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Abstract: Rice is a major crop, providing calories and food for most of the world’s population.
Currently, the global population is rapidly increasing, and securing a yield of rice that can satisfy
everyone is an ongoing challenge. The yield of rice can be increased by controlling 1000-grain
weight as one of the important determining factors. Grain length, grain width, grain thickness, and
1000-grain weight, which determine grain size, are controlled by QTLs. To identify QTLs related to
grain size, we screened and then mapped 88 RIL individuals derived from a cross between JJ625LG,
which has a long grain size, long spindle-shaped grains, and low 1000-grain weight, and Namchan,
which has short grains with round shape and heavy 1000-grain weight. In 2021 and 2022, 511 SNP
markers were used to map QTLs related to grain size to a physical map. The QTLs found to be related
to grain size are evenly distributed on chromosomes 2, 3, 5, 10, and 11. The mapping results also show
that the QTLs gGI3-2, gRIw3, and gRIw3-2 of chromosome 3, and qGt5 and gRIw5 of chromosome
5 are, respectively, associated with GS3 and gSW5, which are the major genes previously cloned and
found to be related to grain size. In addition, gGw10 and gGw10-1, which were additionally detected
in this study, were found to be associated with Os1090525200 (OsCPq10), a potential candidate gene
involved in controlling grain size. This gene codes for a cytochrome P450 family protein and is
reported to have a positive effect on grain size by interacting with proteins related to mechanisms
determining grain size. In particular, OsCPq10 was screened in the same identified QTL region for
2 consecutive years, which is expected to have a positive effect on grain size. These results will be
helpful for breeding elite rice cultivars with high yields through additional fine mapping related to
grain size.
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1. Introduction

Globally, food security is under threat because of continued population growth, de-
creases in agricultural land area, and the unpredictability of climate change, resulting in
its emergence as a serious social problem [1]. However, over the past half-century, the
Green Revolution has resulted in greatly improved rice yields and is gradually solving
the problem of starvation [2,3]. However, recent and rapid climate change has resulted in
decreased farmland area, resulting in stagnating or collapsing yields of the world’s major
food crops, such as rice, corn, and wheat, with no signs that the situation will improve [4].
In order to feed the ever-growing world population, a continual increase in the yield of
major food crops, including rice, is required [5].

Rice is one of the representative food crops sold to consumers in grain form, and
the shape of the grain is directly related to appearance and quality, and thus closely
associated with the commodity’s value [6,7]. The characteristics of rice grains determine
their marketability and are determined by the complex action of factors such as chalkiness,
transparency, and 1000-grain weight along with grain shape characteristics such as length,
width, and thickness [8,9]. In particular, grain shape is determined by the ratio of grain
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width to grain length, which is recognized as a major factor in determining yield because
it is very highly correlated with 1000-grain weight in addition to being an important trait
involved in determining appearance [10,11]. In addition, because it is strongly related to
yield, grain shape is one of the most frequently selected traits in the rice breeding process
and can provide an excellent model for understanding rice breeding pedigrees [12].

In general, grain size and shape are regulated by complex interactions between major
and minor QTLs and are important factors that determine yield and grain quality [13,14].
Therefore, numerous studies have been conducted to genetically map the QTLs associated
with grain shape in rice. As a result, over the past few decades, many thousands of QTLs
have been sought after in various mapping populations [10,15-17]. In addition, the function
of some of these QTLs has been characterized at the genetic level [18,19]. GS3 is the first
gene reported to be related to grain shape, and it was demonstrated to increase grain length
while regulating transmembrane proteins [20,21]. It is also known that activation of DEP1
shortens the grain length [22]. §GL3.1 controls panicle phosphorylation to determine the
grain length and 1000-grain weight [23]. Moreover, GW2, identified on chromosome 2, is
related to the grain width [24]. Loss of GW2 function reportedly results in an increase in the
number of cells and, consequently, in the grain width and 1000-grain weight [25]. The loss
of function of gSW5/GWS5, on chromosome 5, is related to the grain width and increases
the yield by increasing the sink size [11]. gSW5/GWS5 interacts with calmodulin protein
to regulate plasma-membrane-associated protein to narrow the grain width, and when its
function is lost, the grain width and 1000-grain weight increase [11]. It has been reported
that activation of GS5, located on chromosome 5, is involved in increasing grain width
and 1000-grain weight [26]. In addition, in rice, GW8/OsSPL16 [27], GW7 [28], GLW7 [29],
LGY3[30], and GS2 [31] were studied at the gene level and found to influence grain size
and 1000-grain weight.

Herein, using a population derived from a cross between ‘JJ625LG’ and ‘Namchan’,
we report on the identification of a dominant QTL related to grain shape that ultimately
controls 1000-grain weight. The results of this study will be helpful for applying QTLs of
the factors related to grain shape in the future, namely as cloning and breeding materials.

