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Abstract

Rice nutritional profile defines and characterizes the dimensions of grain quality. Biofortification of rice requires intense
genetic and phenotypic screening to find donor parents to improve nutritional attributes of newly developed breeding lines. To
detect significant marker trait associations for utilization in future breeding programs for improvement of grain quality, a
segregating rice population was developed using Super Basmati and IRBB-57 to map the genetic basis of grain nutritional
attributes. A total of 213 plants of F, population were characterized for nutritional assays and genotyped using 94 SSR
Markers. Based on linkage map of 94 markers, QTL analysis detected Twenty six main effect QTLs associated with 5
nutritional traits (protein, lipids, iron, zinc and calcium) on six linkage groups with major alleles contributed by Super Basmati
with significant additive and phenotypic variance. Lipids, iron, zinc and calcium were newly examined in Basmati genome
background with significant phenotypic variation (5.45— 26.25%). A main effect QTL (qPC-8b) flanked by RM 313 and RM
309 on chromosome 8 influenced the protein content with phenotypic variation of 13.32%. For lipid contents, 18% phenotypic
variation was explained by a major QTL (gLC-1) on chromosome 1 linked with RM 426 and RM 428. Maximum phenotypic
variation (26.25%) was explained by a main effect QTL (qFe3) flanked by RM 211 and RM 233 controlling iron content on
chromosome 3. The findings reveal that Super Basmati may be used as potential donor parent for nutritional improvement of
future rice varieties. The linked SSR makers with all the associated traits could possibly be used to transfer the target loci for
nutritional improvement of future rice varieties using Marker Assisted Selection (MAS). © 2019 Friends Science Publishers
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numerous components under varying concentrations

determined by physical and biochemical properties and
controlled by complex inheritance under changing

Introduction

Rice (Oryza sativa L.) serves half of the world

population as a prominent staple food. Components of
nutritional profile define and characterize the
dimensions of rice grain quality (Cuevas et al., 2018). In
a breeding program, new lines are selected based on
minor and major traits associated with grain quality. All
the major traits (starch, RVA properties, gel consistency
and gelatinization temperature) and minor traits (protein,
lipids, zinc, iron, and calcium) play leading role in
defining the rice grain quality and texture (Sands et al.,
2009). The varieties within same amylose class could be
classified based on nutritional profile dominated by different
components (Champagne et al., 2010). Paradigm of rice
quality is based on nutritional profile, eating profile, sensory
profile, cooking and physical profile (Yang et al., 2014;
Pang et al., 2016). All of these profiles are attributed by

environments (Tran et al., 2011).

Rice biofortification focuses on genetic, physiological
and environmental nature of targeted parameters to develop
a new variety with improved nutritional traits. Textural
properties of cooked rice provide more insights to study the
role of nutritional attributes in defining the quality model (Li
et al., 2014). Many findings reveal the association of
nutritional and starch attributes with genetic diversity of rice
germplasm with GBSS and effect of changing climates
globally (Tran et al., 2011; Wattoo et al., 2015; Hori et
al., 2016; Li et al., 2016). Triploid nature of endosperm,
epistatic interactions and cytoplasmic effects also lead to
a complex genetic inheritance of rice grain components
associated with its quality (Kumar and Khush, 1986;
Pooni et al., 1993).
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Many studies reported the role of waxy gene for starch
properties and expression in different rice accessions
controlled by allelic diversity at waxy locus directing the
synthesis of Granule Bound Starch Synthase (GBSS) (Tan
et al.,, 1999; Wang et al., 1999; Tian et al., 2005). Rice grain
lipids constitute a small proportion compared to starch but
significantly contribute the nutritional attributes (Moazzami
et al., 2011). Oil of rice bran is preferred in many Asian
countries with significant impact on human health and
nutrition  (Ghosh, 2007). Phospholipids are major
component in rice grain and are composed of phosphates
and lipids constituting about 10% of total lipids in rice
grain. The effects of theses phospholipids are also found
beneficial in many human diseases including heart
inflammation and cancer (Kullenberg et al., 2012).
Grain lipids are grouped in to five classes (phospholipids,
acylglycerols, wax easters, free fatty acids and glycolipids)
based on chemical structure and linkage. Rice bran contains
primarily concentrated amount of lipids (19.5-25.5%)
compared with milled rice with 0.8% (Juliano et al., 1992).
However, the quantity of phospholipids and their
distribution in different rice accessions varies based on
genetic diversity and geographic distribution.

