUS2) (Os06g0194900), a gene 
which is involved in the carbohydrate metabolism and 
sucrose biosynthesis of rice. RSUS2 has been suggested 
to alter the sugar metabolism under submerged conditions 
(Fukuda et al. 2008). Expression of RSUS2 in the 
germinated rice seedlings and grown in the submerged 
conditions suggests its role in increasing sucrose 
metabolism. In another study, RSUS2 was found to be 
involved in the starch biosynthetic pathway, which is 
contribute for developing the rice grain and vegetative 
tissues (Chen et al. 2012). This finding may indicate the 
involvement of RSUS2 in grain quality and response to 

submerged condition in rice. To date, no further study has 
been carried out that investigates the loss-of-function in 
the RSUS2 gene. Hence, RSUS2 could be suggested to 
be studied in the future.
	 Deleterious SNP (chr06_662221) in MRQ 76 was 
found in the cellulose synthase-like protein D2 (CSLD2) 
(Os06g0111800). CSLD2 has been reported as a 
plasma membrane protein, which is responsible for the 
biosynthesis of cell wall polysaccharides (Luan et al. 2011; 
Marcotuli et al. 2018; Nater et al. 2015). As CSLD2 is 
one of the members in the CSL superfamily, thus it is a 
promising candidates for encoding the glycosyl synthases 
that make the hemicellulose backbones of plant cell 
walls (Li et al. 2009). Previous studies have revealed the 
involvement of cell wall biosynthesis in several agronomic 
traits in rice, such as resistance to disease (Hu et al. 2017) 
and grain yield (Xu et al. 2017)
	 Although MRQ 76 is an aromatic rice, only one 
nsSNP (chr08_20382857) was identified in the BADH2 
(Os08g0424500) gene encoding aromatic. This nsSNPs 
was not predicted as deleterious SNP.
	 Two nsSNPs were identified in gene encoding GTPCHI. 
GTPCHI is a gene in folate biosynthetic pathway and 
responsible for seed metabolism in rice (Dong et al., 
2014). Previous study has identified GTPCHI in the 
QTL region of weedy rice, indicating this gene could be 
potential to be responsible for weedy rice domestication 
(Islam et al. 2020). Therefore, these two SNPs in 
GTPCHI are suggested for further validation using a low-

Table 2. Summary of genome mapping and SNPs discovery from MR 297 and MRQ 76

MR 297 MRQ 76
Total reads (bp) 96,838,269 96,537,127
Total data (Gb) 14.52 14.48
Total clean reads (bp) 96,121,666 (99.26%) 95,919,290 (99.36%)
Total mapped reads 92,795,856 (96.54%) 92,696,401 (96.64%)
Total raw SNPs 2,424,521 2,354,097
Total high-quality SNPs 479,341 468,254
Total SNPs in coding genes 153,058 147,431
Total SNPs in intergenic region 330,682 324,961

Figure 4. Gene ontology enrichment analysis of rice gene families that were contained non-synonymous SNPs. 
The gene ontology term was grouped into biological process, molecular function and cellular component. a) 
The most significant biological process and molecular function in MR 297. b) The most significant biological 
process and molecular function in MR 297 in MRQ 76

(b)(a)
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throughput genotyping platform (i.e.,  KASPar), which 
could serve as a potential functional marker for weedy 
rice identification.
	 Seven deleterious SNPs were identified in several genes 
related to disease resistance traits (Table 3). For instance, 
germin-like proteins (OsGLP3-4 and GLP8) are the genes 
that play a role in the regulation of disease resistance and 
plant height (Banerjee and Maiti, 2010). In addition, a 
previous study has revealed that the Bcl-2-associated 
athanogene (BAG) genes exhibited diverse expression 
patterns, such as response to stress (Zhou et  al. 2021). 
Hence, the nsSNPs in genes related to disease resistance 
could be suggested to be studied in the future.
	 OsHAK21  is a family member of the High-Affinity 
(K+) transporter that plays a crucial role in the rice salt 
tolerance mechanism (Shen et al. 2015). In this study, one 
deleterious SNP was identified in  OsHAK21  (Table  3). 
Therefore, validating this potential nsSNPs using the 
genotyping platform could serve as a functional marker 
for salt tolerance traits in rice.
	 Identification of deleterious SNPs in the MR 297 and 
MRQ 76 is essential in prioritising the candidate SNPs 
and genes that responsible for agronomically important 
traits in rice. Prediction of deleterious SNP is based on 
sequence conservation approach, showing conserved 
region is functionally important region. In addition, 
conserved regions in the O. sativa could be due to the 
selective sweeps (Duitama et al. 2015). The potential 
SNPs discussed in this study could be prioritised and 
suggested for genotyping work, which could be applied 
in the rice breeding programme.

Conclusion

	 Genome re-sequencing of SNPs in MR 297 and 
MRQ 76 rice genomes highlights the wealth of genomic 
variations present in MR 297 and MRQ 76. The short 
reads sequence from MR 297 and MRQ 76 were mapped 
against Nipponbare rice genome sequences. This mapping 
has resulted in the identification of SNPs between MR 297 
and MRQ 76. The functional effect of SNPs was observed 
to investigate their potential effects in several biosynthetic 
genes related to essential traits, such as resistance to 
disease, response to abiotic stress (i.e., salinity) and seed 
metabolism. This effort could be important in exploiting 
the DNA variations that are responsible for traits of 
interest.The identified SNPs in local rice varieties will 
serve as a useful resources, which in return will accelerate 
molecular genetics in rice breeding programme.
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