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Abstract Rice grain quality is a multifarious attrib-
ute mainly governed by multiple nutritional factors.
Grain protein is the central component of rice grain
nutrition dominantly affecting eating—cooking quali-
ties. Grain protein content is quantitatively influ-
enced by its protein fractions. Genetic quantifica-
tion of five protein fractions—albumins, globulins,
prolamins, glutelin, and grain protein content—were
evaluated by exploiting two BC;F, mapping popula-
tions, derived from Kongyul31/TKM9 (population-I)
and Kongyul31/Bg94-1 (population-II), which were
grown in a single environment. Correlation studies
among protein fractions and grain protein content
were thoroughly investigated. A genetic linkage map
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was developed by using 146 single sequence repeat
(SSR) markers in population-I and 167 markers in
population-II. In total, 40 QTLs were delineated for
five traits in both populations. Approximately 22
QTLs were dissected in population-I, derived from
Kongyul31/TKM9, seven QTLs for albumin con-
tent, four QTLs for globulin content, three QTLs for
prolamin content, four QTLs for glutelin content,
and four QTLs for grain protein content. In total, 18
QTLs were detected in population-II, derived from
Kongyul131/Bg94-1, five QTLs for albumin content,
three QTLs for globulin content, four QTLs for prola-
min content, two QTLs for glutelin content, and four
QTLs for grain protein content. Three QTLs, gAlb7.1,
Alb7.2, and qGPC7.2, derived from population-II
(Kongyul31/Bg94-1) for albumin and grain protein
content were successfully validated in the near iso-
genic line (NIL) populations. The localized chromo-
somal locus of the validated QTLs could be helpful
for fine mapping via map-based cloning to discover
underlying candidate genes. The functional insights
of the underlying candidate gene would furnish novel
perceptivity for the foundation of rice grain protein
content and trigger the development of nutritionally
important rice cultivars by combining marker-assisted
selection (MAS) breeding.
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Introduction

Rice (Oryza sativa L.) is regarded as a staple food
crop for Asian people and feeds more than 3.5 billion
of the biosphere’s populace. A total of 90% of its pro-
duction and consumption occurs in Asiatic countries;
China and India alone account for approximately 55%
of total production (Kong et al. 2015). Among cereal
crops, rice contributes 20% of the prescribed calorie
intake and provides the primary diet for the growing
world population. To ensure food nutritional security,
the estimated rice grain production must be elevated
up to 852 million tons by 2035 (Brar and Khush
2018). Currently, rice geneticists and breeders are
extensively engaged in the evolution of high-yield-
ing rice varieties. Miracles in high-yield have almost
reached a plateau and are saturated, raising concern
for another balanced (yield—quality) green revolution
by considering current growing population demands
(Chen et al. 2019; Wu et al. 2020a). Nevertheless,
the revolution in rice breeding for enhancing grain
quality characteristics remains in the background.
Elevated human living standards demand a high qual-
ity rice grain. Therefore, an advanced breeding strat-
egy for the demanded grain quality traits has become
the current market challenge. High nutritional grain
quality is the hotspot of grain superiority. A high pro-
tein content of rice food is fundamentally known to
enhance the individual nutritional factor for impov-
erished families, particularly in high rice-consuming
families. However, enhancing fractions of proteins
and grain protein content (GPC) is the major baili-
wick of the current breeding strategy to ameliorate
highly nutritional rice grain varieties.

Rice endosperm constitutes an abundant amount
of proteins after starch. Rice protein content is widely
varied throughout the distinct rice varieties and is
recorded as about 5% to 16%. Additionally, Indica
rice cultivar restores higher protein content (2% to
3%) compared to the Japonica rice cultivar (Lin et al.
1993; Zhou et al. 2009; Yang et al. 2019). Rice com-
prises fractions of proteins such as albumin, globulin,
prolamin, and glutelin. Nevertheless, glutelin consti-
tutes an abundant quantity of protein and synthesizes
the maximum proportion of nutritional importance,
which is essential for high lysine content and digest-
ibility (He et al. 2021). A significant manipulation
within the glutelin protein content may be likely to
modulate rice nutritional superiority. Grain protein
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becomes the central element to determine rice nutri-
tional superiority and covalently affects eating—cook-
ing superiority (Long et al. 2023).

The sequence similarities of amino acids indicate
that glutelin is further categorized into four subunits:
Glu A, Glu B, Glu C, and Glu D (Chen et al. 2018).
Comprehensively, cloning and functional characteri-
zation of genes associated with protein fractions are
mostly obtained from mutants mapping (Ren et al.
2014). Rough endoplasmic reticulum produces a
57 kDa precursor for glutelin, such as 57H mutants,
assimilating a high level of 57 kDa pro-glutelin and
constitutes milky endosperm (Wang et al. 2009; Chen
et al. 2018). In 57H mutants, only gpa3, Osvpel, and
OsRab5a were completely cloned (Wang et al. 2009).
Prolamin was recognized by multiple gene families,
involving 34 gene replicates. Prolamin was structur-
ally delineated into three sub sections; 10 kDa (RP,),
13 kDa (RM,, RM,, RM,, & RM,), and 16 kDa
(Kawakatsu et al. 2008). Albumins and globulins are
jointly synthesized in the rice bran, and proportion-
ally removed during the milling process (Shewry
2007). Globulins retains tranquil digestion (Zhang
et al. 2008) and is restricted for gene identification,
as explained by (Bhullar and Gruissem 2013). Albu-
min proteins, RA16 and RA17, were preliminarily
designated as allergenic proteins, but current reports
emphasized that they play a vital role in reducing
blood sugar and plasma insulin (Adachi et al. 1993;
Swamy et al. 2016). Preliminarily research indicated
that high grain protein content has a negative corre-
lation with eating—cooking superiority; contrarily,
lowered protein content has immense significance in
improving eating—cooking superiority (Li et al. 2019;
Zhang et al. 2021; Xiong et al. 2023).

