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Abstract. Rice is the foremost crop catering to the major caloriﬁc requirement of the human population but has the disadvantage of
having high glycaemic index (GI). The ﬁne quality rice varieties, BPT and RNR have been recently identiﬁed as having low GI in nature
and are grown mostly in southern parts of India. Starch (80%) is the major component of rice endosperm attributing to GI. The study aimed
to unravel the molecular basis of low GI through targeted pooled amplicon sequencing of major starch biosynthetic genes. A total of 13
candidate genes involved in starch synthesis were ampliﬁed and pooled in equimolar proportion for sequencing. Single-nucleotide
polymorphisms (SNPs) and insertions/deletions (Indels) were detected in both coding and noncoding regions. Among the genes that are
under study, the highest number of variations were identiﬁed in starch synthase I (SSI) followed by starch synthase IIIA (SSIIIA) genes.
Nonsynonymous SNPs with high probability of effecting gene function were validated by Sanger sequencing and molecular docking.
Identiﬁed causative SNPs were mapped on 3000 rice genome database and their allele frequencies were obtained. The outcome of this study
has a potential to be applied in breeding programmes to obtain low GI rice varieties with added beneﬁcial traits.
Keywords. glycaemic index; starch biosynthetic genes; pooled amplicon sequencing; single-nucleotide polymorphisms; molecular
docking; allele frequencies.

Introduction
Rice (Oryza sativa) is one of the staple food crops and the
primary source of energy for half of the world population,
majorly residing in Asian countries (Khush 1997). Components of rice grain majorly consists of starch (80–90%),
protein and minerals. Carbohydrates are rapidly broken
down during digestion due to which there is an increase in
the blood glucose level, a condition known as postprandial
hyperglycaemia occurs. It is well known that hyperglyBNV is responsible for designing, conducting laboratory experiments and
drafted the manuscript. AP and VK performed bioinformatics work
including molecular docking and population genetics. HV executed SNP
validation in Indian rice varieties. AM and CU were responsible for confocal
and bright ﬁeld microscopic studies, respectively. TVR played active role in
conceptualization of the study. TV and HV edited the manuscript. GVS
guided, supervised the project and provided critical suggestions on
manuscript preparation.

caemia triggers various changes in many tissues of the body
which in turn enhances the risk of cardiovascular diseases.
Different food types vary in their ability to raise the blood
glucose content due to differences in the composition of
carbohydrates. This ability is measured and termed as GI.
Foods are classiﬁed into low (\55), medium (56–69) and
high GI ([70) foods. Regular consumption of foods that are
rich in carbohydrates such as milled rice coupled with current lifestyle has increased risk of developing type 2
diabetes.
In the present scenario of increasing awareness regarding
diabetes and obesity, low GI foods are preferred by consumers to control as well as to prevent type 2 diabetes.
Development or identiﬁcation of rice variety with decreased
GI would be a challenging task. Starch, a major carbohydrate present in rice is a polysaccharide made up of amylose
and amylopectin, which differ in the way glucose moieties
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are bound to each other. Amylose is straight chain polymer
of D-Glc units linked by a-1,4 glycosidic bonds with a few
branch points linked with a-1,6 bonds. Whereas amylopectin
is a heavily branched polymer with a few a-1,4-linked D-Glc
units interlinked by a-1,6-glycosidic bonds to form a very
large polymer. Amylopectin and amylose exists in 2:1 ratio
and are arranged alternatively in crystalline and amorphous
lamellae of starch granule (Vandeputte and Delcour 2004).
The arrangement and ratio of these two starch polymers
effects GI of the rice.
Biosynthesis of starch (amylose and amylopectin)
involves several enzymes which are studied extensively in
various crops (Morell et al. 2003). It is one of the bestcharacterized metabolic pathways in plants. Over 20
enzymes involved in the starch synthesis pathway have been
identiﬁed so far. Each of the enzyme has many isoforms and
are broadly classiﬁed into ADP-glucose pyrophosphorylase
(ADPase), starch synthases (SS), starch branching enzymes
(SBE), debranching enzymes (DBE) and phosphorylases
(PHO) (James et al. 2003). Starch synthesis takes place in
leaf as well as in endosperm but isoforms active in both
regions may vary. In rice endosperm, ADP-glucose
pyrophosphorylase large subunit 2 (AGPL2), ADP-glucose
pyrophosphorylase small subunit 2b (AGPS2b), granulebound starch synthase I (GBSSI), starch synthase IIA
(SSIIA), starch branching enzyme IIB (SBEIIB), and
isoamylase1 (ISA1) play an active role in starch synthesis
(Pan and Nelson 1984; Nakamura 1996; James et al. 2003;
Smidansky et al. 2003; Tanaka et al. 2004; Lee et al. 2007).
Any alterations in the nucleotide sequence of these enzymes
can potentially lead to changes in starch composition.
To identify the presence of natural variations in the genes of
our interest, there is a requirement of advanced molecular tools.
Next-generation sequencing platforms enables simultaneous
sequencing of targeted genomic regions across different populations. This leads to the discovery of new variants and their
frequencies in the selected genes (Harismendy and Frazer 2009).
For example, rice 3000 genomes project was carried out using the
massively parallel sequencing (MPS) technology, which is one of
the best tool for genetic analysis and functional genomics.
Recently, targeted MPS has been integrated along with longrange PCR (LR-PCR) of pooled DNA (amplicons of interested
region/gene) samples enabled genetic analysis in targeted manner. In this technology, desired region is sequenced multiple times
along with the advantage of performing large number of
sequencing reactions simultaneously (Out et al. 2009).
India is the home for many rice varieties (*100000) of
which only a few popular varieties are cultivated in large
hectares (43.5 million) of land, for e.g., Cotton Dora Sannalu
(MTU1010), Sona Mahsuri (BPT5204), Swarna (MTU7029)
and Vijetha (MTU1001) have occupied more than 25% of
rice growing area in India. New variety, RNR 15048,
released by agricultural university of Telangana state is
gaining popularity due to its high yielding potential and
resistance to blast disease (Nikitha et al. 2018). Of the
popular varieties listed above, the recent studies indicate that