Proteins affect the physiochemical properties of
cooked rice. In general, protein content and cooking quality
traits of rice are negatively correlated (Abacara et al., 2016).
Rice protein is uniquely enriched with lysine (4%) when
compared with other cereals. Similarly, other grain
components like zinc (Zn), iron (Fe) and calcium (Ca) are
associated with grain texture and rheological properties
(Cuevas et al., 2018; Rehman et al., 2018). Knowing the
genetic basis of all the major and minor grain quality
attributes would help to transfer of useful traits form one
variety to other using genomic assisted selection techniques
to improve the nutrient content of rice. Moreover, holistic
breeding strategies aided with advanced tools are needed for
rice nutritional development and product release.

Fe and Zn play key role for plants homeostasis,
translocation, buffering and metabolic regulations which
favours the growth and development (Trijatmiko et al.,
2016). Zn promotes protein coordination, gene transcription,
lipid and carbohydrates metabolism (Bashir et al., 2012).
Similarly, Fe is a key element in electron-transfer,
chlorophyll biosynthesis, respiration and photosynthesis
(Yun et al., 2014). Variation in Fe and Zn concentration
may cause metabolic disorders leading abnormal growth
and development of plants.

Simple Sequence Repeats (SSR) are valuable
biological tools for genetic mapping of different attributes in
rice. These markers have been successfully utilized to study
genetic diversity (Zou et al, 2000), QTL mapping
(McCouch et al., 2002), Allelic diversity (Ravi et al., 2003),
gene identification (Wattoo et al., 2015), varietal purity
testing (Coburn et al., 2002), phylogenetic relationship
(Joshi and Behera, 2006) and introgression of desired genes
(McCouch et al., 2002). SSRs are progressively used to
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construct genetic linkage map of rice to link genotype
and phenotypic variation of different traits (Singh et al.,
2004). Most of genetic studies convened the Basmati
genotypes in to separate cluster showing their complex
patterns of evolution when compared within indica
genotypes (Jain et al., 2004).

The current study was designed to find the new
genetic loci associated with grain nutritional profile using
Basmati derived segregating population with SSR
microsatellites. The results would further help to study the
genetic basis of oil traits and nutritional profile in rice. The
associated SSR markers with all the traits would be used by
Marker Assisted Selection (MAS).

Materials and Methods
Plant Material

Two parent rice varieties Super Basmati and IRBB-57 were
used to derive segregating mapping population for genetic
mapping studies and biochemical assays of rice grain. Super
Basmati rice is known as superior rice due to its aroma and
quality of kernel with intermediate amylose contents, gel
consistency and gelatinization temperature. The latter
variety contains poor grain quality attributes with high
amylose contents, gelatinization temperature and hard gel
consistency. The mapping population was developed at the
Agriculture experiment farm of University of Punjab,
Lahore during rice growing season of 2016-2017 under
standard agronomic practices. A total of 213 F, plants were
developed and harvested at maturity for SSR genotyping
and grain profile assays.

SSR Genotyping

DNA of both parents and 213 F, plants was extracted using
CTAB method as described by Healey et al. (2014). A total
of 154 SSR markers were surveyed on two parents Super
Basmati and IRBB-75. 94 SSR markers distributed on
different rice chromosomes showed polymorphism and
were later used for SSR genotyping using PCR followed
by Poly Acrylamide Gel Electrophoresis (PAGE) (Chen
et al,, 1997; Temnykh et al., 2000). Different SSR
microsatellites were optimized using different levels
annealing temperature range.

Genetic Linkage Map

Genetic linkage map was constructed using 94 polymorphic
SSR markers distributed on 6 linkage groups. An integrated
map was used to estimate the distance between markers
(Www.gramene.org).

QTL Analysis

QTL mapping was performed with a linkage map of 94 SSR
markers evenly distributed on six linkage groups. QTLs for
grain protein content, lipids, iron, zinc and calcium were
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identified using both regression and non-regression mapping
approaches. QTL cartographer version 2.5 and Map marker
version 3.0 (Lincoln et al., 1992) were used to detect marker
and phenotypic association using Simple Interval Mapping
(SIM) and Composite Interval Mapping (CIM) approaches.
A threshold P value (P < 0.05) was used with permutation
rate 1000 for QTL detection. Phenotypic variation (R?) was
determined using likelihood ratio test to set hypothesis to
calculate Logarithm of the Odds (LOD) values with
dominance and additive effects (H3: HO). A LOD score >
5.0 was set to detect the significance of a QTL.

Grain Assays

Protein estimation: For protein estimation, 2.5 g of grinded
rice powder was added to a sample tube followed by
digestion with strong acid (sulfuric acid, 25 mL) with 2
tablets following classical Kjeldahl Method. The samples
were allowed to steam distillate and titrated back with
sodium hydroxide. The nitrogen values were multiplied
with a constant factor (5.95) to determine the protein
content. Each sample was performed thrice and protein
content was averaged over replications.

Lipids estimation: Mature grain samples of 213 plants of
F, population were milled and grinded into fine powder. 50
mg powder was weighed to determine the lipid contents
following the method described by Browse et al. (1986). All
the samples were assayed twice and replicated for average
in percentage.