Grain protein fractions are quantitatively inher-
ited and extensively affected by environmental fac-
tors (Chattopadhyay et al. 2019; Pradhan et al. 2019).
Genetic elucidation of the protein content was initi-
ated during the creation of QTL mapping, genetic
markers, and linkage maps (Peng et al. 2014). Count-
less efforts have been antecedently made to inves-
tigate the genetic architecture of grain protein con-
tent. Numerous QTLs for rice grain protein contents
have been previously summarized (Yang et al. 2015;
Tan et al. 2001; Wang et al. 2008; Lou et al. 2009;
Ye et al. 2010; Zheng et al. 2011, 2012; Cheng et al.
2013; Kashiwagi and Munakata 2018; Chattopadhyay
et al. 2019). However, protein fractions and GPC are
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extremely sensitive to environmental factors; there-
fore, nearly all investigations of protein fractions and
GPC are based on a single environment condition.
Hence, QTLs dissected for protein fractions and GPC
are frequently varied based on a given population’s
structure or environmental conditions. To date, only
two imperative QTLs, gPCI and gGPC-10, were suc-
cessfully cloned and functionally elucidated under a
natural environmental condition, resulting in control-
ling rice grain protein (Peng et al. 2014; Yang et al.
2019). The gPCI functionally encodes an amino acid
carrier like OsAAPG6, increasing grain protein content
by synthesizing and accumulating albumin, globulin,
prolamin, glutelin, and starch content. The gPC1 gene
positively regulates rice grain protein content via
an elevated gene expression level of OsAAP6 (Peng
et al. 2014). The gGPC-10 functionally encodes an
OsGluA2 precursor and positively regulates rice grain
protein content by a pleiotropic effect. The gPCI10
is functionally elevating GPC via increasing glutelin
content and ameliorating nutritional properties of rice
grains (Yang et al. 2019). Reduced genetic expres-
sion of OsAPP6 and OsGluA2 were predominantly
allocated for low GPC breeding by combining MAS.
In addition, countless efforts have been previously
made to upgrade rice grain protein content and eat-
ing—cooking superiority by utilizing various genetic
resources. Ordinarily, high grain protein content is
considered for high nutritional superiority, but high
GPC is negatively correlated with taste quality in
rice, resulting in a compact rice endosperm structure,
which negatively impacts its palatability (Hamaker
and Griffin 1993; Martin and Fitzgerald 2002). There-
after, it is important to investigate the genetic mecha-
nism of rice grain protein to balance the nutritional
and eating—cooking superiority.

Huge quantities of QTLs have been antecedently
mapped for rice nutritional quality traits, and most
of them were concentrated on a common character of
protein content. At this time, very limited QTLs have
been mapped, cloned and characterized in protein
fractions. In this investigation, we have executed QTL
mapping for protein fractions (albumins, globulins,
prolamins, & glutelins) and grain protein content by
utilizing two mapping populations of BC;F, genera-
tions—population-I (Kongyul31/TKM9) and popu-
lation-II (Kongyul31/Bg94-1), derived from cross-
ing Kongyul31xXTKM9 and Kongyul31xBg94-1,
respectively.

Materials and methods
Development of plant materials

Genetic materials of two mapping populations were
originally developed by a crossing between three par-
ents, Kongyul31, TKM9, and Bg94-1, respectively.
In this mating design, Kongyul31 was used as a com-
mon recipient parent, while TKM9 and Bg94-1 were
used as donor parents, respectively. Kongyul31 is
a short-bold grain type and early maturing variety,
TKMO is a red-slender grain type, drought and flood
resistant variety, while Bg94-1 is a long-medium
grain type and highly disease susceptible variety.
Population-1 was derived from a crossing between
Kongyul31xTKM9, while population-II was origi-
nated from a crossing between Kongyul31xBg94-1,
respectively. The genetic mapping populations uti-
lized in this investigation were derived from BC5F,
generations and obtained by a multiple backcrossing-
selfing process. The development process of genetic
material was provided in supplementary Fig. 1. Pop-
ulation-I was constituted from 271 individual lines
and population-II from 372 individual lines. Among
them, each line constituted 12 individual plants;
mixed samples of 12 individual plants were thor-
oughly genotyped and phenotyped. In addition, both
populations were planted under natural environment
conditions at an experimental station of Huazhong
Agricultural University, Hubei province (N 30.49°,
E 114.36°), Wuhan, during 2018. The progenies of
each recombinant line were grown at Lingshui (N
18.51°, E110.04°), Hainan province, during 2018.
Twelve individual plants of 30-day-old seedlings
derived from each line were transplanted at a plant-
to-plant distance of 16.5 cm and row-to-row distance
of 26.4 cm apart. Field management followed local
practices.