RNR 15048 and BPT 5204 rice varieties possess low GI
value of 51.72 and 51.42, respectively (Indian Institute of
Rice Research Newsletter 2014, https://www.icar-iirr.org/
index.php?option=com_content&view=article&id=52&Itemid
=38&lang=en; Prasanthi et al. 2019). Hence, the present study
focussed to unravel the presence of natural variations in the
starch biosynthesis related genes which directly or indirectly
effect GI by altering amylose and amylopectin content. MTU
1010, a high yielding variety is selected under contrast phenotype category due to its high GI value of 82 (Indian Institute
of Rice Research Newsletter 2014).
This study involves sequencing of amplicons pertaining to
13 candidate genes from starch biosynthetic pathway in each
variety using NGS to identify SNPs and Indels. Effect of
nonsynonymous SNPs was studied using bioinformatics
tools, post which distribution pattern of deleterious variations was obtained from rice 3000 genomes project. The
effect of missense mutations on protein structure stability
and protein ligand interactions, which play as important role
in protein function was evaluated. Finally, we have carried
out microscopic observations to identify variation in starch
granule properties of three varieties (ﬁgure 1a).

Materials and methods
Plant material

Certiﬁed seed of MTU 1010 (MTU), RNR 15048 (RNR) and
BPT 5204 (BPT) rice varieties were obtained from Prof.
Jayashankar, Telangana State Agricultural University
(PJTSAU), Hyderabad. Each of the rice variety was grown
in one season for evaluation of genetic purity of the lot.
Upon conﬁrmation, next generation seed was germinated
under glasshouse conditions and leaf tissue was collected for
further analysis from a single seedling.

DNA extraction and PCR ampliﬁcation

Genomic DNA extraction from leaf tissue was carried out
using the XcelGen CP Plant gDNA Mini kit (Xcelris
genomics, India) according to the standard protocol described by manufacturer. PCR reactions were carried out in 20
lL reaction volume containing 20 ng DNA, 1 U Taq polymerase (catalogue no: D1806, Merck, India) PCR buffer
(19), dNTP (0.25 mM), 0.1 mM of the respective primer
(ﬁle 1 in electronic supplementary material at http://www.
ias.ac.in/jgenet). Thermal cycling consisted of an initial
denaturation at 95°C for 2 min followed by 10 cycles of
denaturation at 95°C for 10 s, annealing 72 to 62°C (1°C
decrease in annealing temperature per cycle) for 20 s,
extension of 72°C for 4 min followed by 28 cycles of 95°C
for 10 s, annealing 62°C for 20 s, extension of 72°C for 60 s
and a ﬁnal extension at 72°C for 10 min. Ampliﬁed products
were pooled in equimolar ratio for sequencing.
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Figure 1. (a) Flow chart depicting sequence of steps undertaken in this study. (b) Ampliﬁcation of rice starch biosynthetic pathway genes.
Lane 1, BEIIA -1 (1500 bp); lane 2, ISO 1–1 (3800 bp); lane 3, SSI-1 (3000 bp); lane 4, SSIIB (2000 bp); lane 5, SSIIIA-2 (3500 bp); lane
6, AGPS2B (2800 bp); lane 7, BEIIA-2 (2500 bp); lane 8, ISO 1–2 (2900 bp); lane 9, 1 Kb Ladder (from Fermentas); lane 10, SSI-2 (3600
bp); lane 11, SSIIIB-1 (3800 bp); lane 12, SPHOL-1 (3100 bp); lane 13, SSIIIB – 2 (4000 bp); lane 14, BEIA-2 (4100 bp); lane 15,
SPHOL-2 (3500 bp); lane 16, SSVIA (5600 bp). (c) Depiction of alteration in sequence of mRNA and amino acid due to change in
nucleotide from ‘A’ to ‘G’ in isoamylase gene. RF, reference allele; AT, alternate allele. Active gene is present on negative strand of DNA,
hence sequence of mRNA is in 30 to 50 direction. The reading frame during protein synthesis is 50 to 30 which is also depicted in the
ﬁgure along with amino acid changes.
Pooled amplicon sequencing and variant calling