Mineral Analysis

For mineral assay of different grain components, 0.3 g of
grinded powder of white rice was taken in
Polytetrafluoroethylene (PTFE) tube for digestion with
nitric acid and hydrogen peroxide (2 mL and 0.5 mL)
following shifting of digestion solution to volumetric flask
(25 mL) and filling the volume with distilled water. Iron,
zinc and calcium concentrations were determined using
ICP-MS, Agilent, CA, USA following method described by
Wu et al. (2010) expressed in pg/g.

Statistical Analysis

All the phenotypic data were statistically analyzed using
SPSS 19.0. Linear regression model and Pearson correlation
was performed to check the correlation among different
nutritional attributes.

Results
Protein Contents

The protein contents of all the 213 samples of segregating
populations varied significantly. The protein contents of
both parents (Super Basmati and IRBB-57) were recorded
as 7.9 and 5.2%, respectively. The range of protein in
segregating samples was 4.3 to 10% (Fig. 1).
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Lipids Contents

Lipids contents in brown rice samples of mapping
population varied significantly (0.5-3.2%). Super Basmati
and IRBB-57 showed lipid contents 0.8 and 2.5%
respectively. The statistical analysis revealed three distinct
groups based on lipids variation. One group showed
similarity range with IRBB-57 with lipids contents range of
2.5-3.1%. Other group showed similarity range with Super
Basmati (0.5-1.0%). Remaining samples showed diverse
range (0.5-3.2%) (Fig. 1).

Mineral Components

A significant degree of variation in Zn was recorded in
mapping population. Zn contents of Super Basmati and
IRBB-57 were recorded 9.6 pg/g and 12.8 pglg
respectively. The range varied from 7.5-15.8 pg/g in
mapping population. Some of samples were recorded with
values significantly different from both parents showing
recombinant groups (Fig. 1).

Similarly, Fe contents showed a statistically significant
range in mapping population. Super Basmati was detected
with 10 pg/g of Fe while IRBB-57 with 7.5 ug/g. The range
in mapping population was observed between 5.5-12.6 pg/g
(Fig. 1) showing three distinct groups with parental range
and recombinants. Ca contents of mapping population also
revealed a significant range. Super Basmati was detected
with 250 pg/g of Calcium while IRBB-57 with 280 pg/g.
The range of Ca contents comprised three groups within the
quantitative scale of both parents and recombinants (Fig. 1).

Correlation Analysis

Statistical analysis revealed significant correlation among all
the traits (Table 1). Protein content showed positive
correlation with calcium (0.63), zinc (0.85) and iron (0.60)
while negatively correlated with lipids (-0.45) (Table 1).
Similarly, lipids contents showed positive correlation with
iron (0.75), zinc (0.65) and calcium (0.59). Iron revealed
positive correlation with lipids (0.75). Calcium was also
positively correlated with protein content (0.63), lipids
(0.59), iron (0.75) and zinc (0.45) (Table 1).

QTL Analysis

Protein contents: QTL analysis detected 26 main effect
QTLs for all the five nutritional attributes (Protein
contents, Lipid contents, Zinc, lron and Calcium). For
Protein content, five QTLs were detected on
chromosomes, 1, 4, 7 and 8 (Table 2; Fig. 2). On
chromosome 1, one QTL was detected as gPC-1which
showed LOD score of 5.31 with phenotypic variation 7.26.
One QTL gPC-4 was detected on chromosome 4 with LOD
score of 9.26 and phenotypic variation of 9.45% (Table 2;
Fig. 2). The other QTL gPC-7 was detected on chromosome
7 showing LOD score 5.62 and 6.23% phenotypic variation.
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Protein content
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Fig. 1: Statistical distribution showing range of nutritional attributes in mapping population. Proteins and lipids contents are
expressed in % age while Fe, Zn and Ca contents are expressed in pg/g while taking plants on x-axis and phenotypic range on y-axis
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Fig. 2: A linkage map of polymorphic SSR markers between two parents (S.B & IRBB-57) showing distribution of 26 main effect
QTLs associated with all the 5 nutritional traits on 6 linkage groups. The nutritional traits are represented with different symbols like

A Protein contents,

Similarly, two QTLs were identified

on linkage group 8 as

gPC-8a and gPC-8b with LOD score 5.31 and 6.32,
respectively. The phenotypic variation of qPC-8a was
detected 10.21 while qPC-8b was detected with 13.32%

phenotypic variation (Table 2; Fig. 2).
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Lipids contents, # Zinc contents, @ Iron contents and + Calcium contents