Experimental field management

The field experiment was conducted at Huazhong
Agricultural University, Hubei province, Wuhan,
China, during 2018. Preliminarily, seeds were poured
into clean water for 72 h and shifted for pre-sprouting
(24 h) at room temperature. Pre-sprouted seeds were
dispersed on the seed bed during 25 May 2018 and
around 21-25-day-old seedlings were finally trans-
planted. Each line contained 12 individual plants and
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were planted in three replications. Randomized block
design was adopted by keeping plant-to-plant dis-
tance at 16.5 cm and row-to-row distance 26.4 cm,
respectively. All agronomic and intercultural prac-
tices were adopted according to locally standardized
protocols. Chemical fertilizers were applied as nitro-
gen @ 48.7 kg/ha, phosphorus @ 58.5 kg/ha, and
potassium @ 93.75 kg/ha followed by two consecu-
tive topdressing with nitrogen fertilizer @ 86.25 kg/
ha during tillering and @ 26.6 kg/ha during the boot-
ing stage of rice.

Quantitative estimation of albumin, globulin,
prolamin, glutelin, and grain protein content

Fully mature rice seeds were individually harvested,
threshed, dried, and stocked at room temperature
for a minimum of 3 months to optimize the thresh-
old level of moisture content. Approximately, 50 g
of paddy seeds were de-hulled via TR 200 Shel-
ler (Kett, Tokyo, Japan), and de-hulled brown rice
grains were subjected to Pearle’s polish-mill (Kett,
Tokyo, Japan). Rice grain flour made from CT410
grinding-mill (FOSS, Hillerod, Denmark) was
sieved with 80, stocked at —20 °C for short-term
storage, and —80 °C for long-term storage (Chen
et al. 2018). Components of protein fractions, albu-
min (Alb), globulin (Gol), prolamin (Pro), and
glutelin (Glu) content were quantified using the
method described by Kumamaru et al. (1988), while
grain protein content (GPC) was measured using a
near infrared spectrum instrument system (NIRS),
as previously described by (Chen et al. 2018).
For albumin extraction, weigh a rice flour sample
of 0.1 g and transfer into a centrifuge tube; add
1 ml of 10 mM Tris—HCI stock solution (pH 7.5);
for globulin extraction, 0.1 g rice grain flour sam-
ple, add 1 ml of 1 M NaCl solution; for prolamin
extraction, weigh 0.1 g of rice grain flour, add 1 ml
of 60% n-propanol-1 mM EDTA-2Na stock solu-
tion; for glutelin extraction, weight 0.1 g of rice
grain flour, add 1 ml of 0.05 M NaOH stock solu-
tion. The mixed samples and solutions were thor-
oughly mixed for at least 2 h at room temperature,
centrifuged at 12,000 rpm at 4 °C for 15 min, and
extracts were isolated into new tubes. This proto-
col was consecutively replicated three times, and
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accumulated extracts were stocked at —20 °C until
the next step. All four proteins were extracted from
a single sample and were examined using G-250
Coomassie brilliant blue dye, as explained by
(Bradford 1976). Bovine serum was used as stand-
ard solution. Quantitative analysis was attempted
using an infinite M200 (Tecan Group, Minnedorf,
Switzerland) (Peng et al. 2014; Chen et al. 2018).
The phenotypic values of each protein fraction were
computed by combining three replications.

QTL mapping, genetic linkage map, and validation

Individual plants of two BC;F, populations were
thoroughly genotyped, including involved parents
by extracting high-quality genomic DNA from rice
leaves. The DNA extraction was achieved using the
CTAB-DNA extraction method, as described by (Pat-
erson et al. 1993). Approximately 834 SSR mark-
ers were executed in three parents to distinguish
146 and 167 SSR markers. The size of SSR markers
was kept between 100-300 bp and GC percentage
between 40-60%. An amplicon size was determined
by the available Nipponbare genome sequence (http://
redb.ncpgr.cn/accessedon2018). Approximately 146
and 167 single sequence repeat (SSR) markers were
applied in genotyping for population-I and popula-
tion-1I, respectively (markers were provided in sup-
plementary Table 1). The phenotypic and genotypic
data were aligned together to develop a genetic link-
age map. The genetic linkage map and genetic effect
analysis were employed using QTL cartographer
2.5, as described by (Wang 2006), and Map-Maker/
QTLI1.1, as explained by (Lincoln et al. 1992). The
Kosambi mapping technique was employed to deter-
mine the recombination distance (Kosambi 2016), and
QTLs additive effect was detected by composite inter-
val mapping. The logarithm of odds (LOD) score was
kept above threshold level 2.5 to distinguish QTLs
reliability. QTLs peaks for five traits above threshold
levels were detected and highly significant QTLs were
recorded. Descriptive analysis of both populations
for five traits were determined using Microsoft Office
Excel 2010. Correlation analysis of two populations
was performed using R program version R4.2.3. The
Student’s t test was utilized to distinguish the individ-
ual average mean of the two populations.
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Results