The paired-end sequencing libraries were prepared with 100 ng
PCR products using QIAseq FX DNA Library kit (Qiagen,
India) according to manufacturer’s instructions. To ensure
maximum yields from limited amounts of starting material, a
high-ﬁdelity ampliﬁcation step was performed using HiFi PCR
Master Mix. The ampliﬁed libraries were analysed in Bioanalyzer 2100 (Agilent Technologies, USA) using high sensitivity
(HS) DNA chip as per the standard protocol. The average size
of library ranged from 441–483 bp. The libraries were
sequenced on Illumina platform (2 9 150 bp chemistry) to
generate *0.1 Gb data each. High quality (HQ) reads from
samples were mapped to concatenate 16 reference gene
sequences from Oryza sativa indica. Identiﬁcation of variants
was performed using the ‘Probabilistic variant detection’ software in CLC genomics workbench (6.0).
Functional prediction of SNP effect

The effect of identiﬁed SNPs across three rice varieties were
predicted and annotated using SnpEff (http://snpeff.

sourceforge.net/), a variant annotation and effect prediction
toolkit, which categorizes the effect of SNPs qualitatively
based on the genomic localization. Output of this analysis
provides list of annotated variants and their potential effects.
Quantiﬁcation of severity of missense variants

To understand the signiﬁcant change in protein structure due to
missense variants with quantiﬁed effect, sorting intolerant from
tolerant (SIFT) and protein variation effect analyser tools were
applied. SIFT (https://sift.bii.a-star.edu.sg/www/SIFT_seq_
submit2.html) tool is missense variants severity quantiﬁcation
toolkit that determines the damaging impact of amino acid substitution based on the sequence homology and difference in
physical properties of reference and alternate amino acids.
Threshold score of 0.05 was used to categorize the variants into
tolerated and deleterious SNPs. PROVEAN (http://PROVEAN.
jcvi.org/seq_submit.php) is a software tool that scores the impact
of amino acid substitution on to the biological function of protein
based on the pairwise sequence alignment score obtained across
nonredundant protein database. The regular cut-off score of -2.5
were ﬁxed to categorize the variants as neutral or deleterious.
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Sanger sequencing

Validation of nonsynonymous SNPs (quantiﬁed effect) was
carried out using Sanger sequencing. Flanking regions of
SNPs were retrieved from raw data and primers were
designed to obtain amplicon size of 250–300 bp. Primers for
amplifying SNP variation were GBSSI-F 50 -GGACAA
GTACATCACCGCCA-30 ;
GBSSI-R
50 -GGTCTTCC
0
0
GGCTAACTCCAC-3 ; ISO-F 5 -GCTCTGGGAGTCCAA
CAACC-30 ; ISO-R 50 -TGACTTGCAACGGTTCTGCT-30
and SSI-F 50 -GCACATCGGGCCTTATAGGT-30 ; SSI-R 50 GGGAGGTCACAACTGCTGAA-30 . PCR conditions for
20 lL setup are set as 95°C for 5 min followed by 36 cycles
of denaturation at 94°C for 30 s, annealing of 60°C for 30 s,
extension of 72°C for 70 s followed by ﬁnal extension at
72°C for 5 min. Amplicons were sequenced by Sanger
sequencing method using applied bio system 3730xl DNA
analyser by service provider (Medauxin, India). DNA
sequences were analysed using CLC genomics platform
(Qiagen, Germany).

Allele frequencies of identiﬁed SNPs in rice varieties

Genotype sequences of three varieties were reassembled on
to the Oryza sativa Japonica genome (IRGSP-1.0 INSDC
Assembly) which is the reference genome in rice 3000
genomes project (https://snp-seek.irri.org/) and SNPs reported in starch biosynthesis genes were extracted and allele
frequency was calculated for SNPs identiﬁed in the study.

Structural analysis of wild type and mutant proteins
Prediction and modelling: To overcome the hurdle of nonex-

istence of crystal protein structure for SSI and isoamylase,
these structures were modelled by homology modelling
technique with the help of existing crystal protein structure
of 4J7R, 4HLN as templates. Modelling was carried out
using Swiss model (https://swissmodel.expasy.org/), which
is automated protein structure modelling server. It uses
iterative least squares algorithm to superimpose the multiple
template to remove the incompatible segments of templates
to generate structural alignment for template and target.
Further, the constraint space programming was used to
model the loop structure for nontemplate regions present on
target. Finally, the top ﬁve models were constructed after the
backbone and side chain modelling. Of which, we selected
the best model based on the threshold score of global model
quality estimation (GMQE) [ 0.90, QMEAN \ –2.0 which
is representative scoring system obtained from parameters
like interaction potential between C beta atoms, all atoms,
solvation potential and torsion angle potential. Further,
similar standard has been used for the mutant atomic models.
The obtained models were exposed to steepest descent
energy minimization using GROMOS96 force ﬁeld through

