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Abstract Validation of marker-QTL association for genes
grain size 3 (GS3), grain weight 2 (GW2), seed width 5
(gSW5) and a QTL ggri7.1 for grain length was undertaken
in a set of 242 diverse rice germplasm. Further, the study was
extended to an F, mapping population derived from cross of
Sonasal, a short grain aromatic rice landrace with Pusa Basmati
1121, a variety with extra long slender grains. Seven gene
specific markers, namely, SF28, SR17, RGS1and RGS2 based
on GS3, W004 for GW2, MS40671 for gSW5 and RMS505 for
qgrl7.1, were used for validation. Single marker analysis
revealed significant association of these markers to grain size
and shape. The marker SF28 explained highest phenotypic
variance (37 %) while the marker W004 explained lowest
variance (2.6 %) for grain length in the germplasm set at the
significance level P<0.05. Three markers namely, SF28,
MS40671 and RM505 were polymorphic between the parents
Sonasal and Pusa Basmati 1121. In the F, population, the
marker SF28 linked to gene GS3 explained highest phenotypic
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variance (32.5 %), while RMS505 linked to ggr/7.1 explained
5.4 % of phenotypic variance for grain length. The marker
SF28 was found to be most robust in the validation studies
both in germplasm and F, population. The validated gene
specific markers can be utilised in marker assisted selection
for improving grain size and shape as these traits have signif-
icant contribution towards grain quality and grain yield. This is
the first study on validation of gene based markers for grain
dimension traits in Indian rice germplasm.

Keywords Quality traits - Marker-QTL association - Marker
assisted selection - Rice germplasm - Mapping population

Abbreviations

GS3 Grain size 3

GW2  Grain weight 2

qgSW5  QTL for Seed width on chromosome 5
QTL  Quantitative trait locus

SNP  Single nucleotide polymorphism

MAS  Marker assisted selection

CAPS Cleaved amplified polymorphic sequences
Introduction

Rice grain size and shape before and after cooking are
determined by a combination of traits that include grain
length, grain breadth, length/breadth ratio and elongation
ratio. These complex traits not only determine grain shape
and size but also contribute to grain yield (Fan et al. 2008).
Grain physical appearance is imperative for consumers be-
cause preference for rice varies with consumer from region
to region and also across countries. Short to medium bold
grain rice with low amylose and stickiness is preferred in
countries like China, Japan, Taiwan, Thailand and two
Koreas whereas in countries like India, Pakistan, Malaysia,
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Myanmar and Brazil long slender grain is preferred (Unnevehr
et al. 1992). India has a wide range of varietal difference for
grain size ranging from short, medium, long to extra long
grain (Khush et al. 1979). Continuous efforts are being made
by rice researchers towards developing new varieties with
desirable physical grain characteristics based on the under-
standing gained through inheritance studies in past (Chau
1928; Bollich 1957; Ramaiah and Parthasarthy 1933), map-
ping of genes/QTLs (Aluko et al. 2004; Huang et al. 1997; Li
et al. 2004; Tan et al. 2000; Wan et al. 2005 and 2006) and
cloning of genes determining grain dimension traits (Takano—
Kai et al. 2009; Song et al. 2007; Shomura et al. 2008; Wang
et al. 2008).

Studies on grain dimension traits have led to significant
progress in finding chromosomal regions determining these
traits. Although QTLs responsible for grain dimension traits
have been identified on each of the 12 chromosomes
(www.gramene.org), only few genes affecting grain size
namely GS3, GW2 and ¢SW5 have been fine mapped,
cloned and functionally validated. A genomic region iden-
tified in pericentromeric region of chromosome 3 has been
consistently detected explaining the high proportion pheno-
typic variance for grain length in different genetic back-
grounds (Huang et al. 1997; Redona and Mackill 1998;
Tan et al. 2000; Kubo et al. 2001; Xing et al. 2002; Thomson
et al. 2003; Aluko et al. 2004). Eventually, GS3 gene under-
lying the QTLs from the same region of chromosome was
cloned using a BC;F, population from the cross between
Minghui63/Chuan7 (Fan et al. 2006). A functional SNP
in exon-2 of the gene was identified resulting into pre-
mature stop codon causing truncation of the protein leading
to long grain size. A CAPS marker, SF28 was developed to
differentiate long grain genotypes carrying the SNP from
the short grain genotypes. The function of GS3 and its
genetic pathway for determination of seed size was dem-
onstrated through RT-PCR and GUS expression in trans-
genic plants (Takano—Kai et al. 2009). Three functional loci
in GS3 were identified namely SR17, RGS1 and RGS2 in
the second intron, the last intron and the final exon of GS3,
respectively (Wang et al. 2010).