Phenotypic variations of nutritional grain quality
traits

The phenotypic performances of two segregating
populations of the BC;F, generation, including recip-
ient and donor parents, are portrayed in Fig. 1. The
phenotypic mean of parent Kongyul31 for albumin,
prolamin, glutelin, and grain protein content was
found dominant over the parent TKM9 and Bg94-1,
except for globulin content. The transgressive segre-
gations and phenotypic variations were determined
in both BC5F, populations (Fig. 1 and Table 1). The
mean performance of albumin, globulin, prolamin,
glutelin, and grain protein content for population-I
(Kongyul31/TKM9) was determined as 7.06 mg/g,
7.05 mg/g, 5.30 mg/g, 87.16 mg/g, and 111.60 mg/g,
respectively (Fig. 1 and Table 1), whereas for popu-
lation-II (Kongyul31/Bg94-1), it was estimated as
7.43 mg/g, 10.49 mg/g, 2.99 mg/g, 97.82 mg/g, and

113.90 mg/g, respectively (Fig. 1 and Table 1). The
frequency distribution for all five traits reveals a
normal distribution pattern, exemplifying that these
nutritional quality traits were quantitatively inherited
and dominantly controlled by polygenes.

Blue bar represents population-I and red bar
designates population-II. Black, green, and blue
arrows designate mean values of Kongyul3l,
TKM9, and Bg94-1, respectively. Histograms A-E
depict the albumin (Alb), globulin (Gol), prolamin
(Pro), glutelin (Glu), and grain protein content (Gpc)
evaluated in 2018. Data were derived from three
biological replicates.

Correlation studies in two populations

The correlation analyses for five traits were exten-
sively executed. The correlation studies among albu-
min, globulin, prolamin, glutelin, and grain protein
content are demonstrated in Fig. 2. For population-I,
the correlation coefficient between glutelin content
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Fig. 1 Phenotypic distributions of albumin, globulin, prolamin, glutelin, and grain protein content in two BC;F, populations during

the year 2018
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Table 1 Descriptive

; . Population Traits (mg/g) BC;F, populations
analysis of albumin,
globulin, prolamin, glutelin, Mean SD Minimum Maximum
and grain protein content
in two BC;F, populations Population-I Alb (mg/g) 7.06 1.05 3.51 9.92
during the year 2018 (Kongyul31/ Gol (mg/g) 7.05 0.74 4.94 9.82
TKM®) Pro (mg/g) 5.30 0.88 2.06 7.75
Glu (mg/g) 87.16 9.82 60.83 111.50
Gpc (mg/g) 111.60 3.07 101.50 118.70
Population-II Alb (mg/g) 7.43 1.73 1.97 12.05
(Kongyul131/ Gol (mg/g) 10.49 1.72 5.51 16.27
Bgd4-1) Pro (mg/g) 3.00 0.75 1.05 4.63
Glu (mg/g) 97.82 9.91 59.61 128.00
Gpc (mg/g) 113.90 3.24 104.4 126.20
Alb albumin, Gol golbulin, Pro prolamin, Glu glutelin, Gpc grain protein content evaluated in the
year 2018
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Fig. 2 Correlation analyses of albumin, globulin, prolamin, glutelin,

year 2018

and prolamin content is the highest at 0.44, followed
by the correlation coefficient between globulin con-
tent and glutelin content at 0.37. Similarly, the corre-
lation coefficient between albumin content and glob-
ulin content is 0.36. In addition, weak correlations
were found between globulin content and prolamin
content, prolamin content and grain protein content,
and glutelin content and grain protein content. For
population-II, there was a clear positive correlation
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and grain protein content in two BC;F, populations during the

between albumin content and the other three protein
contents except for grain protein content. A similar
situation was also observed between globulin and the
other three protein contents.

A represents population-I and B represents pop-
ulation-II, respectively. Alb—albumin; Gol—gol-
bulin; Pro—prolamin; Glu—glutelin; Gpc—grain
protein content in the year 2018. *** Significant at
P <0.001.
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QTL dissection of albumin, globulin, prolamin,
glutelin, and grain protein content