Lipids contents: Five QTLs were identified for lipids
contents on linkage groups 1, 3, 4, 6 and 7 (Table 2; Fig. 2).
One major QTL gLC-1 on chromosome 1 was detected with
LOD score 10.2 and phenotypic variation 18.12%. Other
QTL gLC-3 was detected on linkage group 3 with LOD
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Table 1: Correlation among different traits of grain nutritional
profile. PC (protein contents), LC (lipid contents), Fe (iron), Zn
(zinc) and Ca (calcium)

Variables PC LC Fe Zn Ca
PC 1

LC -0.45* 1

Fe 0.60* 0.75** 1

Zn 0.85** 0.65* 0.69* 1

Ca 0.63 0.59 0.75 0.45 1

**P<0.01;*P<0.05

Table 2: Summary of different QTLs associated with all the
nutritional attributes

Traits QTLs  Marker Interval LOD Additive Phenotypic

Score variance (%)
Protein Contents qPC-1 RM499-RM462 531 1.6 7.26
gPC-4 RM132-RM569 9.26 4.89 9.45
gPC-7 RM564-RM559 5.62 3.45 6.23
gPC-8a RM101-RM179 531 216 10.21
gPC-8b RMB313-RM309 6.32 3.26 13.32
Lipids contents qLC-1 RM462-RM428 10.2 3.16 18.12
gLC-3 RM110-RM211 5.13 0.45 10.56
gLC-4 RMb569- RM231 6.32 5.2 14.12
gLC-6 RM261-RM185 5.16 2.9 8.26
gLC-7 RM142-RM564 6.56 3.6 7.32
Iron (Fe) gFe-1 RM580-RM81 8.26 2.15 9.65
gFe-3 RM211-RM233 9.12 1.69 26.25
gFe-4 RM489- RM545 6.23 0.65 11.26
gFe-6 RMA471- RM417 532 4.36 5.45
gFe-7 RM109- RM413 9.23 5.29 7.46
gFe-8a RM511- RM260 6.23 0.60 10.45
gFe-8b RM309- RM463 5.12 2.30 13.45
Zinc (Zn) gZn-1 RM81-RM140 102 2.9 11.12
gZn-4a RM523- RM489 6.23 3.20 7.35
gZn-4b  RM338- RM339 5.92 0.90 6.12
gZn-6  RM185- RM471 5.12 0.43 7.65
gZn-7  RM413- RM448 6.24 0.53 10.24
gqZn-8  RM179- RM277 6.89 4.06 9.23
Calcium (Ca) qCa-1 RM428-RM220 6.12 -0.90 10.10
qCa-7 RM448- RM267 9.32 -0.74 12.46

score 5.13 and phenotypic variation 10.56% (Table 2; Fig.
2). Similarly, a major QTL, qLC-4 was identified on
chromosome 4 with LOD score 6.32 and phenotypic
variation 14.12%. Linkage groups 6 and 7 were detected
with gLC-6 and gLC-7 with LOD 5.16, 6.56% and 8.26,
7.25% phenotypic variation respectively (Table 2; Fig. 2).
Iron contents: Seven QTLs were identified for iron
contents on linkage groups 1, 3, 4, 6, 7 and 8 (Table 2; Fig.
2). Chromosome 1 was identified with one QTL gFe-1 with
LOD score 8.26 and phenotypic variation of 9.65%.
Similarly, one major QTL gFe-3 with phenotypic variation
26.25% was identified on chromosome 3 showing LOD
score 9.12 (Table 2; Fig. 2). Other QTL gFe-4 was detected
on linkage group 4 with LOD score 6.23 and phenotypic
variation 11.26%. Chromosomes 6 and 7 were detected with
gFe-6 and gFe-7 with LOD score 5.32 and 9.23 and
phenotypic variation 5.45 and 7.46%, respectively.
Chromosome 8 was detected with two QTLs qFe-8a&qFe-
8b with LOD score 6.23, 5.12 and phenotypic variation of
10.45 and 13.45% respectively (Table 2; Fig. 2).
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Zinc contents: Six QTLs were identified for Zinc contents
on linkage groups 1, 4, 6, 7 and 8 (Table 2; Fig. 2).
Chromosome 1 was detected with one QTL gZn-1 with
significant phenotypic variation of 11.12% and LOD score
10.2% (Table 2; Fig. 2). Similarly, two QTLs gZn-4a &
gZn-4b were detected on linkage group 4 with LOD score
6.23, 5.92 and phenotypic variation 7.35 and 6.12%
respectively. Linkage groups 6 and 7 were identified with
two QTLs gZn-6 and gZn-7 with LOD score 5.12, 6.24 and
phenotypic variation 7.65 and 10.24%, respectively. One
QTL gZn-8 was detected on chromosome 8 with LOD score
6.89 and phenotypic variation 9.23% (Table 2; Fig. 2).
Calcium contents: Two QTLs were detected for calcium
contents on chromosomes 1 and 7 with significant
phenotypic variation (Table 2; Fig. 2). The QTL on
chromosome 1 qCa-1 was detected with LOD score 6.12
and phenotypic variation 10.10%. Similarly, chromosome 7
was detected with one QTL qCa-7 with LOD score 9.32 and
phenotypic variation 12.46% (Table 2; Fig. 2).