Other major gene, G2 contributing to grain width and
weight was identified in segregating population developed
from a cross between WY3, large grain genotype and
Fengaizhan-1 (FAZ1), small grain genotypes (Song et al.
2007). GW2 carrying eight exons and seven introns encodes
for a new RING-type protein with intrinsic E3 ubiquitin
ligase activity. A single base pair deletion resulting in a
premature stop codon in G2 gene leads to increase in seed
size and number of spikelet hull cells, which increases hull
size and enlarges the endosperm cell size in mature grain.
Expression studies revealed that reduced expression of this
gene increases grain width and results in enhanced grain
weight.

@ Springer

Another locus contributing to grain width, gSW5 identi-
fied using F, mapping population from the cross Nippon-
bare (wide grain) and Kasalath (slender grain), explained
38.5 % of phenotypic variance in F, population (Shomura et
al. 2008). Several haplogroups were identified in the gSW5
region and the deletion in the Nipponbare allele of gSW5
was found associated with an increase in grain width and
associated with domestication.

A QTL, ggrl7.1 was mapped using RIL populations from
a cross Pusa Basmati 1121, an extra long slender grain
Basmati rice variety with exceptionally high cooked kernel
length with Pusa 1342, a non-aromatic new plant type
breeding line with medium grain length. This QTL was
located on chromosome 7 in the marker interval RM11-
RM505 with LOD score of 4.0 explaining 7.4 % of the
phenotypic variation (Amarawathi et al. 2008). This QTL
was also found to influence grain breadth and grain length
breadth ratio contributing to 10.1 % and 10.0 % of the
phenotypic variation, respectively. The same region was
earlier reported to contribute for grain dimension traits
(Redona and Mackill 1998; Bai et al. 2010).

The aforesaid gene based markers of grain dimension
traits reported earlier need to be validated across a diverse
germplam set for their effective use in marker assisted
selection for improving respective traits. Therefore, the
present study was undertaken to validate the marker-QTL
association with respect to above said loci in a set of diverse
germplasm and an F, mapping population, and to assess the
relative contribution of the loci towards trait variance and
find their utility in MAS for improvement of these traits.

Materials and methods
Markers and traits

A total of four QTL/genes were investigated in present study
using gene based/QTL linked markers. List of markers and
traits studied is given in Table 1.

Plant material

A set of 242 diverse set of germplasm consisting of
traditional landraces and improved high-yielding varieties
including aromatic and non—aromatic genotypes grown in
different agro ecologies of India, was used for validation
study. In addition, an F, population of 300 plants derived
from cross Sonasal, a short grain aromatic landrace and
Pusa Basmati 1121, having extra long sender grain Bas-
mati rice variety with cooked kernel length of more than
20 mm and elongation ratio of 2.50 was used for valida-
tion of the markers in a segregating population. All the
germplasm and F, population were genotyped using seven
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Table 1 Trait wise details of QTL/genes and markers used for validation

Population R? (%) Reference

S. No Trait Gene/QTL Marker Distance (cM) Cross
1 Grain length GS3 SF28, SR17, 0.0
RGS1 and RGS2
2 Grain length ¢grl 7.1 RM505 9.67
3 Grain width GW2 w004 1.0
4 Grain width ¢SW5 MS40671 1.0

Chaun7/Minghui63 BC;F, 95.6 Fan et al. 2008

Pusa Basamatil121/Pusal342 RIL 7.4 Amarawathi et al.
2008

WY3 X Fengaizhan-1 F, - Song et al. 2007

Nipponbare/Kasalath F, 38.5 Shomura et al. 2008

gene based markers for grain dimension traits to validate their
utility for MAS.