Through the application of a comprehensive
composite interval mapping method, a total of 40
QTLs for albumin, globulin, prolamin, glutelin, and
grain protein content traits were dissected in two
BC;F, populations (Fig. 3, Table 2 and supplementary
Fig. 2). Among those, 22 QTLs delineated in
population-I (Kongyul31/TKM9) and 18 QTLs in
population-II (Kongyul31/Bg94-1), respectively. All
the QTLs identified in population-I were distributed
on chromosomes 1, 2, 3,4, 6,7, 10, and 11 for all five
traits, explaining 4.1-23.63% of phenotypic variation.
Among them, seven QTLs for albumin, gAlbl.l,
qAlb2.1, qAlb2.2, qAlb4.1, qAlb6.1, qAlb10.1, and
qAlbl11.1, were characterized on chromosomes 1, 2, 4,
6, 10, and 11, explaining 7.23-21.13% of phenotypic
variation; gAlb2.1 and gAlb6.1 exhibit maximum
additive effect with 19.92% of phenotypic variation.
Four QTLs for globulin, gGol2.1, qGol3.1, qGol6.1,
and gGolll.1, were noticed on chromosomes 2, 3,
6, and 11, determining 11.34-18.35% of phenotypic
variation, and qGol3.1 covers the maximum additive
effect by 12.61% of phenotypic variation. Three
QTLs for prolamin gPro2.1, gPro6.1, and gProll.1,
were distributed on the chromosomes 2, 6, and 11,
contributing 11.61-17.50% of phenotypic variation,
and gProll.1 produces a dominating additive effect
with 11.61% of phenotypic variation. Four QTLs for
glutelin, gGlu2.1, qGlu3.1, qGlul0.1, and qGlull.l,
were identified on chromosomes 2, 3, 10, and 11,
demonstrating 14.17-21.12% of phenotypic variation,
and ¢Glu3.1 scored a maximum additive effect with
14.17% of phenotypic variation. Four QTLs for grain
protein gGpcl.1, qGpc6.1, qGpc7.1, and qGpclO.1,
were identified on chromosomes 1, 6, 7, and 10, and
explained 4.10-23.63% of phenotypic variation, and
qGpc7.1 constitutes the highest additive effect with
23.63% of phenotypic variation (Fig. 3 and Table 2).
Likewise, for population-II (Kongyul31/Bg94-1),
18 QTLs were reported for albumin, globulin, prol-
amin, glutelin, and grain protein content (Fig. 3 and
Table 2). All the QTLs were extensively distributed
on chromosomes 1, 2, 3,4, 5, 7, 8, and 10, explaining
3.13-51.49% of phenotypic variation. Out of those,
five QTLs for albumin gAlb2.3, gAlb2.4, qAlb7.1,
qAlb7.2, and gAIbS. 1, were confined on chromosomes
2, 7, and 8, determining 9.24-18.75% of phenotypic

variation, gAlb7.2 and gAlbS.1 contain the maximum
additive effect with 18.75% and 14.24% of pheno-
typic variation, respectively. Three QTLs for globu-
lin, gGol2.2, qGol2.3, and gGoll0.1, were identified
on chromosomes 2 and 10, describing 50.00-51.49%
of phenotypic variation, and gGoll0.1 contributes
the largest additive effect with 50.18% of phenotypic
variation. Four QTLs for prolamin, gProl.1, gPro2.2,
qPro5.1, and gPro8.1, were dissected on chromo-
somes 1, 2, 5, and 8, elucidating 5.40-16.33% of phe-
notypic variation for each QTL, and gPro5.1 donates
the largest additive effect with 16.3% of pheno-
typic variation. Two QTLs for glutelin, ¢gGlul.l and
qGlu7.1, were delineated on chromosomes 1 and 7,
explicating 5.62-5.89% of phenotypic variation, and
qGlul.l contributes the largest additive effect with
5.89% of phenotypic variation. Four QTLs for grain
protein, gGpc3.1, qGpc4.1, qGpc7.2, and qGpcl0.2,
were identified on chromosomes 3, 4, 7, and 10,
describing 3.13-23.17% of phenotypic variations,
and gGpc7.2 contains the largest additive effect with
23.17% of phenotypic variation (Fig. 3 and Table 2).

Co-localizations of linked loci with antecedently
reported QTLs/genes associated with nutritional
grain quality characteristics

Many QTLs for grain nutritional quality traits have
been previously dissected and cloned in rice crops.
To distinguish QTLs reliability, localization of linked
positions was compared with antecedently conveyed
QTLs/genes in cultivated rice varieties for grain
superiority traits from publicly available studies of
previous QTL mappings. Among 40 QTLs, 37 QTLs
exhibit co-localizations with earlier identified QTLs/
interval/genes associated with grain quality traits
(Table 2). For albumin content, 12 QTLs derived
from both the populations, gAlbl.1, gAlb2.1, gAlb2.2,
qAlb2.3, qAlb2.4, qAlb4.1, qAlb6.1, qAlb7.1,
qAlb7.2, qAlb8.1 qAlb10.1, and gAlbll.1, exhibit
co-localization with corresponding genomic interval
of previously identified QTLs gAlb4, gGLB2, qPro8,
gPC7, and gAAC7 on chromosomes 1, 2, 4, 6,7, 8,
10, and 11, respectively (Table 2). For globulin con-
tent, seven QTLs derived from populations, gGol2.1,
qGol2.2, qGol2.3, qGol3.1, qGol6.1, qGoll0.1, and
qGolll.1, determine co-localization with previously
reported QTLs qGLB2, qGLT2, qCph2, and gPCb6,
on chromosomes 2, 3, 6, 10, and 11 respectively,
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except for gGol3.1 (Table 2). For prolamin content,
seven QTLs derived from both populations, gProl.1,
qPro2.1, qPro2.2, gqPro5.1, qPro6.1, qPro8.1, and
qProll.1, expressing co-localized with previously
recorded QTLs gPro6, qPRI, qALBI, and qPC2
on chromosomes 1, 2, 5, 6, 8, and 11, except for
gqPro5.1 (Table 2). For glutelin content, six QTLs
derived from both populations, qGlul.l, qGlu2.1,
qGlu3.1, qGlu7.1, qGlul0.1, and gGlull.l, explain-
ing co-localizations with previously identified QTLs
GluA-2, qGLB-1, gRPC-1, gAACI.6, and gPC7.1 on
chromosomes 1, 2, 3, 7, 10, and 11 (Table 2). For
grain protein content, eight QTLs derived from both
populations, gGpcl.1, qGpc3.1, qGpc4.1, qGpc6.1,
qGpc7.1, qGpc7.2, qGpcl0.1, and qGpcl0.2,
describing co-localization with previously detected
QTLs ¢gPC-la, qALB-1, Gpc3-1, qPC-4, qPC-6,
qPC7.1, gAAC?7.1, and gPC10, on chromosomes 1, 3,
4, 6,7, and 10 (Table 2).