Discussion

Deficiency of essential minerals, vitamins and
micronutrients in rice is serious concern in the regions
where it is consumed as staple diet (Farooq et al., 2018). Fe
and Zn deficiencies are reported as main concern in resource
poor regions around the globe (Sands et al., 2009). In
current study, many QTLs were identified to be linked with
various quality attributes. Super Basmati is being used as
potential donor parent to restore best alleles for grain quality
improvement. IRBB-57 is used as donor of blight resistant
genes in promising cultivars following by restoration of
target genome using Marker Assisted Backcrossing (MAB).
Both parents have significant variation in all the studied
grain quality traits.

For protein contents, five QTLs were identified on
4 linkage groups (1, 4, 7 and 8). One major QTL was
detected on chromosome 4 between marker interval
RM132-RM569 with LOD score 9.26 and additive
variance 4.89% and phenotypic variance 9.45% (Fig. 2;
Table 2). Chromosomes 1 and 7 were also previously
detected to have QTLs for protein contents (Qin et al.,
2009; Zhong et al., 2011; Bruno et al., 2017).
Chromosomes 4 and 8 have been detected first time to
have QTLs for quantitative variation of protein contents.
Super Basmati favored the contribution of positive
alleles for protein content. Similarly, on linkage groups
7 and 8, Super Basmati showed additive effect of 3.45
and 3.26 respectively (Fig. 2; Table 2). Rice protein is
an important nutritional component and is reported by
many researchers as an important factor involved in the
variability of eating and cooking quality of rice
accessions within same amylose class (Zhong et al.,
2011). Qur results clearly indicated that Super Basmati
can be used as donor parent for introgression of protein
associated alleles in newly breeding cultivars.
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Five QTLs were identified for lipid contents on
linkage groups 1, 3, 4, 6 and 7. Maximum phenotypic
variation (18.12%) was recorded on chromosome 1 for
gLC-1 with LOD score 10.2 and additive effect 3.16.
Similarly, two QTLs on chromosomes 4 (qLC-4) and 7
(qLC-7) showed significant additive values 5.2, 3.6 with
phenotypic variation 14.2 and 7.32% respectively (Fig. 2;
Table 2). On all the three linkage groups (1, 4 and 7), Super
Basmati increased positive alleles for lipids contents.
Chromosome 6 has been reported by many researchers to
have waxy locus with major impact on starch biosynthesis
and physiochemical properties (Bao et al., 2006; Wang and
Shu, 2007; Li et al., 2014; Xu and Bai, 2015). We also
reported the same linkage group for genetic control of lipids
contents and our results provided evidence that Super
Basmati may be used as potential donor parent to increase
the frequency of alleles associated with increase lipids
contents using linked SSR markers.

Seven QTLs were identified for iron (Fe) contents on
six linkage groups (1, 3, 4, 6, 7 and 8). One QTL gFe-3 was
identified with maximum phenotypic variation 26.25% on
chromosome 3 with LOD score 9.12 and additive effect
1.69% (Fig. 2; Table 2). Chromosome 1 was previously
identified to have QTLs for iron content (Kaiyang et al.,
2008; Anuradha et al., 2012). Similarly, chromosomes 7
and 8 were reported by James et al. (2007) and Anuradha et
al. (2012) to have QTLs for iron content. Other
chromosomes were detected first time. Two QTLs on
chromosome 6 (qFe-6) and 8 (qFe-8) were detected with
negative additive variances -4.36 and -0.60%, respectively
(Fig. 2; Table 2). IRBB-57 decreased favorable alleles
associated with iron.

For Zinc (Zn) contents, six QTLs were detected on
five linkage groups (1, 4, 6, 7 and 8). Two QTLs with
significant additive and phenotypic variance were identified
on linkage groups 1 & 4 (Fig. 2; Table 2). Chromosomes
6,7 and 8 were previously identified by many researchers
(Kaiyang et al., 2008; Anuradha et al., 2012) to have alleles
for quantitative variation of zinc contents in rice. Other
chromosomes were identified first time. Positive alleles for
zinc contents were shared by Super Basmati on all the
linkage groups (Table 2; Fig. 2).

Two QTLs (qCa-1 & qCa-7) for calcium content were
identified for calcium contents on chromosomes 1 and 7
with LOD score 6.12, 9.32, Additive variance -0.90-0.74%
and Phenotypic variance 10.10 and 12.46% respectively
(Table 2). QTLs for calcium contents on chromosome 1
were also reported by Garcia et al. (2008). Super Basmati
decreased the calcium contents on both linkage groups.
Many QTLs were detected sharing common position on
various linkage groups showing their complex haplotypes
variation for phenotypic traits.