2. Results
2.1. Evaluation of Grain Size Phenotypes in the Mapping Population

To map the QTLs related to grain size, grain length, grain width, grain thickness,
the ratio of grain length to width, and 1000-grain weight were investigated in JJ625LG,
Namchan, and JNRILs (Table S1). JJ625LG had higher values than Namchan for grain
length, the ratio of grain length to width, and 1000-grain weight. The grain width and
grain thickness were higher in value for Namchan than JJ625LG. JJ625LG had long grains
with a long spindle shape, and Namchan had short grains with a round shape. In addition,
the traits related to the grain size of JNRILs were continuous and normally distributed,
indicating that they were suitable for QTL mapping (Figure 1A-E). The traits related to
grain size showed significant differences between the years of the study, 2021 and 2022, and
the frequency distribution trends were similar. Among the traits related to grain size, the
grain length and ratio of grain length to width are strongly positively correlated, and the
grain width and thickness are also strongly positively correlated with each other (Figure 1F).
However, the grain length, ratio of grain length to width, grain width, and grain thickness
are negatively correlated with each other. We found that 1000-grain weight is positively
correlated with the grain length and ratio of grain length to width.
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Figure 1. Histogram and correlation analysis of the traits related to grain size in JJ625LG/Namchan
recombinant inbred lines (JNRIL). The frequency distributions for grain length (A), grain width (B),
grain thickness (C), the ratio of grain length to width (D), and 1000-grain weight (E) related to grain
size were analyzed. These were continually investigated in 2021 and 2022, and the investigated traits
were evaluated to be normally distributed for both years. In addition, among the traits related to
grain size, grain length and the ratio of grain length to width showed a strong positive correlation
with each other and a weak positive correlation with 1000-grain weight (F). The correlation between
grain width and grain thickness was strongly positive. J, JJ625LG; N, Namchan; GL, grain length; GW,
grain width; GT, grain thickness; RLW, the ratio of grain length to width; TGW, 1000-grain weight.

2.2. Construction of a Physical Map and Mapping of QTLs Related to Grain Size

The QTLs related to grain size that were identified by applying a set of SNP markers
were mapped to the mapped JNRIL populations. Of the 624 detected SNP markers, 511 SNP
markers are polymorphic for JJ625LG and Namchan and were utilized for the analysis of
QTLs related to grain size. These 511 SNP markers were found to be evenly distributed on
12 rice chromosomes. The total length of the constructed JNRIL linkage map is 1841.34 cm,
and the average SNP interval is 3.93 cm. QTLs were mapped with the values of grain
length, grain width, grain thickness, the ratio of grain length to width, and 1000-grain
weight, and QTLs were detected by applying inclusive composite interval mapping (ICIM)
and an empirical threshold with an LOD score of 3.0 or higher.

Regarding grain length, the maps produced for data from the two consecutive study
years of 2021 and 2022 were identical for the region spanning C03_35093761-C03_35824355,
which corresponds to the locations of gGI3-1 and gGI3-3, respectively (Figure 2 and Table S2).
The LOD scores of gGI3-1 and qGI3-3 were 10.9 and 14.2, and the explainable phenotypic
variation was 13.9% and 20.0%, respectively. Moreover, also with respect to grain length,
gGl5 and gGI5-1 were mapped to C05_5441846—-C05_5472427 of chromosome 5, respectively,
for both years. The LOD scores of gGI5 and gGI5-1 were 6.1 and 6.0, respectively, and
the explainable phenotypic variation was 7.0% and 7.0%, respectively. Considering grain
width, gGw10 and qGw10-1 were mapped to C10_21047555-C10_21256365 of chromosome
10, respectively, for both years. The LOD scores of qGw10 and gGw10-1 were 3.5 and 3.3,
respectively, and the explainable phenotypic variations were 4.8% and 2.4%. For the ratio
of grain length to width, gRIw3 and qRIw3-2 were mapped to C03_16075626-C03_16733441,
and gRIw3-1 and gRIw3-3 to C03_35093761-C03_35824355 of chromosome 3, respectively,
for both years. The LOD scores of gRIw3 and gqRIw3-2 were 21.8 and 20.8, respectively,
and the explainable phenotypic variation was 39.9% and 27.5%. The LOD scores of gRIw3-
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1 and gRIw3-3 were 4.4 and 8.1, respectively, and the explainable phenotypic variation
was 4.8% and 7.2%. Regarding 1000-grain weight, gTgw3-1 and qTgw3-4 were mapped to
C03_35093761-C03_35824355 of chromosome 3, respectively, for both years. The LOD scores
of qTgw3-1 and qTgw3-4 were 3.3 and 6.2, respectively, and the explainable phenotypic
variation was 5.2% and 6.7%. Among the QTLs consecutively mapped for both years,
qGw10 is an allele derived from Namchan, and the rest are alleles derived from JJ625LG.
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Figure 2. Construction of the JNRIL linkage map and QTL map of the traits related to grain size. A
linkage map was constructed using 511 SNP markers. QTL were detected by applying the data of
grain length, grain width, grain thickness, the ratio of grain length to width, and 1000-grain weight
investigated in 2021 and 2022 to the JNRIL linkage map.