Validation of the QTLs gAlb7.1, gAlb7.2, and
qGpc7.2

Identified QTLs were validated in a segregating pop-
ulation of BC;F; generation, derived from a BC;F,

0 Mb == Chr.1 Chr.2
9.0 qProl.1 55 qAIb2.1 55
10.0 §f ¢Gpel.1 6.5 H ¢Gol2.1
7.5 H qAlb2.3
20 Mb=— 233 Y qGlui1 @ 20.1 H ¢Glu2.1
22.1 qPro2.1
255 FF qAib2.2
40 Mb — 0284 qAlb11 R 30.5 4 ¢Gol2.2
335 HqGol2.3
34.5 qqAlb2.4
60 Mb = 35.5 - qPro2.2
80 Mb
100 Mb_]
Chr.6 Chr.7
0Mb= 554 2.6 qAIb7.2 f A
qAlb6.1 2.6 ¢ 7.
23 WiGors 1 sifFeanii §a g
6.2 §4Pro6.1 5.8 ‘4[({/)(‘:.2 A 5
20 Mb=- 15.8 fr4Gpco.1 ‘3-1 -ll(',’".:I
25.14 ¢Gpe7.1
40 Mb =
60 Mb =
80 Mb
100 Mb_J

31.4
33.4

Chr.3

individual plant with heterozygous target region.
Two albumin QTLs, gAlb7.1, gAlb7.2, and one grain
protein content QTL, gGpc7.2, were successfully
validated through two near isogeneic lines (NIL).
In the NIL population of gAlb7.1, the grain albumin
content in the homozygous line of gAlb7.1 alleles
is significantly increased by 2.47 mg/g and encodes
34.13% of change (Fig. 4 and Table 3). For gAlb7.2,

Table 3 Genetic consequences of the QTLs qAlb7.1, gAlb7.2,
and gGpc7.2 validated between near isogenic lines during the
year 2019

QTLs N GN (Mean+SD) P values %
gAlb7.1 9 Kongyul3l 5.06+0.80 4.25724E- 34.13
06

9 Bg%4-1 7.53+0.89

gAlb7.2 12 Kongyul3l 4.13+024 247E-09 24.81
12 Bg9%4-1 5.30+0.37

qGpc7.2 9  Kongyul3l 98.16+£2.19 6.08E-04 2.64
15 Bg9%4-1 95.56+0.78

N Number of accession, GN genotypes, SD standard deviation.
Data were derived from three biological replicates and are
statistically analyzed from Student’s t-tests at P<0.05 and
P <0.01 level of significance

Chr.4 Chr.5
qGpc3. 18 4.1 qGpcd. 10 5.2 qPros.1
. Co-localized
30.84F gAlb4.1 8
qGol3.1 Valids
qGlu3.1 @ A alidated
BC;F,- Population-I
. (Kongyul31/TKM9)
‘ BC;F,- Population-II
(Kongyul31/Bg9%4-1)
Chr.10 Chr.11

Chr.8

qAlbS.1 qAlb10.1
qPro8.1 qGpcl0.2
qGoll0.1

23.1 qProll.1

qGlulo.1 26.2 qAIbI1.1

10.8 W ¢Gpe1o.1 27.1 f qGoll1.1
284 qGlull.l

Fig. 4 Genetic consequences of the QTLs gAlb7.1, gAlb7.2 and gGpc7.2
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P=4.25724E-06 P=247E-09 P=6.08E-04
N=9/9 N=12/12 N=9/15
10+
) 36-@ —_ gmo- I Kongyu131
£ ¥ I 2 £ o
i £o [ o
g § o -
S & S e
= c 9 3 94+
£ E 0
3 24 5 8 924
= ] c
< < s
¢ T 0= T 5 90 T
qAIb7.1 qAIb7.2 qGPC7.2

Fig. 3 Genetic linkage Map of the QTLs dissected in Popu-
lation-I (Kongyul31/TKM9) and population-II (Kongyul31/
Bg94-1). Chr—chromosome, numerical digits—chromosome
numbers, g—quantitative trait loci, Alb—albumin, Gol—
globulin, Pro—prolamin, Glu—glutelin, Gpc—grain protein
content. QTLs are presented at the right side of each chromo-
some in italic fonts, QTLs presented in orange color identified
in population-I, and blue color in population-II, first numeric

compared to the control, the grain albumin content
in the homozygous line of gAlb7.2 alleles signifi-
cantly increased by 1.17 mg/g and encodes 24.81%
of change (Fig. 4 and Table 3). Similarly, the grain
protein content of Kongyul31 type homozygous
lines is significantly improved by 2.60 mg/g and
encodes 2.64% of change when compare to that of
Bg94-1 type homozygous lines (Fig. 4 and Table 3).