GROMACS (http://www.gromacs.org/) software to retain
highly stable protein conformation with least Gibbs free
energy.
Structure validation: The molecular, structural and stereo

chemical properties of modelled proteins were analysed
using SAVES server (https://servicesn.mbi.ucla.edu/SAVES/
) that integrates with various structure validation tools and
the models which passed threshold criteria were selected.
Further RAMPAGE module in CCP4 program suite (https://
www.ccp4.ac.uk/) was used to validate the stereo chemical
property of the selected models.
Stability prediction: Although severity of missense variants

depicts the structural change in proteins, the impact on the
protein structural stability is indispensable to correlate the
effect of variants to the viability of protein. DUET and
Imutant3.0 (http://gpcr2.biocomp.unibo.it/cgi/predictors/IMutant3.0/I-Mutant3.0.cgi) were used to predict change in
free energy of mutant and wild-type protein structure, which
in turn depict the protein structure stability. Imutant3.0 is a
support vector machine based tool for prediction of structural stability upon single point mutation. Both structure and
sequence based stability prediction are supported by Imutant3.0, where we used PDB structure as input. The obtained
result is the Gibbs free energy change of mutant and native
protein.
DUET (http://biosig.unimelb.edu.au/duet/stability) uses
complementary approaches to consolidate the impact of
nonsynonymous variants on the protein stability. It calculates the combined/consensus predictions by mutation cutoff scanning matrix (mCSM) and site directed mutator
(SDM) methods in nonlinear way, using SVM regression
with amino acid propensities, physiochemical and geometric
pattern obtained from the PDB ﬁle as input. The output
represents the difference in the Gibbs free energy. Negative
value denotes the destability in protein structure upon single
point mutation.
The structural effects of mutation: The structural effects of

mutations were studied using project HOPE (https://www3.
cmbi.umcn.nl/hope/), an online server that collates the
structural information from series of sources including calculations on the 3D structure (PDB if structure available or
structure from homology modelling), sequences domain and
conversional effect (UNIPORT) upon mutation. The modelled protein structure of each gene was studied for the
change in structural features such as solvent accessibility,
bonding pattern, secondary structure, etc., and changes in
sequence features such as domain, motif, integral sites,
contacts and mutagenesis.
Molecular docking studies (in-silico): The binding energy of the

protein to ligand directly relates to the rate of the biological
reaction. We used Auto Dock 4.2 (http://autodock.scripps.
edu/) suite to predict the difference in bound conformations
and free energy changes for small molecule ligands to
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mutant and wild-type protein. Ligands were obtained from
the PubChem, analysed for the connection error in bond
order. We ensured the prosthetic groups, not being a part of
the protein structure, had been removed by deleting the
heteroatoms from the PDB ﬁle to make the macromolecule,
ligand free. Gasteiger charge, solvation parameters and polar
hydrogens were added to the receptor as a precursory step
for docking studies. Auto Grid program precomputes the
interaction energy of all the atom types present in ligand
with grid (three-dimensional space enclosing the binding
pocket of protein) space of receptor and store it as individual
map ﬁle for each atom type. Since, binding pocket for the
receptors were unknown, we used blind docking strategy
where the entire protein structure was considered as region
of interest and enclose it within grid space. The grid was
centred at the centre of receptor. Number of grid points as
126 for all dimension and spacing between grid point as
0.375 Å were ﬁxed. Lamarckian genetic algorithm was
chosen to search the best-ﬁt conformers; number of genetic
run was set to 100 so as to perform 100 hybrid GA-LS runs.
Similar standard has been used for the mutant structural
model. Auto dock program was run for all the wild type and
mutant receptors with respective ligands.
Microscopic studies

Starch was isolated from three rice varieties by sodium
hydroxide (NaOH) method as described by Lumdubwong
and Seib (2000). Staining procedure includes dispersion of
puriﬁed starch (0.30 g) in 15 mL of puriﬁed water. While
continuous stirring is on add 3 mL of 0.02 N iodine solution
and 85 mL of puriﬁed water. Iodine stained starch particles
were then imaged with Carl Zeiss LSM 710 NLO confocal
and ﬂuorescent microscope (Leica DM1000, Leica
Microsystems, Buffalo Grove, USA) system. In confocal
microscopy, all the images were captured using 40x oil
immersion plan-apochromat objective. Excitation of the
stained samples was done by 488 nm laser with 2% of laser
power and MBS 488 ﬁlter setup. Eight-bit images with 1024
x 1024 pixel clarity were captured and the differences in
intensity of iodine staining in these starch particles were
analysed. In Leica microscope, images were captured using
40x magniﬁcation lens with standard speciﬁcations.
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were mapped to the reference sequences across three varieties (MTU, 6.92; BPT, 5.88; RNR, 6.76 million reads).
Nucleotide variations in starch metabolic genes

SNPs and small Indels were identiﬁed upon mapping NGS
reads with reference sequence of corresponding gene. In
total, 390 SNPs and 100 Indels were detected across the 13
starch-related loci in all varieties (ﬁle 1 in electronic supplementary material). All Indels resided in the intronic
regions. Present aim of the study was to identify variations
related to low GI trait. Hence, common variants between
high GI variety (MTU) and low GI varieties were ﬁltered out
to obtain unique SNPs (252) and Indels (59) (table 1).
SnpEff variant analysis was carried out using unique SNP
set. Tool results indicate the presence of 154 transitions and
73 transversions with highest number of changes recorded
with C to T (n=55) followed by G to A (n=49). Missense to
silent mutation ratio is found to be 0.6957. Probability of
variants present in exonic region or at splice region site have
more chances to modify gene expression or at times be
deleterious. Of the 311 variants detected, only 22 were
missense and 12 were splice region variants. Highest number
of missense variants changed amino acid codon sequence
from GCG to GTG, i.e. alanine (hydrophobic) was replaced
by valine (aliphatic, hydrophobic) followed by histidine
(basic) to tyrosine (aromatic); proline (conformational, cyclic) to serine (neutral, polar); serine (neutral, polar) to glycine (hydrophobic).
Identiﬁcation of deleterious missense mutations