2.3. Analysis of Genotypes Related to the Positive Effects of Grain Size

In clustering analysis, the characteristics of JNRILs related to grain size, grain length,
and the ratio of grain length to width were found clustered together, and 1000-grain weight,
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grain thickness, and grain width clustered together. In addition, through the use of the
correlation coefficient, a pattern that was similarly separated by hierarchical clustering was
visualized and is displayed in Figure 3. The JNRILs were clustered into various groups, and
for two consecutive years, a line characterized by a long grain with a long spindle shape,
and heavy 1000-grain weight and a line characterized by a short grain with a round shape
and low 1000-grain weight were selected. When clustering was done for 2 years, we focused
on lines that were grouped similarly. When the JNRILs were clustered using characteristics
related to grain size, two groups were identified: the LLH group, with long grains, a long
spindle shape, and a high 1000-grain weight, and the SSL group, with short grains, a round
shape, and a low 1000-grain weight. Based on the investigation of grain characteristics in
2021 and 2022, LGNC_RIL5, LGNC_RIL6, LGNC_RIL61, and LGNC_RIL84 were included
in the LLH Ip and LGNC_RIL29, LGNC_RIL30, LGNC_RIL39, LGNC_RIL53, LGNC_RIL66,
LGNC_RIL68, LGNC_RIL70, LGNC_RIL74, and LGNC_RIL81 in the SSL group.

LGNC_RIL1 LGNC_RIL38 I I —
— LGNG-RILI7 GNG-RILE2 M — — 800
= LGNCZRIL48 JamciTan —  F e S S — 200
I — LGNC-RILS0 LGNC_RIL11 — — —
I — LGNGTRIL41 LGNGRIL82 — I —
— LGNCRILT1 LGNCTRILSE Mmmm— . — — 1.00
— — — LGNCRILT1 GNCZRILI9 W — —
I — I hGNc'Rllja GNCTRIL31 s L] I
I — s Ramelvan GNC-RIL34 0.00
e LGNC_RIljo C_RILQ3 = —
I — LGNCTRIL36 CTRIL52 m -1.00
| ] LGNC-RIL79 CoRILBE = [ ;
— LGNC-RIL33 CRILI3 — 1
— LGNC-RIL78 GCRIL27 I — — — -2.00
e — LGNC-RIL26 CRILBS —
— LGNCTRIL82 CCRIL4 -3.00
I E— — e [GNGRIL3 CoRIL32
- . LGNC-RILB2 C-RILBE
O —— [ LGNCTRIL22 CTRIL39 — —
I LGNC_R|L43 C_Rllﬁl
I — LGNC_R|L|5 LI C_Rlua I | e—1
s e — | GNGRIL54 LGNCRILT0 —
— LGNCTRIL4S LGNCTRIL30
— — LGNGRILE4 LGNC-RILA3 mo —
= LGNCZRIL47 GNC-RILBS —
— LGNCZRIL48 GNCZRIL74 o [ 1
= _ LGNC_R'UO _GNC_Rle4 L ) I —
I — ' LGNCZRIL51 GNCZRILS7 e ] —
L SN LGNCTRIL40 LGNC_RIL72 I —
L i LGNCTRIL25 ?&g_mua I —
Sl R
I 1
— S — — G NCRILIO GNC-RILI2 — I —
I " I — G N CRILB6 LGNC_RIL75 — ]
I — I — | GNCRIL31 GNC-RIL34 I —
I — I S [GNCTRIL39 CCRILB3 ——
B S B S mm— | GNCRILA3 CTRIL78 — I —
S me—— L GNCTRIL4 CTRILI — e
— fmme. L GNCTRIL20 CTRILB7 e
— (e [GNGRILI0 CoRILT == I —
| — S —— (GNCRIL28 CCRILS L [——e—
oo B [GNCRILBS CTRILBO | —— I —
o= LGNCTRIL4G CZRIL37 — I —
FER I (GNCTRILT4 C_RIL42 I
I — LGNC_RlLﬁO C_R|L53 I —
— LGNCZRIL81 CCRIL14 = —
— — [GNGRILI3 LGNGRILIS — I —
| e LGNC_R|L30 L C_R|B5 I | — U
I — — G N G RIL20 LGNCRILB1 — —

U I — —— G NG RIS [GNG-RILS M  — —5}-
— s e [GNGRILSS LGNC-RILB4 I — —
— — —— [ GNGRIL27 LGNG-RIL25 M i
— — s [GNCTRIS GNGRIL50 M m A