Rice biofortification with crucial minerals and
micronutrients is challenging due to complex metabolic
and genetic networks underlying the phenotypic
expression of all the nutritional traits (James et al.,
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2007; Bashir et al., 2012). Moreover, germplasm
diversity and variation in nutrients concentration may
significantly affect the mobilization scheme of these
nutrients under changing climatic conditions and agronomic
practices leading a big challenge for breeders to maintain
the required concentration of a particular micronutrient
(Paul et al., 2012).

Conclusion

In conclusion, 26 QTLs were identified to be associated
with 5 nutritional traits on six linkage groups using
segregating rice population derived from Super Basmati and
IRBB-57. Our results have clear implications for
improvement of rice nutritional profile using Super Basmati
as one of potential donor parent for sustainable and cost
effective varietal development. The linked SSR makers with
all the associated traits could possibly be used to transfer the
target alleles for nutritional improvement of future rice
varieties using Marker Assisted Selection (MAS).

Acknowledgements

The authors wish to thank the anonymous reviewers for
their thoughtful comments and valuable suggestions.

References

Abacara, J.D., L. Zhao, Z. Xin, D. Chenggianga, T. Shea, L. Zheng, W.
Shao and D. Yan, 2016. Variation in Yield and Physicochemical
Quality Traits among Mutants of Japonica Rice Cultivar Wuyujing
3. Rice Sci., 23: 33-41

Anuradha, K., S. Agarwal, Y.V Rao, K. Rao, B. Viraktamath and N. Sarla,
2012. Mapping QTLs and candidate genes for iron and zinc
concentrations in unpolished rice of Madhukar x Swarna RILs.
Gene, 508: 233-240

Bao, J.S., H. Corke and M. Sun, 2006. Nucleotide diversity in starch
synthase lla and validation of single nucleotide polymorphisms in
relation to starch gelatinization temperature and other
physicochemical properties in rice (Oryza sativa L.). Theor. Appl.
Genet., 113: 1171-1183

Bashir, K., Y Ishimaru and N.K. Nishizawa, 2012. Molecular mechanisms
of zinc uptake and translocation in rice. Plant Soil, 361: 189-201

Browse, J., N. Warwick, C.R. Somerville and C.R. Slack, 1986. Fluxes
through the prokaryotic and eukaryotic pathways of lipid synthesis in
the’ 16:39 plant Arabidopsis thaliana. Biochem. J., 235: 25-31

Bruno, E., Y.S. Choi, I.K. Chung and K.M Kim, 2017. QTLs and analysis
of the candidate gene for amylose, protein, and moisture content in
rice (Oryza sativa L.). Biotechnology, 7: 1320513217

Champagne, E.T., K.L. Bett, M.A. Fitzgerald, C.C. Grimm, J. Lea, O. Ki, S.

Jongdee, L. Xie, P. Bassinello, A.P. Resurreccion, R. Ahmad, F.

Habibi and R.F. Reinke, 2010. Important sensory properties

differentiating premium rice varieties. Rice, 3: 270-281

X., S. Temnykh, Y. Xu, Y.G. Cho and S.R. McCouch, 1997.

Development of a microsatellite framework map providing genome-

wide coverage in rice (Oryza sativa L.). Theor. Appl. Genet., 95:

553-567

Coburn, J.R., S.V. Temnykh, E.M. Paul and S.R. McCouch, 2002. Design
and application of microsatellite marker panels for semi automated
genotyping of rice (Oryza sativa L.). Crop Sci., 42: 2092-2099

Cuevas, R.P.O., C.J Domingo and N. Sreenivasulu, 2018. Multivariate-
based classification of predicting cooking quality ideotypes in rice
(Oryza sativa L.) indica germplasm. Rice, 56: 12284-12298

Chen,



QTL Mapping for Grain Nutritional Profile in Rice / Intl. J. Agric. Biol., Vol. 21, No. 5, 2019

Farooq, M., Amanullah, A. Rehman, A. Nawaz, A. Nadeem, A. Wakeel, F.
Nadeem and K.H.M. Siddique, 2018. Application of zinc improves
the productivity and biofortification of fine grain aromatic rice grown
in dry seeded and puddled transplanted production systems. Field
Crops Res., 216: 53-62.