Of the 22 missense mutations, 15 were unique and others
were found to be common between RNR-BPT and BPTMTU. Within the 15 SNPs, SIFT tool predicted four (26%)
as intolerant (score 0.01–0.05) and rest of 11 SNPs (74%)
were tolerated ([0.05). With PROVEAN score, three (20%)
mutations were reported as deleterious, i.e. capable of
effecting protein function and remaining 12 (80%) were
neutral. Both SIFT and PROVEAN tools predicted two
missense SNPs as deleterious, i.e. H420Y and R457H,
Table 1. Nucleotide variations and their distribution across three
rice varieties.

Results
Ampliﬁcation and NGS of target genes

Starch biosynthetic genes were ampliﬁed using DNA corresponding to selected three varieties. Size of amplicons
matched to the respective expected size which conﬁrms
speciﬁc ampliﬁcation of target gene (ﬁgure 1b). Sequencing
of all 13 studied loci generated on an average of 7.84 million
reads (MTU, 7.85; BPT, 7.67; RNR, 8.04), of which 80%

1
2
3
4
5
6

Type of variants

MTU
1010

BPT
5204

RNR
15048

SNP intronic
SNP missense
SNP splice region
SNP synonymous
Insertion intronic
Deletion intronic
Total

18
8
1
3
2
6
38

91
7
5
10
9
16
138

86
7
6
10
10
16
135
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located in SSI and SSIIIB genes, respectively. SSI gene of
BPT and RNR variety has replacement of amino acid histidine to tyrosine at 420th position. Another SNP with
potential impact was found in SSIIIB gene where amino acid
arginine was replaced by histidine at 457th position. SNP (A
to T) identiﬁed in isoamylase gene leads to amino acid
threonine from methionine. Effect of this SNP was deleterious in SIFT tool whereas PROVEAN results has yielded a
mere border effect. Amino acid change of tyrosine to serine
in GBSSI gene of MTU was predicted as deleterious by
PROVEAN but not by SIFT (table 2; ﬁle 1 in electronic
supplementary material).
Validation of SNP variations

Identiﬁed deleterious SNPs were validated using Sanger
sequencing. Flanking sequence on either side of SNPs in
genes GBSSI (P415S), isoamylase (M717T) and SSI
(H420Y) were sequenced in all the three varieties. NCBIBLAST analysis of obtained data revealed 99% homology
with respective target gene. A clear distinct change in
nucleotide base was observed at SNP position which revalidates the data obtained in NGS (ﬁgure 1c). Presence of
these three alleles was checked in 10 popularly grown rice
varieties in south India and variation in frequency was
recorded (data not shown).
Allelic distribution in starch metabolic genes

Variation in occurrence of the identiﬁed deleterious SNPs
was observed in Indian rice varieties hence to obtain their
allele frequency at global level, data mining was carried out
across 3000 rice genomes. Based on the genetic diversity,

rice varieties were categorized into various subpopulation.
Allele frequencies were calculated for all available SNPs
(ﬁle 2 in electronic supplementary material). Major allele
frequencies varied from 63% to 93%. Distribution pattern of
‘A’ and ‘G’ alleles from isoamylase gene revealed that allele
‘A’ is predominant in Ind1B, Indx, Aus, Ind 2, Ind1A and
Ind 3 subpopulations and allele ‘G’ was majorly present in
Trop, Subtrop, Japx and Aro populations (ﬁgure 2).
Most of the identiﬁed alternate alleles were found to be
in minor frequency except for SNPs in SSI (E438K) and
SSIIA genes from RNR variety. Interestingly this study
identiﬁed the presence of very rare alleles which were not
found across 3000 rice genomes. Of the three rare alleles,
two were in SSI gene of RNR and BPT varieties and one
in SSIIIA gene of MTU variety (ﬁle 2 in electronic supplementary material). Over all, genetic variation in major
starch biosynthetic genes revealed occurrence of 690
SNPs in total and number of SNPs per gene ranged from
10 in SSIIB to 137 in SSIIIA genes indicating that
mutation rate of SSIIIA gene is very high (ﬁle 3 in electronic supplementary material).