The P values are calculated based on two-tailed
t tests. Indicated error bars showed standard devia-
tions for each genotype. Black and gray bars (A
and B) represent Kongyul31 and Bg94-1 isogenic
lines, respectively.

Discussion

Phenotypic variations of nutritional grain quality
attributes

Kongyu131 is a short grain type of Japonica rice vari-
ety and commercially cultivated in temperate regions
of Heilongjiang Province, China (Nan et al. 2018).
Large studies have previously reported on QTL map-
ping in inter-specific crosses between Indica and
Japonica rice (Harushima et al. 2001; Chin et al.
2011). Genetic improvement by an introgression line

@ Springer

digit in each QTL indicates chromosome number and second
digit indicates number of QTLs. Physical distances (Mb) of
individual QTLs are located on the left side of each chromo-
some, pentagonal shape at the right side of the QTLs deter-
mines co-localization with previously identified QTLs, and tri-
angle shape indicates validated QTLs. The scale bar is located
on the left side of the chromosomes

has become a popular strategy to develop transgres-
sive segregants in the elite genetic background of rice
cultivar. This is gained either through de novo raised
genetic variations or wild allelic introgressions. In
this study, all nutritional grain quality characteris-
tics have produced transgressive segregants in both
the populations. QTL mapping on rice grain quality
characteristics with transgressive segregants has been
previously reported by (Tan et al. 2001; Aluko et al.
2004; Kepiro et al. 2008; Yu et al. 2009; Liu et al.
2011; Bruno et al. 2017; Chen et al. 2018; Chattopad-
hyay et al. 2019; Jang et al. 2020; Zhao et al. 2022).
In this investigation, all nutritional grain qual-
ity characteristics were normally distributed in both
populations and potentially affected by environmental
factors (Fig. 1). Both populations have demonstrated
wider variations for all five characteristics, which
signifies that there would be diverse genetic interac-
tions and complex genetic regulation systems among
the five traits. The phenotypic variations described in
this investigation for all five traits concur with ante-
cedently reported literature by (Chen et al. 2018;
Yang et al. 2019). Out of all protein fractions, glutelin
constitutes the maximum proportions, and produces
a higher degree of essential amino acids that are
vital for human nutrition. It is emphasized that grain
protein content would be quantitatively improved
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by enhancing the quantity of protein fractions and
may establish a multifactorial bonding relationship
between protein fractions and grain protein contents
in rice (Hillerislambers et al. 1973). Interestingly,
in this study, significant positive correlations were
delineated for albumin, globulin, prolamin, glutelin,
and grain protein content in both populations. These
results concur with the previous report of (Kawakatsu
et al. 2010; Chen et al. 2018). Phenotypic results
suggest that protein fractions rarely share a common
genetic pool and regulation mechanism. Individual
protein fractions either have dependent or independ-
ent genetic complexity and regulation patterns.

QTL localizations and pleiotropic associations of the
Alb, Gol, Pro, Glu, and Gpc

Albumin protein is an integral part of protein fractions
and widely distributed in the rice seed endosperm.
Confined studies on albumin content in relation to
human health were previously conducted and empha-
sized that albumin protein constitutes an allergenic
protein (Zhang et al. 2008). In addition, a recent inves-
tigation demonstrated that albumin is an important
indicator for diabetes (blood sugar or glucose level)
and plasma insulin reduction in the human body (Ina
et al. 2016). Limited genetic studies on albumin con-
tent have been done, namely gqALB-1, gALB-2, and
qAlb4, QTLs identified on chromosomes 1, 2, and 4,
but none of the genes have been cloned yet (Zhang
et al. 2008; Chen et al. 2018). It was previously
assumed that the Wx gene may have regulatory func-
tions for albumin content; fortunately, the Wx gene
does regulate rice grain protein content (Chen et al.
2018).

Generally, globulin protein is synthesized in the
rice bran and mostly removed during the milling pro-
cess. However, globulin and glutelin proteins were
synthesized and co-located in the protein body type
I (PB-II) compartment, playing significant roles
in higher digestibility (Yamagata et al. 1982). It has
been previously reported that globulin and glutelin
proteins jointly regulate rice grain protein. Limited
QTLs were mapped for globulin content on chro-
mosomes 1, 2, and 5 (Zhang et al. 2008). Therefore,
QTLs/genes mining for globulin and glutelin protein
would furnish a new revolution in rice grain qual-
ity (Kumamaru et al. 1988). Prolamin roughly con-
stitutes 20-30% of SSPs, and an abundant quantity