Garcia, A.L., L. Tan, Y. Fu and C. Sun, 2008. Genetic identification of
quantitative trait loci for contents of mineral nutrients in rice grain. J.
Integr. Plant Biol., 51: 84-92

Ghosh, M., 2007. Review on Recent Trends in Rice Bran Oil Processing.
JAOCS, J. Amer. Oil Chem. Soc., 84: 315-324

Healey, A., A. Furtado, T. Cooper and R.J Henry, 2014. Protocol: a simple
method for extracting next-generation sequencing quality genomic
DNA from recalcitrant plant species. Plant Meth., 10: 10-21

Hori, K., K. Suzuki. K. lijima and K. Ebana, 2016. Variation in cooking and
eating quality traits in Japanese rice germplasm accessions. Breed.
Sci., 66: 309-318

Jain, S.J., K. Rajinder and S.R. McCouch, 2004. Genetic analysis of Indian
aromatic and quality rice (Oryza sativa L.) germplasm using panels
of fluorescently-labeled microsatellite markers. Theor. Appl. Genet.,
109: 965-977

James, C.R, B.L. Huynh, R.M. Welch, E.Y. Choi and R.D. Graham, 2007.
Quantitative trait loci for phytate in rice grain and their relationship
with grain micronutrient content. Euphytica, 154: 289-294

Joshi, RK and L. Behera, 2006. Identification and differentiation of
indigenous non-Basmati aromatic rice genotypes of India using
microsatellite markers. Afr. J. Biotechnol., 6: 348-354

Juliano, B.O., C.M. Perez and M. Kaosa-ard, 1992. Grain quality
characteristics of export rice in selected markets. In: Consumer
Demand for Rice Grain Quality, pp: 221-234. Unnevehr, L.J., B.
Duff and B.O. Juliano (Eds.). International Rice Research Institure.
Kaiyang, L., L. Lanzhi, X. Zheng, Z. Zhang, T. Mou and H. Zhongli,
2008. Quantitative trait loci controlling Cu, Ca, Zn, Mn and Fe
content in rice grains. J. Genet., 87: 305-310

Kullenberg, D., L.A. Taylor, M. Schneider and U. Massing, 2012. Health
effects of dietary phospholipids. Lipid. Hith. Dis., 5: 3-11

Kumar, I. and G.S. Khush, 1986. Gene dosage effect of amylose content in
rice endosperm. Jap. J. Genet., 61: 559-568

Li, H.S.P., T.M. Nicholson, M.A. Fitzgerald and R.G. Gilbert, 2016. The
importance of amylose and amylopectin fine structure for textural
properties of cooked rice grains. Food Chem., 196: 702-711

Li, J.Y., J. Wang and R.S. Zeigler, 2014. The 3000 rice genomes project:
new opportunities and challenges for future rice research. Giga Sci.,
3:8

Lincoln, S., M. Daly and E. Lander, 1992. Constructing Genetics Maps with
MAPMAKER/EXP 3.0. Whitehead Institute Technical Report,
Whitehead Institute, Cambridge, UK

McCouch, S.R., L. Teytelman, Y. Xu, K.B. Lobos, K. Clare, M. Walton, B.
Fu, R. Maghirang, Z. Li, Y. Xing, Q. Zhang, I. Kono, M. Yano, R.
Fjellstrom, G. DeClerck, D. Schneider, S. Cartinhour, D. Ware and
L. Stein, 2002. Development of 2240 new SSR markers for rice
(Oryza sativa L.). DNA Res., 9: 199-207

Moazzami, A.A., AM. Lampi and A. Kamal, 2011. Chapter 11. Bioactive
Lipids in Cereals and Cereal Products. In: Fruit and Cereal
Bioactives, Sources, Chemistry, and Applications, pp: 229-249. O.
Tokusoglu and C.I. Hall (eds.). CRC Press, New York, USA

Pang, Y., J. Ali, X. Wang, N.J. Franje, J.E. Revilleza, J. Xu and Z.K. Li,
2016. Relationship of rice grain amylose, gelatinization temperature,
and pasting properties for breeding better eating and cooking quality
of rice varieties. PLoS One, 11: 0168483

Paul, S., N. Ali, D. Gayen, S.K. Datta and K. Datta, 2012. Molecular
breeding of Osfer2 gene to increase iron nutrition in rice grain. GM
Crops Food, 3: 310-316

Pooni, H.S., I. Kumar and G.S. Khush, 1993. Genetical control of amylose
content in selected crosses of indica rice. Heredity, 70: 269-280

Qin, Y., S.M. Kim and J.K. Sohn, 2009. QTL analysis of protein content in
double-haploid lines of rice. Kor. J. Crop Sci., 54: 165-171

935

Ravi, M., S. Geethanjali, F.S. Farheen and M. Maheswaran, 2003.
Molecular marker based genetic diversity analysis in rice (Oryza
sativa L.) using RAPD and SSR markers. Euphytica, 133: 243-252

Rehman, A., M. Faroog, M. Naved, A. Nawaz and B. Shahzad, 2018. Seed
priming of Zn with endophytic bacteria improves the productivity
and grain biofortification of bread wheat. Eur. J. Agron., 94: 98-107