— e — LGNC-RILBO GNG-RIL5S M o —
LGNCRIL34 GNCTRIL77 S S m— 1
‘E LGNC-RILS GRILIQ M s m— ]
[ LGNCTRILSY LGNCTRILSS WS s
LGNCZRILS LGNCZRILG : i —
U LGNC_RIL21 LGNC RIL51 || |
LGNCTRILS7 LGNCZRIL49
LGNCTRIL3 LGNCZRIL41
] =
e LGNCTRIL! CZRIL47
—— — LGNC-RILB7 LGNCRILS i
LGNCZRILI2 LGNC-RIL1
_ — LGNC-RIL73 LGNCZRIL7 —
LGNCTRIL58 LGNCTRIL1S M -
— LGNC_RlL'IZ L C_Rlu 3 —
LGNCTRIL83 LGNCZRIL80 W [ 1
—E LGNETRILST LGNCRIL21
— | LGNC-RILS6
LGNC_RIL24 LGNCZRIL3
— [ [GNCTRIL32 LGNCRILE
I — LGNC-RILB3 LGNCRIL: I —
— LGNCTRIL44 LGNCZRIL4 —
— LGNC-RILS2 LGNG-RIL22 M S i
= LGNCRI34 LGNC-RILD3 M S S [
4 E 1 LGNCTRIL42 LGNCTRIL43 N m— . —
— LGNCTRIL7S LGNC™RILB4 M S ) s
] I I — LGNC-RILB LGNC-RIL33 — E—
=== LGNCZRIL78 LGNCTRIL59 — I —
— LGNCZRIL18 GNC™RIL26 Mo i I —
IS E—— LGNCZRIL7 CTRIL7S I m— I —
R ——— LGNCTRILO CoRIL4S M m [ ]
I — LGNCTRIL14 CTRIL38 —— o |
I — LGNCZRIL37 CRILI7
I | LGNCTRILBE CZRIL79

GT

Figure 3. Group clustering using the correlation of traits related to grain size in the JNRILs. When the
JNRILSs were clustered using the correlation coefficients of grain length, grain width, grain thickness,
the ratio of grain length to width, and 1000-grain weight investigated in 2021 and 2022, each group
was classified. For two consecutive years, the lines clustered into a heavy group with long grains, a
long spindle shape, and high 1000-grain weight (indicated by a red line, LLH group), and a group
with short grains, a round shape, and a light 1000-grain weight (indicated by blue lines, SSL group).
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2.4. Screening of Candidate Genes Related to Grain Size

Candidate genes related to grain size were screened by focusing on the regions
of mapped QTLs and, furthermore, those for which the maps were identical for both
study years. In particular, we focused on regions where there were significant differ-
ences in the frequency of genotypes between the LLG and SSL groups (Figure 4 and
Table S3), namely the regions C03_16075626, C03_16733441, C03_35093761, C03_35824355,
C05_5360210, C05_5441846, C05_5472427, C10_21047555, and C10_21256365, within which
we searched for candidate genes related to grain size. In the C03_35093761-C03_35824355
region, we identified Os03g0397700, encoding a protein similar to serine/threonine protein
kinase-like protein; Os03¢0401100, encoding a protein-kinase-domain-containing protein;
050390401300, encoding sucrose-UDP glucosyltransferase 2; 050330836800, encoding a pro-
tein similar to IAA-amino acid hydrolase 1; and 0s03g0836900, encoding a protein similar
to IAA-amino acid hydrolase 1, which all affect grain size. In C05_5441846—-C05_5472427,
we identified Os05¢0187100, encoding a protein similar to hexokinase; Os05¢0187800,
encoding a protein similar to proline-rich protein 13; and Os05¢0188700, encoding an
N-terminal-domain-containing protein. Moreover, in C10_21047555-C10_21256365, we
found Os1090525200, encoding a cytochrome P450 family protein; Os10g0525400, encod-
ing a protein similar to glutathione S-transferase GSTU31; Os10g0525500, encoding a
protein similar to glutathione S-transferase GSTU31; Os10g0528100, encoding a protein
similar to glutathione S-transferase GST 42; Os10g0528200, encoding a protein similar to
glutathione S-transferase TSI-1; Os10g0529500, encoding a protein similar to glutathione S-
transferase 2; Os10g0530000, encoding a protein similar to glutathione S-transferase GST 40;
051080530200, encoding a protein similar to glutathione S-transferase TSI-1; Os10g0530300,
encoding a protein similar to glutathione S-transferase 2; Os10g0530400, encoding a protein
similar to glutathione S-transferase Cla47; Os10g0530500, encoding a protein similar to
glutathione g-transferase Cla47; Os10g0530600, encoding a protein similar to glutathione
S-transferase GST 20; 051090530700, encoding a protein similar to glutathione S-transferase
GST 38; 0s10g0530900, encoding a protein similar to glutathione S-transferase GST 30;
Os510g0539500, encoding histone H4; and Os10g0544200, encoding a basic helix-loop-helix
dimerization region bHLH-domain-containing protein (Figure 5).
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Figure 4. Analysis of the genotypic differences in the QTL regions of the LLH group and the SSL group
in JNRIL. Among the marker regions detected simultaneously in 2021 and 2022 in the LLH group and
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SSL group, regions with different haplotypes were analyzed (A). Groups were clustered according to
the type of marker region in the LLH group and SSL group. The morphological characteristics of
rough and brown rice of the LLH group and SSL group are shown (B). The LLH group had greater
grain length, width, and 1000-grain weight than the SSL group in brown rice.
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Figure 5. Construction of the physical map related to grain size in the JNRILs. A physical map
for C10_146531-C10_22758731 of chromosome 10 was constructed. C10_21047555-C10_21256365 of
chromosome 10 is a region in which the grain width and 1000-grain weight were detected with an
LOD score of 3.0 or higher for 2 consecutive years. In this area, candidate genes that can affect grain
size were screened. The size of the yellow box represents the relative size of the gene. And these are
shown according to their relative position to C10_20894522-C10_21389928. Letters are arranged on
different lines to avoid overlapping.