Phenotypic evaluation for grain dimension traits

Mature harvested grains of the germplasm set and F, pop-
ulation along with parental lines were used for taking rough
rice length and breadth. The seeds were then dried at 37 °C
for 15 days, dehulled in a mini hulling machine and polished
with a mini polisher (Kett Electronics, Japan). Ten represen-
tative unbroken polished grains with two replications were
spread on a graph paper and photographed using CCD
camera (Alpha Innotech FluorChem TM 5500) for the
measurement of grain dimensions. The grain length/
breadth ratio was calculated by dividing mean grain length
with mean grain breadth of the ten grains in each repli-
cation. Similarly, cooked kernel length and cooked kernel
elongation ratio was estimated by dividing mean grain
length after cooking with mean grain length before cooking
of each genotype.

Molecular Analysis

A total of seven markers namely SF28, SR17, RGS1, RGS2,
W004, MS40671 and RM505 were used for genotyping
germplasm set and F, population. All PCR primer sequen-
ces were taken from respective publications (Fan et al. 2008;
Song et al. 2007; Shomura et al. 2008; Amarawathi et al.
2008; Wang et al. 2010). These markers were also used for
survey of polymorphism in parents, Sonasal and PB1121.
Markers RM505, MS40671 and SF28 were found to be
polymorphic and used to genotype 300 F, plants. Total
DNA was extracted from each of 300 F, plants and 242
germplasm lines following the procedure of Murray and
Thompson (1980). The quantification of DNA was carried
out with 0.8 % agarose gel using uncut Lamda DNA as
standard and diluted to concentration of approximately
25 ng/ul for PCR analysis. PCR reactions were performed
in thermalcycler (G—storm, KAPA Biosystems, UK). PCR
reactions were carried out in a volume of 10 pl reaction
mixture consisting of 10x PCR assay buffer (Bangalore
Genei Pvt. Ltd., India), 200 pM of each dNTP (MBI

Fermentas, Lithuania, USA), 12 ng (1.8 picomole) each of
forward and reverse primers (Sigma), 0.5 units of Taqg DNA
polymerase (Bangalore Genei Pvt. Ltd., India). Template
DNA was initially denatured at 94 °C for 5 min followed
by 35 cycles of PCR amplification with the following
parameters: 1 min denaturation at 94 °C, 1 min annealing
at 55 °C and 2 min of primer extension at 72 °C followed by
final extension of 72 °C for 7 min. The PCR products were
separated on 3.5 % Agarose gel (Bangalore Genei Pvt. Ltd.,
India) using 1X TAE buffer. The size of the amplified frag-
ments was determined using 50 bp DNA ladder (Fermentas)
and gel images were documented in Biorad gel-doc system.

Markers—traits association analysis

Chi—square analysis was carried out to test goodness of fit of
observed segregation ratio at individual marker locus using
the formula,

2= (0-EP/E

where, O is an observed value and E is the expected value.
Statistical analyses were performed using single marker anal-
ysis using SAS software (SAS Institute Inc 2008). Analysis of
variance were analysed at a P<0.05 level of significance.

Results
Variation for grain dimension traits

Phenotypic data for eight grain dimension traits namely,
rough rice length, rough rice breadth, rough rice length to
breadth ratio, milled rice length, milled rice breadth, milled
rice length breadth ratio, cooked kernel length and elonga-
tion ratio were recorded in both the germplasm and F,
population. In the germplasm, rough rice length ranged from
5.50 to 12.50 mm with mean of 8.80 mm while rough rice
breadth ranged from 1.70 to 3.30 mm with mean value
2.50 mm. The traits, viz., cooked kernel length and elonga-
tion ratio ranged from 5.50 to 17.30 mm and 1.20-2.10 with
mean values of 9.10 mm and 1.50, respectively. The rough