Effect of missense mutation on protein structural stability

With an objective to further analyse the consequence of the
variation on enzyme stability, DUET and I-Mutant tools
were utilized. For performing this study, PDB structures of
respective proteins were obtained from database. Of the six
different proteins with missense mutations, PDB structure
was available only for GBSSI (PDB ID- 3VUE). Therefore,
templates for homology modelling were retrieved. For
SSIIA, SSSIIIA and SSIIIB sequence similarity for template
selection was below threshold level (\60%) required for

Table 2. SNP location, description and classiﬁcation of its severity using bioinformatics tools.
SNP effect
prediction

Description of SNP
Gene
1
2
3
4
5
6
7
8
9

GBSSI
GBSSI
GBSSI
SSI
SSI
SSI
SSI
SSI
Iso

Chr Variety
6
6
6
6
6
6
6
6
8

MTU
BPT
RNR
BPT
BPT
RNR
RNR
RNR
RNR

Gibbs energy (DDG in
kcal/mol)

Binding energy
(kcal/mol)
Wt

Mt

-9.01
-9.01
-9.01
-8.81

-8.92
-9.16
-9.16
-9.54

-8.81

-9.47

-5.25

-5.98

Position

R/M

A.A

SIFT

PROVEAN

DUET

I Mutant

1932620
1933612
1933612
3612143
3612731
3612143
3612731
3611979
27634134

A/C
C/T
C/T
G/A
T/C
G/A
T/C
C/T
A/G

Y224S
P415S
P415S
H420Y
S319G
H420Y
S319G
E438K
M717T

T
T
T
0.03
T
0.03
T
0.05
0.01

-5.015
1.755
1.755
-3.013
-1.557
-3.013
-1.557
3.086
-2.041

-2.912
-2.667
-2.667
0.71
-0.037
0.71
-0.037
0.165
-1.367

-0.79
-1.57
-1.57
-0.34
-0.25
-0.34
-0.25
-0.57
-1.44

Chr, chromosome in which gene is located; R/M, reference/mutant allele; A.A, amino acid change in wild type and mutant protein along
with position; SIFT score prediction, deleterious score \ 0.05, tolerated (T) if score [ 0.05; provean value prediction, deleterious \ –2.5,
neutral[–2.5; for DUET and I-Mutant score, difference in Gibbs free energy (DDG)\0, decreases stability; DDG[0, increases stability;
binding energy deduced from docking studies indicates increased ligand afﬁnity to protein if binding energy of mutant (Mt) is lower than
wild type (Wt) and vice-versa.
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Figure 2. Allele frequencies (in %) of two alleles from isoamylase gene across different subpopulations are represented in the form of pie
chart. Allele ‘A’ is represented in green colour, ‘G’ in blue colour and heterozygous condition in yellow colour.

homology modelling, hence further structural studies were
carried out only for isoamylase and SSI genes apart from
GBSSI. Ramachandran plots were generated to validate
stereo chemical properties of modelled structure. Total percentage of residues within allowed region and favourable
regions for all the models were observed to be above 95%
(ﬁle 4 in electronic supplementary material).
Modelled structures were submitted to DUET platform
and results indicate that four variants can potentially lead to
destabilizing effect on protein conformation and thereby,
functionality is expected to be altered. Overall scores varied
from ?0.71 to –2.912 kcal/mol. Highest negative energy of
–2.912 kcal/mol was obtained in GBSSI gene of MTU
variety where tyrosine is exchanged to serine with relative
solvent accessibility of 0.6%. Secondly, interchange of
nucleotide ‘C’ by ‘T’ led to change in amino acid from
proline to serine at 415th position in both low GI varieties.
Gibbs free energy value was found to be –2.667 kcal/mol
which indicates strong destabilization effect. In addition, the
stability of modelled structures was further validated with
I-Mutant tool. The extent of the score ranged from –0.25 to –
1.57. I-Mutant results shows that all the mutant residues
introduced in the protein structure were destabilizing. The
intensity of destability is indicated by the negativity scale
(table 2).
Interestingly difference in Gibbs free energy was observed
to be lower in both DUET (1.367 kcal/mol with relative
solvent accessibility of 2.5%) and I-Mutant (–1.44 kcal/mol)

in mutant line of isoamylase gene indicating destability of
the structure.
Mutational features of starch metabolic genes

All missense mutations possessing a modelled protein were
submitted to the HOPE server to get the variation in geometrical, physiochemical, conformational, conservational
and functional effect of mutant residue (table 3).

Validation of structural deviations by molecular docking

Post assessment of potentiality of identiﬁed SNPs to affect
protein function, molecular docking studies were performed
to capture changes in protein-ligand interaction of wild type
and mutant proteins. Proteins GBSSI, SSI and isoamylase
were docked with ADP, maltose and glucose ligands,
respectively. The docking interactions were analysed for
calculating the binding energy difference between docked
state of the native and wild-type receptors with respective
ligands. Obtained 100 conformations from 100 GA runs
were reclustered into bins with difference of 2.0 Å RMS (ﬁle
4 in electronic supplementary material). The conformation
within top cluster with lowest binding energy were chosen as
the best docking structure. The stability of protein-ligand
complexes was evaluated by calculating difference in polar
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Table 3. Protein morphological features prediction by HOPE analysis.
Protein