2.5. Analysis of the DNA and Protein Sequences of Candidate Genes Related to Grain Size

The DNA and protein sequences of candidate genes related to grain size were analyzed
(Figure 6). Sequence analysis was performed using NCBI BLAST. In the C10_21047555-
C10_21256365 region, which corresponds to chromosome 10, Os10g0525200 (OsCPgq10) was
identified, which encodes a cytochrome P450 family protein. In addition, genetic similarities
with DNA sequences coding for cytochrome P450 of Oryza sativa japonica, Oryza glaberrima,
Triticum urartu, Hordeum vulgare subsp. vulgare, Zea mays, and Sorghum bicolor were identi-
fied in the phylogenetic tree. Among them, OsCPq10 was most similar to the DNA sequence
of cytochrome P450 (identity, 99%; similarity, 98.8%) in Oryza glaberrima and was most
different from the DNA sequence of cytochrome P450 (identity, 88.0%; similarity, 80.6%)
in Triticum Urartu. In addition, OsCPq10 has a protein sequence similar to cytochrome
P450 of Oryza sativa japonica, Oryza glaberrima, Triticum urartu, Hordeum vulgare subsp. vul-
gare, Zea mays, and Sorghum bicolor and has very high homology. OsCPg10 interacts with
0OS01T0602500-01, a cytochrome-P450-like protein; OS06T0570566-00, an oxidoreductase
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protein; OS01T0627600-01, an oxidoreductase activity protein; OS05T0200400-01, which
belongs to the cytochrome P450 family of proteins; GAIL; DELLA protein SLR1, a probable
transcriptional regulator that acts as a repressor of the gibberellin signaling pathway; ML1,
a terminal ear] protein homolog; a probable RNA-binding protein involved in the regular
timing of lateral organ formation; and CYP78A11 cytochrome P450, which is involved in
the regular timing of lateral organ formation, and all of them affect the grain size of rice.
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Figure 6. DNA and protein sequence analysis of Os10g0525200. Os10g0525200 was revealed to have
similar DNA (A) and protein (B) sequences to cytochrome P450 proteins from Oryza sativa, Triticum,
Hordeum, Zea mays, and Sorghum. In addition, Os10g0525200 was identified to have a high rate of
homology with Oryza sativa, Triticum, Hordeum, Zea mays, and Sorghum. When the protein interactions
of Os10g0525200 were predicted, it interacted with proteins that positively affect grain size (C).
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3. Discussion

The rapid increase in the world population and the unpredictability of climate change
have become important reasons to increase the yield of rice crops. To address this, the
QTLs of traits related to yield were identified and mapped for use in actual field breeding.
Grain size is directly related to yield [32]. Recently, as interest in grain quality has increased
along with rapid population growth, there have been many attempts to search for genes
that positively affect grain size and apply them to breeding programs [33]. In accordance
with rapid climate change, the area corresponding to rice cultivation is decreasing [34].
Accordingly, it is necessary to screen candidate genes that have the potential to produce
high yields in a limited area and apply them in breeding rice [34].