@ Springer



470

J. Plant Biochem. Biotechnol. (October—December 2013) 22(4):467—473

rice length of parental lines, Sonasal and Pusa Basmati 1121
were 5.60 mm and 11.60 mm, respectively. In the F, map-
ping population rough rice length ranged from 5.10 to
11.40 mm while rough rice breadth ranged from 1.80 to
2.90 mm with mean of 2.40 mm. The cooked kernel length
and elongation ratio in F, population ranged from 5.76 to
15.23 mm and 1.00-2.30 with mean values of 8.86 mm and
1.67, respectively. The details of the variability parameters
for grain dimension traits as observed in the germplasm set
and F, population are presented in Table 2. Frequency
distributions in the germplasm for eight grain dimension
traits are shown in Fig. 1.

Genotyping of germplasm set and F, population with gene
specific markers

Number of different alleles amplified along with their frag-
ment sizes with respect to each of the seven markers in
germplasm set is given in Supplementary Table 1. The CAPS
marker SF28 amplified a fragment of 136 bp in germplasm
set, parents and F, population, which on restriction digestion
with Pstl produced two fragments of sizes 110 bp+26 bp in
majority of short grain genotypes (Fig. 2). While fragment of
1,438 bp and 1,100 bp were amplified with SR17, 196 bp and
180 bp with RGS1, 269 bp and 260 bp with RGS2, 1,100 bp
and 700 bp with W004, 320 bp and 300 bp with MS40671 and
220 bp and 180 bp with RM505.

Out of seven markers used, three markers, viz., SF28,
RMS505 and MS40671 were found polymorphic between
parents Sonasal and PB1121. The marker SF28 amplified
136 bp allele in both Sonasal and PB1121, which on restric-
tion digestion with Pst/ produced two fragments of sizes
110 bp+26 bp allele (Sonasal-A type) while PB1121 showed
a uncut fragment of size 136 bp (digested as B), in the F,;
plants all the fragments 136 bp+110 bp+26 bp were ob-
served, confirming the hybridity of F; plants. Similarly,
RMS505 amplified fragments of 220 bp and 180 bp in Sonasal

and PB1121, respectively. MS40671 linked to qSWS5, ampli-
fied 320 bp in PB1121 and 300 bp fragment in Sonasal. The
data on segregation pattern of the three markers are presented
along with probability of goodness to fit with the expected
Mendelian segregation ratio of 1:2:1 for codominant marker is
presented in Table 3. High degree of segregation distortion
was observed for SF28 with homozygous individuals carrying
mutant allele (B-type) and heterozygous individuals observed
in very high frequency. The markers MS40671 and RM505
showed Mendelian segregation.

Analysis of marker-trait association

In the germplasm set, the marker SF28 showed a strong
association with grain dimension traits such as grain length,
grain breadth, L/B ratio, cooked kernel length and elonga-
tion ratio, explaining 37 %, 10 %, 32 %, 32 % and 12 % of
phenotypic variance, respectively. The marker-trait associa-
tion for gSW5 and ggrl7.1 were also found to be significant
(Table 4).

In F, population, the GS3 gene based marker SF28 was
found to be strongly associated with grain length explaining
32.5 % of the phenotypic variance while RM505 explained
5.4 % of the phenotypic variance. SF28 also explained
considerable amount of phenotypic variance for grain
breadth, grain L/B ratio and cooked kernel length explaining
3 %, 14 % and 25 % of the phenotypic variance, respective-
ly at significant P values. The marker MS40671, specific for
gene gSW5 explained 2.3 % phenotypic variance for grain
breadth while markers SF28, W004 and RM505 showed
non significant association for this trait.