of prolamin is thought to deteriorate rice nutritional
properties, hence deducing prolamin content will
enhance desirable nutritional quality (Aluko et al.
2004). Generally, Indica rice has a high prolamin
content and developing an elite breeding strategy for
reducing prolamin quantity would enhance the nutri-
tional property of Indica rice (Chen et al. 2018). QTL
mining on prolamin content was initiated a decade
earlier, but, to date, confined QTLs/genes have been
discovered on chromosomes 1, 3, 9, and 10 (Zhang
et al. 2008; Park et al. 2019). Glutelin is the major
nutritional component among all protein fractions,
extensively manipulating eating—cooking quality,
nutritional quality, palatability, and constitutes the
highest nutritional substances compared to the rest
of the protein fractions (Kawakatsu and Takaiwa
2010; Kawakatsu et al. 2008). A limited number of
QTLs/genes for glutelin content have been discov-
ered on chromosomes 2, 10, 11, and 12 (Zhang et al.
2008). Notably, one glutelin content gene, OsGIluA2,
enhances grain protein content in the natural popula-
tion (Yang et al. 2019). Therefore, dissecting novel
QTLs/genes for glutelin content would be an asset to
develop rice varieties with accelerated palatability,
eating—cooking quality, and high nutritional quality.
Many QTLs associated with grain protein content
were anciently reported, and thought to play a major
role in regulating grain protein, and numerous QTLs
have been successfully cloned and functionally stud-
ied (Cheng et al. 2013). Notwithstanding, grain pro-
tein content is extremely susceptible to environmental
factors, particularly by application of a nitrogen ferti-
lizers dose during the dough stage of rice. Hence, the
detected QTLs with diverse genetic materials were
enormously fluctuating, resulting in a lower detec-
tion rate. However, genetic characterization of grain
protein content is extensively undone, possibly due to
the complexity of QTLs/gene identification and clon-
ing (Yang et al. 2019). To date, only two QTLs, gPC1
and gPCI10, have been successfully characterized
on chromosome 1 and 10, which positively regulate
grain protein content in rice (Peng et al. 2014; Yang
et al. 2019).

In this investigation, a total of 40 QTLs for albu-
min, globulin, prolamin, glutelin, and grain protein
content were determined in both populations, exten-
sively scattered on all the chromosomes of rice, except
on chromosomes 9 and 12 (Fig. 3 and Table 2). Out
of all QTLs, 12 QTLs for albumin were distributed

@ Springer
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on all chromosomes of rice, except on chromosomes
3,5,9, and 12; seven QTLs for globulin were scat-
tered on chromosomes 2, 3, 6, and 10 of rice; seven
QTLs for prolamin were distributed on chromosomes
1,2,5,6,8,and 11 of rice; six QTLs for glutelin were
localized on chromosomes 1, 2, 3, 7, 10, and 11 of
rice; eight QTLs for grain protein were distributed
on chromosomes 1, 3, 4, 6, 7, and 10 of rice. The
identified QTLs for all nutritional grain quality traits
demonstrated co-localization with previously discov-
ered QTLs in rice, except for gGol3.1, gPro5.1, and
qGpc7.1, which were identified for the first time. The
co-localization of the above QTLs concur with (Tan
et al. 2001; Aluko et al. 2004; Hu et al. 2004; Kep-
iro et al. 2008; Wang et al. 2008, 2017; Zhang et al.
2008; Yu et al. 2009; Liu et al. 2011; Zheng et al.
2011; Zhong et al. 2011; Yun et al. 2014; Bruno
et al. 2017; Kinoshita et al. 2017; Chen et al. 2018,;
Lou et al. 2009; Chattopadhyay et al. 2019; Jang et al.
2020; Zhao et al. 2022). Potentially, gAlb7.1, gAlb7.2,
and gGpc7.2 have a significant effect on albumin
and grain protein content. This research provides an
outstanding resource of QTLs for albumin, globulin,
prolamin, glutelin, and grain protein content that has
potential to ameliorate rice grain nutritional qual-
ity. In summary, these QTLs may be used for further
improvement of rice eating—cooking quality, palat-
ability, and grain nutritional quality.

Conclusion

Highly nutritious rice grain has become a promis-
ing requirement of current growing populations.
High nutritive value of rice grains can be achieved
by enhancing the quantitative content of protein frac-
tions such as albumin, globulin, prolamin, glutelin,
and grain protein content. This study authenticates
that germplasm Kongyul31, TKM9, and Bg94-1 can
be used to obtain major/minor QTLs/genes to pro-
liferate protein fractions and grain protein content
in rice. Together, the outlined consequences signifi-
cantly validated that included parents have enough
allelic potential to furnish protein fractions and grain
protein content throughout the distinct genomic
regions, and offspring populations have potential
alleles which were derived from appropriate parents.
QTL localization in mapping populations and valida-
tion of QTLs such as gAlb7.1, gAlb7.2, and gGpc7.2

@ Springer

will drive genetic improvement of rice albumin and
grain protein content. Furthermore, this explora-
tion has delivered a broad range for protein fractions
and grain protein content. Detected near isogenic
lines can be productively exploited for new breeding
schemes, utilized as new sources of genetic materi-
als to improve rice protein fractions and grain protein
content, especially in South Asian and South East
Asian countries, where rice intake is the primary
source of food and nutrition. Additionally, these con-
sequences could potentially imply desirable allelic
pyramiding via inter-specific crosses, which would
be an essential tool for expanding high nutritional
rice grain quality components. QTLs identified in
this study for protein fractions and grain protein con-
tent would be an advantageous outcome for develop-
ing highly nutritious rice varieties and provide food
nutritional security in rice-consuming communities.
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