High yield can be achieved by adjusting the tiller number, panicle length, spikelet
number, etc., but grain size is also an important factor for achieving high yield [35]. Much
research has been conducted to increase yield by controlling grain size, and most of the
currently identified QTLs are distributed in similar chromosomal regions [19,36-38]. Most
of the QTLs related to grain size identified in this study were mapped to regions near
previously reported QTLs. In particular, GS3 and gSW5 were identified in the QTLs
detected on chromosomes 3 and 5, respectively, validating the results of this study and
indicating the successful mapping of grain size QTLs using JNRILs [11,21]. Moreover,
Hu et al. 2015 cloned GS2 on chromosome 2, which was found to have a positive effect
on grain size and yield [31]. GS2 is found in the C02_28329161-C02_29187837 region of
chromosome 2. However, in this study, a QTL was mapped in C02_31004451-C02_33142844
located downstream from C02_28329161-C02_29187837. The reason QTLs were mapped in
different regions from those previously reported is that they could be detected in different
regions depending on the breeding resources used and the environment in each study [39].
However, GS3, which was cloned as a major gene related to grain size and used as a
breeding resource, was identified in C03_16075626—C03_16733441, identical to the results
in Fan et al. [40], and gSWb5 was identified in C05_5360210-C05_5364311, identical to the
results obtained by Liu et al. [11].

In this study, we focused on the C10_20894522-C10_21047555 region of chromosome
10, which was detected in addition to the previously reported region where major genes
related to grain size were identified. Candidate genes that can affect grain size were
searched for in the C10_20894522—-C10_21047555 region, and most were found to encode
cytochrome P450 proteins, glutathione S-transferase, histone proteins, and helix-loop-
helix proteins [41—44]. All of these proteins are transcription factors that can control gene
expression in rice, and the accumulation of genes with similar functions in the same
region indicates the potential to act strongly on the expression of phenotypically expressed
genes [45,46]. Here, the LLH and SSL groups were identified from the JNRILs for the two
consecutive years of the study. These groups were compared, focusing on markers with
different genotypes in the QTL region of chromosome 10 detected in this study. In addition,
the genotypes of C10_21047555 and C10_21256365 differed between the two groups, due
to which grain size and yield contrasted sharply. In this area, we screened for potential
candidate genes related to grain size and finally selected OsCPg10. OsCPq10 is predicted
to encode cytochrome P450 and interact with proteins regulating grain size [47-49]. In
particular, the increased activity of cytochrome P450 is reported to successfully lengthen
grain size via effects on embryo development in rice [50]. In addition, it has been reported
that the cytochrome P450 protein acts positively on high yield by increasing the grain
weight of crops in which grain size plays an important role in yield, such as wheat [51], Zea
mays [52], and barley [53], in addition to rice, which are the major grain species; cytochrome
P450 protein has been shown to increase yield by positively controlling grain size. The set of
SNP markers detected in this study was found to be evenly distributed throughout the rice
genome and indicates the efficient identification of QTLs related to grain size. Nevertheless,
the identified SNP markers did not cover some regions in some chromosomes, and the
cause of this phenomenon was judged to be the differences between JJ625LG and Namchan,
which are typical of indica and japonica [54]. In addition to this study, a similar phenomenon
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generally occurred when genetic maps or linkage maps were constructed using japonica and
indica [55]. In order to solve this problem, it is necessary to compare the detailed genome
sequences through the rearrangement of the entire genomes of JJ625LG and Namchan and
to identify and discover additional markers. Nevertheless, in this study, both GS3 and
gGWb, which are the major genes regulating grain size, were identified in screening, as well
as OsCPq10, which may act positively on grain size.

To continually provide calories to a growing population and respond to unpredictable
climate change, it is necessary to screen and characterize additional QTLs related to grain
size. In this study, candidate genes with the potential to positively control grain size for
improving yield were found through screening. In addition, gene cloning and breed-
ing of genome-edited plants using CRISPR/Cas9 is considered necessary for a complete
understanding of gene function.

4. Materials and Methods
4.1. Plant Materials and Field Design

To map QTLs related to grain size in rice, we crossed ‘JJ625LG’, which has long grains
with a long spindle shape and low 1000-grain weight, as the male parent, and ‘Namchan’,
which has short grains with a round shape and heavy 1000-grain weight, as the maternal
parent, and the mapping group of JJ625LG/Namchan recombinant inbred lines (JNRILs)
were bred. The seeds of ‘JJ625LG” and ‘Namchan’ were obtained from Dr. Hyun-Su Park of
the Crop Breeding Division, National Institute of Crop Science (NICS), Rural Development
Administration (RDA).