Discussion

In rice, QTL mapping studies have led to the identification of
several markers linked to QTLs for grain and cooking quality

Table 2 Table showing variability for grain dimension traits in F, population from cross Sonasal/PB1121 and germplasm

Traits Sonasal PB 1121 Variability in F, Variability in Germplasm
Mean = SE Range (6\% Mean = SE Range Ccv

Rough rice length (mm) 5.60 11.60 7.70+0.08 5.10-11.40 17.87 8.80+0.08 5.50-12.50 15.09
Rough rice breadth (mm) 2.66 2.26 2.40+0.01 1.80-2.90 6.14 2.50+0.02 1.70-3.30 13.98
Rough rice L/B ratio 2.10 5.14 3.20+0.04 2.00-5.90 21.64 3.60+0.05 2.00-7.50 24.58
Milled rice length (mm) 3.53 7.66 5.30+0.06 3.63-8.01 18.20 6.00+0.05 3.20-8.30 14.86
Milled rice breadth (mm) 2.00 1.70 1.94+0.01 1.60-2.40 5.89 2.10+0.02 1.30-3.30 13.99
Milled rice L/B ratio 1.76 4.47 2.76+0.04 1.79-4.70 21.64 2.90+0.04 1.50-4.70 21.55
Cooked kernel length (mm) 5.50 16.56 8.86+0.11 5.76-15.23 21.61 9.10+0.08 5.50-17.30 15.55
Elongation ratio 1.40 2.50 1.67+0.01 1.00-2.30 11.54 1.50+0.01 1.20-2.10 9.92

SE Standard error; CV Coefficient of variance
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Fig. 1 Frequency distribution of phenotypic variation for grain dimension traits among 242 diverse germplasm

traits. Many of these QTLs have been fine mapped and gene  gain in these traits through direct selection is rather low.
based markers have been developed for breeding applications. Identification of molecular markers linked to QTLs/genes
Grain length, grain breadth, cooked kernel length and elonga-  underlying these traits would go a long way in their genetic
tion ratio are very important traits for improvement of grain ~ improvement through marker assisted selection.

and cooking quality in rice in general and Basmati rice in In the present study, the marker-trait association was
particular. These traits are under polygenic control and genetic ~ validated using seven gene based markers in a diverse set
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Fig. 2 Representative amplification profile of germplasm with the grain genotypes; while in majority of short grain genotypes fragments
marker SF28. M: 50 bp Ladder; 1-48: germplasm S.No as per supple- of 110 bp and 26 bp are produced on restriction digestion of 136 bp
mentary Table 1. Fragment of 136 bp is amplified in most of the long fragment with Pst/
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Table 3 Chi-square analyses for segregation pattern of markers linked
to grain dimension traits

S.No Marker  Segregation pattern of F, Chi square test P-value
Marker data
A H B

1 SF28 51 153 96 13.64 NS

2 MS40671 67 165 68 0.36 0.83

3 RMS505 77 144 79 0.59 0.74

NS Not significant, A-Sonasal type, B-PB1121 type, H-heterozygous

of rice germplasm and in F, mapping population segregat-
ing for grain dimension traits. The proportion of phenotypic
variance explained by the individual markers ranged from
2.5 % to 37 % and 2.7 % to 32.5 % in germplasm and F,
mapping population, respectively. The marker SF28 in GS3
clearly distinguished 242 germplasm lines into two groups
amplifying 136 bp in long grain types and two fragments of
110 bp and 26 bp on restriction digestion of 136 bp frag-
ments with Pst/ in short grain type. The SF28 marker in GS3
explained 37 % of phenotypic variance for grain length in
the germplasm set and thus, appears to be a useful candidate
for marker assisted introgression of the gene GS3 for im-
proving grain size in rice. Similarly in F, mapping popula-
tion, GS3 locus explained substantially high proportion of
phenotypic variance for grain length (32.5 %), grain length/
breadth ratio (28 %) and cooked kernel length (25 %).
Therefore, Pusa Basmati 1121 can be used as a potential
donor for grain size in the breeding programme.

Besides SF28, three markers namely SR17, RGS1 and
RGS2 were earlier identified in the second intron, the last
intron and exon-5 of GS3, respectively (Wang et al. 2010).
On validation markers SR17, RGS1 and RGS2 were also
found to have significant association with grain length

explaining phenotypic variance of 7.9 %, 12.0 % and
6.3 %, respectively in germplasm set. The results in the
present study were in accordance with the earlier study by
Wang et al. (2010), where three allelic groups were detected
in Chinese landraces of rice germplasm (O. sativa), some
cultivated African rice (O. glaberrima) and wild rices (O.
rufipogon, O. nivara, O. barthii, and O. meridionalis). The
aforesaid markers in the GS3 region were also found to be
associated with other grain dimension traits such as grain
breadth, grain L/B ratio, cooked kernel length and elonga-
tion ratio. The present study confirmed that GS3 locus
influencing grain dimension traits was widely distributed
in the Indian rice germplasm.