Sands, D.C., C.E. Morris, E.A. Dratz and A.L. Pilgeram, 2009. Elevating
optimal human nutrition to a central goal of plant breeding and
production of plant-based foods. Plant Sci., 177: 377-389

Singh, R.K., R.K. Sharma, A.K Singh, V.P. Singh, N.K. Singh, S.P. Tiwari
and T. Mohapatra, 2004. Suitability of mapped sequence tagged
microsatellite site markers for establishing distinctness, uniformity
and stability in aromatic rice. Euphytica, 135: 135-143

Tan, Y.F., J.X. Li, S.B. Yu, Y.Z. Xing, C.G. Xu and Q. Zhang, 1999. The
three important traits for cooking and eating quality of rice grains are
controlled by a single locus in an elite rice hybrid, Shanyou 63.
Theor. Appl. Genet., 99: 642-648

Temnykh, S., W.D. Park, N. Ayres, S. Cartinhour, N. Hauck, L. Lipovich,
Y.G. Cho, T. Ishii and S.R. McCouch, 2000. Mapping and genome
organization of microsatellite sequences in rice (Oryza sativa L.).
Theor. Appl. Genet., 100: 697712

Tian, R., G.H. Jiang and Y.Q. He, 2005. Mapping quantitative trait loci
underlying the cooking and eating quality of rice using a DH
population. Mol. Breed., 15: 117-124

Tran, N, V.D. Daygon, A.P. Resurreccion, R.P. Cuevas, H.M. Corpuz and
M.A. Fitzgerald, 2011. A single nucleotide polymorphism on the
Waxy gene explains a significant component of gel consistency.
Theor. Appl. Genet., 123: 519-525

Trijatmiko, K.R., C. Duefias, N. Tsakirpaloglou, L. Torrizo, F.M. Arines, C.
Adeva, J. Balindong, N. Oliva, M.V. Sapasap, J. Borrero, J. Rey, P.
Francisco, A. Nelson, H. Nakanishi, E. Lombi, E. Tako, R.P. Glahn,
J. Stangoulis, P.C. Mohanty, A.A.T. Johnson, J. Tome, G. Barry and
I.H.S. Loedin, 2016. Biofortified Indica rice attains iron and zinc
nutrition dietary targets in the field. Sci. Rep., 6: 1-13

Wang, C.X and Q.Y. Shu, 2007. Fine mapping and candidate gene analysis
of purple peri-carp gene Pb in rice (Oryza sativa L.). Chin. Sci. Bull.,
52: 3097-3104

Wang, D.L., J. Zhu, Z.K. Li and A.H. Paterson, 1999. Mapping QTLs with
epistatic effects and QTL environment interactions by mixed model
approaches. Theor. Appl. Genet., 99: 1255-1264

Wattoo, J.I., M.S. Igbal, M. Arif, Z. Saleem, M.N. Shahid and M. Igbal,
2015. Homology modeling, functional annotation and comparative
genome analysis of GBSS enzyme in rice and maize genomes. Intl.
J. Agric. Biol., 17: 1061-1065

Wu, F.Y., Y.H. Yang, MAAW. Marks, Z.C. Liu, Q. Zhou, W.C. Ge, J.S.
Yang, Z.S. Zhao, R.H. Mitchell and G. Markl, 2010. In situ U-Pb,
Nd and Hf isotopic analysis of eudialyte by LA-(MC)- ICP-MS.
Chem. Geol., 115: 205-222

Xu, X and G. Bai, 2015. Whole-genome resequencing: changing the
paradigms of SNP detection, molecular mapping and gene discovery.
Mol. Breed., 35: 33

Yang, F., Y. Chen, C. Tong, Y. Huang, F. Xu, K. Li, H. Corke, M. Sun and
J.S. Bao, 2014. Association mapping of starch physicochemical
properties with starch synthesis-related gene markers in non-waxy
rice (Oryza sativa L.). Mol. Breed., 34: 1747-1763

Yun, B.W., M.G. Kim, T. Handoyo and K.M. Kim, 2014. Analysis of rice
grain quality associated quantitative trait loci by using genetic
mapping. Amer. J. Plant Sci., 5: 1125-1132

Zhong, M., L. Wang, J. Yuan, L. Luo, C. Xu and Y.Q. He, 2011.
Identification of QTL affecting protein and amino acid contents in
rice. Rice Sci., 18: 187-195

Zou, J.H., X.B. Pan, Z.X. Chen, J.Y. Xu, J.F. Lu, W.X. Zhai and L.H. Zhu,
2000. Mapping quantitativetrait loci controlling sheath blight resistance
into rice cultivars (Oryza sativa L.) Theor. Appl. Genet., 101: 569-573

(Received 12 November 2018; Accepted 06 December 2018)