Residue

Effect

GBSSI

Y224S

The mutant residue is smaller than the wild type residue which causes
an empty space in the core of the protein. The new residue is not in the
correct position to make the hydrogen bond with aspartic acid at
position 79 as the original wild type residue did. Mutant residue is
located near a highly conserved position that is important for the activity
of the protein. The mutation can affect the interactions between domains
and as such affect protein function.
Prolines are known to be very rigid and therefore induce a special
backbone conformation (alpha - helix) which might be required at this
position. The mutation can disturb this special conformation. The
mutation will cause loss of hydrophobic interactions in the core of the
protein. Mutant residue is located near a highly conserved position and
important for the activity of the protein which might affect the function
of the protein.
The mutant residue is bigger than the wild type residue. The residue is
located on the surface of the protein and is very conserved, mutation of
this residue can disturb interactions with other molecules or other parts
of the protein. The hydrophobicity of the wild type and mutant residue
differs there by affecting the hydrogen bond formation with aspartic
acid at 291 position.
The mutant residue is smaller than the wild type residue. Glycines are
very ﬂexible and can disturb the required rigidity of the protein at this
position leading to possible loss of external interactions. Mutant residue
is located near a highly conserved position and is important for the
correct functioning of the protein.
The mutant residue is bigger than the wild type residue which is located
on the surface of the protein (alpha - helix). The mutation introduces the
opposite charge at this position, which may disturb interactions with
other molecules or other parts of the protein.
The mutant residue is smaller than the wild type residue, thereby the
orientation of mutant residue is changed which is not suitable for
hydrogen bond formation with serine at 614 position. The differences
between hydrophobicity of the wild type and mutant residue might
disturb the core structure of the domain.

P415S

SSI

H420Y

S319G

E438K

Isoamylase

M717T

and nonpolar interactions between the best docked structure
of native and wild-type protein complex such as Van der
Waal’s intersections, hydrogen bonds, electrostatic interactions and hydrophobic interaction. The docking result displayed the protein-ligand molecular interaction such as
distance, number of hydrogen bonds and their bond angles.
Changes in binding energy of ligand to wild type and mutant
protein were obtained (table 2). Difference in protein-ligand
interaction in wild type and mutant protein is illustrated in
ﬁgure 3.

of gradient from bluish, purple to reddish stain in RNR, BPT
and MTU, respectively (ﬁle 4 in electronic supplementary
material) indicating differences in composition of starch granules. Similarly, starch granules were analysed using Confocal
laser scanning microscope. Darker stained particles were
observed to be more in RNR, followed by BPT and less in
MTU indicating alteration of starch properties.

Discussion
Differential staining properties of starch in tested varieties

Difference in intensity of iodine staining is an indicator of the
starch composition. Darker staining indicates more amylose
content. The starch granules isolated from three varieties were
stained using iodine and then images were captured using
Confocal and ﬂuorescent microscopes. Results indicate that
particle sizes in all the three samples were almost similar.
Images captured using ﬂuorescent microscope showed pattern

Retarding the starch digestion and the rate with which glucose is released into blood stream are important in management of diabetes and other lifestyle diseases (Wolever
et al. 1994). Compared to japonica rice varieties, indica rice
varieties have lower GI. A recent study reported that BPT
and RNR (Tripathy et al. 2017; Prasanthi et al. 2019) both
indica type varieties from India, have low GI. Both rice
varieties are now being popularly cultivated in the southern
states of India. Evidently, GI depends on carbohydrate
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Figure 3. Visualization of protein ligand interactions for GBSSI wild type (a), mutant P415S in BPT, RNR; (b) mutant Y224S in MTU;
(c) with ADP; SSI wild type (d), mutant H40Y and S319G in BPT (e) and mutant H420Y, S319G and E438K in RNR (f) with maltose;
isoamylase wild type (g) and mutant M717T in RNR (h) with glucose. Clear differences in position of ligand at binding site is observed
between wild type and mutant proteins.

(mainly starch) composition of rice granule. The rate of
release of glucose from starch depends on compact
arrangement of amylose and amylopectin.