F; seeds were derived by crossing ‘Namchan’ and ‘JJ625LG ’. After advanced gen-
eration in the field, 88 F¢ individuals were transplanted to the field and used for genetic
analysis. Mapping populations were transplanted into the fields of the NICS, RDA, in
2021 and 2022. While this study was in progress, the mapping population was bred and
cultivated while complying with the international guidelines and legislation provided
by the RDA in Korea [56]. The rice was bred and cultivated according to general local
practices, which were implemented in compliance with the Convention on the Trade in
Endangered Species of Wild Fauna and Flora (https://www.cites.org/ (accessed on 13
October 2020)). Before sowing, all seeds were sterilized in Spotak pesticide (25% Prochloraz,
HANKOOKSAMGONG, Seoul, Republic of Korea) for 3 days in the dark at 33 °C. The
sterilized seeds were sown on 13 April 2021 and 15 April 2022, and 30 days after sowing,
transplanted to the field with 1 row for each line. Twenty-five plants were transplanted
to 1 row, and the distance between the plants was 30 cm X 15 cm. In the field, standard
fertilization (N-P,O5-K,0, 9-4.5-5.7 kg /10 ha) was applied. Nitrogen was divided into
basal/tillering /panicle fertilizer at a ratio of 5:2:3; phosphoric acid was provided for a
single application as basal fertilizer; and potassium was divided into basal/panicle fertilizer
at a ratio of 7:3. Cultivation was carried out according to the standard method presented
by the RDA [57].

4.2. Investigation of Traits Related to Grain Size

In order to investigate the grain characteristics of the mapping population, 10 plants
for each line of JJ625LG, Namchan, and JNRILs were randomly harvested in bulk 40 days
after heading. Grain size and 1000-grain weight were evaluated for brown rice using
harvested seeds. Five characteristics were investigated, namely, grain length (GL, mm),
grain width (GW, mm), the ratio of grain length to width (RLW), grain thickness (GT, mm),
and 1000-grain weight (TGW, g). Characteristics related to grain size were investigated on
20 grains at random using an electronic digital caliper (Caliper CD-15CP, Mitutoyo Corp.,
Japan) with a precision of 0.001 mm. Grains of brown rice measuring 7.1 mm or more in
length were classified as extra-long, 6.01-7.09 mm were classified as long, 5.51-6.00 mm
were classified as medium, 5.01-5.50 mm were classified as medium-short, and shorter
than 5.0 mm were classified as short. For the RLW, a score of 3.0 or more was classified as
long spindle-shaped, 2.5-2.99 as spindle-shaped, 2.0-2.49 as half spindle-shaped, 1.5-1.99
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as semi-round, and less than 1.5 as round [58]. TGW (g) was calculated as the weight of
total grain harvested per plant divided by the number of spikelets multiplied by 1000.
Correlation coefficients were calculated for GL, GW, GT, RLW, and TGW in JNRILs, and the
latter were clustered by hierarchical clustering using the calculated correlation coefficients.

4.3. Extraction of Genomic DNA

Genomic DNA was extracted from JJ625LG, Namchan, and the JNRILs using the
BioSprint 96 DNA Plant Kit (INDICAL BIOSCIENCE, Cat. SP947057, Leipzig, Germany).
Leaf samples were ground after freezing in liquid nitrogen using a TissueLyser (Qiagen,
Cat. 85300, Hilden, Germany), and genomic DNA was extracted in accordance with the
manufacturer’s manual provided with the DNA extraction kit. The extracted DNA was
diluted to 10 ng/pL after quantification and quality confirmation using a NanoDrop ND
1000 spectrophotometer (ThermoFisher, Cat. ND 1000, Waltham, MA, USA). The extracted
DNA was mixed with 6 loading dye (SIGMA, Cat. G2526-5ML, Saint Louis, MO, USA)
and loaded onto a 0.8% agarose gel (SIGMA, Cat. A9539-25G, Saint Louis, MO, USA)
containing EtBr (SIGMA, Cat. E1510, Saint Louis, MO, USA). After electrophoresis, the DNA
was identified using a UV transilluminator (Bio-Rad, Cat. 170-8070, Hercules, CA, USA).

4.4. Construction of INRIL Linkage Maps

To identify the QTLs of traits related to grain characteristics in the JNRILs, 624 SNPs
were detected in JJ625LG and Namchan. To construct the physical map of the JNRILs, 30%
of the missing markers among the 624 detected SNPs were removed, and 10 overlapping
SNP markers were additionally removed. Finally, we constructed a physical map of
the JNRILs using 511 SNP markers. Physical maps were constructed using MapChaart
2.32 software.

4.5. Mapping of QTLs Related to Grain Size

The QTLs were searched using the surveyed values of traits related to grain size.
IciMapping version 4.0 [59], a QTL analysis program, was used to detect QTLs related to
grain size. The functions of ‘By LOD” and ‘By Input’ of the ICIM program were applied
for grouping each marker, and the ‘Kosambi’ function was applied for mapping. The
I'value used as the threshold for the searched QTLs was that calculated by repeating the
permutations at the p < 0.05 level 1000 times. Each QTL was named according to the
method proposed by McCouch [60].

4.6. Statistical Analysis

R (version 4.1.3, The R Foundation for Statistical Computing) was used for the statis-
tical analysis of the investigated traits. Descriptive statistics, such as the average of each
trait, and comparisons between averages using Duncan’s multiple range test (DMRT) were
performed using the Agricole package in the R package. The significance of the average
values was tested for significant differences at the p < 0.05 level according to the t-test and
DMRT. Pearson’s correlation coefficient was analyzed by applying the psych package to
clarify the relevance of the investigated traits, and the corr.test was applied to compare
three or more traits. Corrplot was applied to construct various graphs and heatmaps.