The marker W004 was used for validation of G2 gene
reported for enhancing grain width and yield, grouped gen-
otypes into two allelic groups amplifying fragments of
1,100 bp and 700 bp. Although the variability in grain width
in the germplasm used, ranged between 1.7 and 3.3 mm, the
phenotypic variance explained by G2 based marker W004
was not significant indicating that this locus was not so
important and there may be additional genes involved in
determining grain width in the germplasm studied.

The marker MS40671 accounted 2.6 % phenotypic var-
iance for grain breadth in germplam set, which was found to
be very less compared to validation results of ¢S5 in a set
of landraces including both japonica and indica with grain
width >3.3 mm (Shomura et al. 2008). The model for
Jjaponica rice domestication proposed by them suggested
that the gSW5 gene propagated to upland areas of China
and Japan, is absent in wild species O. rufipogon and indica
rices. Also, deletion in the gene identified through compar-
ative sequencing clearly associated the increase in grain
width due to Nipponbare allele (japonica). In our study,
the marker MS40671 based on gSW5 grouped the rice
germplasm into two allelic groups of 320 bp and 300 bp

Table 4 Per cent phenotypic variance (R?) explained by different markers linked to grain dimension traits in germplasm and F, population

Markers Grain Dimension traits

RRL RRB RRL/B MRL MRB MRL/B CKL ER

GP F, GP F, GP F, GP F, GP F, GP F, GP F, GP F,
SF28 37.0 16.0 10.0 3.0 32 14.0 7.0 32.5 6.0 4.5 33.0 28.0 32 25.0 12 NS
SR17 7.9 - NS - 4.2 - 4 - NS - NS - 42 - NS -
RGS1 12.0 - 6.0 - 14.0 - 13 - 4 - 14 - 8 - NS -
RGS2 6.3 - 54 - 8.6 - 13.8 - 2.5 - 12.9 - 8.6 - NS -
w004 NS - NS - NS - NS - NS - NS - NS - NS -
MS40671 6.3 NS NS NS 7.5 NS 2.6 NS 2.6 NS 5.1 NS 6.3 2.7 NS 3.7
RM505 17 451 NS NS 12.4 NS 8.1 54 NS NS 8.7 8.8 12.6 35 NS NS

RRL Rough rice length; RRB Rough rice breadth; RRL/B Rough rice length breadth ratio; MRL Milled rice length; MRB Milled rice breadth; MRL/B
Milled rice length breadth ratio; CKL Cooked kernel length; ER Elongation ratio; GP Germplasm; F,: F, population derived from Sonasal/Pusa

Basmati 1121; NS Not significant
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but its contribution to the phenotypic variance for grain
width was very low indicating that ¢S5 locus was not
widely distributed in the germplasm studied.

The marker RM505 flanking the QTL ggri7.1 classified
the rice germplasm into two allelic groups comprising of
220 bp and 180 bp fragment size and explained 12.4 % and
12.6 % phenotypic variance for grain L/B ratio and cooked
kernel length, respectively. Recently, this region on chromo-
some 7 has been fine mapped to a region of 4.8Kb. Candi-
date gene analyses found no annotated genes in this region
while two open reading frames were considered to be more
likely candidate for GS7 gene (Shao et al. 2012).

Since, the grain dimension traits are quantitatively
inherited and have low heritability, the present study on
validation of grain dimension associated markers would
lead to improvment in grain dimension related traits. The
present study has clearly showed the robustness of markers
namely SF28, SR17, RGS1, RGS2, W004, MS40671 and
RMS505 in the validation study using set of diverse Indian
germplasm and a biparental F, population. These markers
hold great promise in MAS for improvement of respective
traits. The identified germplasm having respective positive
alleles for grain dimension traits can be used as a donor
parent in marker assisted backcross breeding.
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