Starch biosynthesis is catalysed by four different class of
enzymes, i.e. ADP-glucose pyrophosphorylase (AGPase),
starch synthase (SS), starch branching enzyme (BE), and
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starch de-branching enzyme (DBE). Amylose is synthesized
by AGPase and GBSS, while amylopectin is synthesized by
the coordinated actions of AGPase, SS, BE and DBE.
According to Tetlow and Emes (2017) major isoforms which
are actively participating in starch synthesis inside endosperm are AGPase, GBSSI, SSI, SSIIa, SSIIIa, SSIVa, SBEI,
SBEIIa, SBEIIb and ISA1. Many researchers have reported
that nucleotide variations or knockout mutants of these
isoforms had major effects on starch composition. The aim
of this study was to identify DNA variations between low
and high GI rice varieties hence, we have focussed majorly
on the above listed isoforms.
Plant and animal breeding research programmes can be
empowered with application of NGS which aids in characterization of candidate genes associated with desired traits
and their variation at molecular level. Pooled amplicon
sequencing is one of NGS platform which aids in identifying
SNPs/Indels in candidate genes (Varley and Mitra 2008).
Hence, this platform was utilized and genetic information of
target genes were obtained. This study mainly focussed on
identifying genetic variations in starch biosynthesis genes of
high GI (MTU) and low GI (RNR and BPT) varieties and
evaluate their potential effect on protein structure and
function which in turn affects properties of starch granules.
Further, we have focussed on the missense variants, a
portion of nonsynonymous mutation, leaving behind the
SNPs in frameshift and nonsense effect. This ﬁltration has
brought down signiﬁcant SNPs conﬁned to six genes i.e.
GBSSI, SSI, Isoamylase, SSIIA, SSIIIA and SSIIIB.
Investigation of SNPs distribution and their frequency over
different subpopulation was helpful in validation of identiﬁed SNPs and their contribution to the desired character.
Providentially, 3000 rice genome project provided valuable
genotypic information across different populations, which
can be utilized for development of superior hybrids through
molecular breeding approach (Cui et al. 2019). Identiﬁed
missense mutations were subjected to different bioinformatic
tools and their effects on protein function was obtained.
Results indicate that these mutations lead to alteration of
both amylose and amylopectin structures.
Two different mutations Y224S and P415S were identiﬁed in GBSSI gene speciﬁc to high and low GI varieties.
GBSSI plays a major role in the foremost and important step
in starch biosynthesis. It catalyses reaction where many
glucose molecules are threaded into linear chain called
amylose. Increased GBSSI activity leads to enhanced amylose accumulation (Inukai 2017; Smith et al. 1997) and vice
versa. The effect of these two mutations was evaluated by
Larkin and Park (2003) and reported that Y224S mutation
led to starch with intermediate amylose content whereas
P415S mutation enhances amylose content. Higher amylose
content is indirectly related to slow digestion of starch and
hence varieties with high amylose content possess low GI
(Dipnaik and Kokare 2017).
ISA1 removes the excessive branch points or misplaced
branch points in amylopectin introduced by branching

enzymes and efﬁciently promotes the crystallization of neoamylopectin molecules during starch biosynthesis (Streb
et al. 2008). Only one signiﬁcant mutation was identiﬁed in
RNR variety which lowers ligand binding energy of
isoamylase enzyme compared to wild type, thereby
enhancing rate of reaction. Erlander (1958) has proposed
that debranching of amylopectin by isoamylase, generates
subsequent amylose chains, i.e. increased activity of
isoamylase might lead to more debranching of amylopectin
chain and converts to subsequent amylose chains and
thereby enhancing the amount of slow digestible starch.
Amylopectin, a highly branched polymer of glucose
molecules is made up of different chain lengths initiated by
branching enzyme and degree of polymerization (DP) is
extended to 8–12 by SSI leading to formation of short
chains. Further extensions are carried out by SSII (DP
13–24) and SSIII (DP [24) to form long chains. Structure
and properties of starch depends on number and type of
glucose chains. Parabolic relationship between the weight
ratio of short/long chains and amount of slowly digestible
starch is elucidated by Zhang et al. (2008). Any increment in
amount of slowly digested starch will lower the GI of food.
Results indicate presence of three rare mutations (not found
across 3000 rice genomes) that are located in SSI (2) and SSIIA
(1) genes which can play an important role in altering this ratio
and bring changes in amylopectin structure. According to
Fujita et al. (2006), mutations which lower SSI activity,
decrease the abundance of short chains (8–12 DP) but the
identiﬁed mutations increase SSI activity, therefore, we
hypothesize that there would be increase in chains with 8–12
DP in comparison to longer chains (DP[13) thereby ratio of
short/long chains is higher leading to increase in amounts of
slow digestible starch in BPT and RNR varieties. Miura et al.
(2018) had previously reported that presence of leucine at
774th position of SSIIA gene alters its activity leading to
decreased number of long chains (DP[13–24) which also alters
weight ratio of short/long chains.
Microscopic studies on rice starch revealed variation in
starch composition among low to high GI varieties. Bailey
and Whelan (1961) described that amylopectin normally
stains red–purple whereas amylose stains in blue. Similar
pattern of staining was observed where gradation of bluish to
purplish red was observed for RNR, BPT and MTU in
decreasing order. Confocal microscopic images provided
same insights as observed by Ovecka et al. (2012).
Outcome of this research has given insights into genetic
background for GI trait of rice varieties under study. We
summarize that the identiﬁed mutations effect the function of
starch synthesis enzymes leading to changes in amylose and
amylopectin chain synthesis effecting starch structure and
properties. Further research leads to development of the
functional markers for GI trait in rice.
In conclusion, RNR variety has mutations in crucial starch
synthesis genes SSI, isoamylase, GBSSI and SSIIA. Low GI
trait of the variety can be probably assigned due to these
mutations (six) which affects starch granule composition.

Identiﬁcation of SNP in crucial starch biosynthesis genes in rice

These changes in amylose and amylopectin could have lead
to an increase in amount of slowly digestible starch. BPT
variety was identiﬁed with mutations in two genes (SSI and
GBSSI) which might have accounted for lowering GI. On
the other hand, MTU was found to possess a mutation in
GBSSI which can be one of the attributing factors to its
higher GI trait. Iodine staining of starch particles isolated
from all the three varieties varied in colour pattern which
indicates alteration in starch composition. Investigation of
these identiﬁed SNPs in 3000 rice genomes revealed three
rare mutations in SSI and SSIIA genes of low GI varieties
whereas all the others are present in varying frequencies
across the globe.
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