5. Conclusions

Grain size in rice is directly related to yield, on which it has a very strong influence.
QTLs related to grain size were mapped using JNRILs derived from crossing JJ625LG
and Namchan. A linkage map of 511 SNP markers was constructed. In the QTL map
for the two consecutive study years, GS3 and gSW5, reported to be the major grain size
genes, were identified on chromosomes 3 and 5, respectively. The clustering of JNRIL grain
characteristics resulted in two groups: the LLH group and the SSL group. In addition,
regions of genotypes detected at different frequencies in the LLH group and the SSL
group were analyzed, and the C10_21047555—-C10_21256365 region was identified as being
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important for grain size. OsCPgq10 was found in C10_21047555-C10_21256365, which
encodes for the cytochrome P450 protein. OsCPg10 interacts with proteins regulating grain
size, and its homology with other proteins in crops was analyzed using Gramene. OsCPq10
has the potential to be used for breeding an elite rice cultivar capable of producing high
yields by acting positively on grain size.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12091766/s1, Table S1: Grain size related traits in JJ625/Namchan
recombinant inbred lines (JNRIL). Table S2: Information of QTL related to grain size from JJ625/Namchan
recombinant inbred lines. Table S3: Candidate genes related to grain size.

Author Contributions: ].-R.P. and J.S., conceptualization of the experiments; ].-R.P. and J.S., method-
ology and research plan; S.P.,, formal analysis; M.]J. and O.-Y.J., conduct of the experiments; J.-R.P,,
writing—original draft; J.-R.P., writing—review and editing; H.-S.P. project administration. All
authors have read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the Cooperative Research Program for Agriculture
Science and Technology Development (Project No. PJ01428002) of the Rural Development Adminis-
tration, Republic of Korea. This study was supported by the RDA Fellowship Program of the National
Institute of Crop Science, Rural Development Administration, Republic of Korea.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Molotoks, A.; Smith, P.; Dawson, T.P. Impacts of land use, population, and climate change on global food security. Food Energy
Secur. 2021, 10, e261. [CrossRef]

Wu, K; Wang, S.; Song, W.; Zhang, J.; Wang, Y.; Liu, Q.; Yu, J.; Ye, Y.; Li, S.; Chen, J. Enhanced sustainable green revolution yield
via nitrogen-responsive chromatin modulation in rice. Science 2020, 367, eaaz2046. [CrossRef] [PubMed]

Evenson, R.E.; Gollin, D. Assessing the impact of the Green Revolution, 1960 to 2000. Science 2003, 300, 758-762. [CrossRef]
[PubMed]

Kumar, P; Tokas, J.; Kumar, N.; Lal, M.; Singal, H. Climate change consequences and its impact on agriculture and food security.
Int. ]. Chem. Stud. 2018, 6, 124-133.

Muralidharan, K.; Prasad, G.; Rao, C.; Siddiq, E. Genetic gain for yield in rice breeding and rice production in India to meet with
the demand from increased human population. Curr. Sci. 2019, 116, 544-560. [CrossRef]

Sharma, N.; Khanna, R. Rice grain quality: Current developments and future prospects. Recent Adv. Grain Crops Res. 2019,
5772, 89367.

Feng, F; Li, Y.; Qin, X; Liao, Y.; Siddique, K.H. Changes in rice grain quality of indica and japonica type varieties released in
China from 2000 to 2014. Front. Plant Sci. 2017, 8, 1863. [CrossRef]

Li, N.; Xu, R;; Duan, P; Li, Y. Control of grain size in rice. Plant Reprod. 2018, 31, 237-251. [CrossRef]

Zhao, D.-S,; Li, Q.-F;; Zhang, C.-Q.; Zhang, C.; Yang, Q.-Q.; Pan, L.-X,; Ren, X.-Y,; Lu, J.; Gu, M.-H.; Liu, Q.-Q. GS9 acts as a
transcriptional activator to regulate rice grain shape and appearance quality. Nat. Commun. 2018, 9, 1240. [CrossRef]

Ying, J.-Z.; Ma, M.; Bai, C.; Huang, X.-H.; Liu, J.-L.; Fan, Y.-Y.; Song, X.-]. TGW3, a major QTL that negatively modulates grain
length and weight in rice. Mol. Plant 2018, 11, 750-753. [CrossRef]

Liu, J.; Chen, J.; Zheng, X.; Wu, E; Lin, Q.; Heng, Y,; Tian, P; Cheng, Z.; Yu, X.; Zhou, K. GW5 acts in the brassinosteroid signalling
pathway to regulate grain width and weight in rice. Nat. Plants 2017, 3, 17043. [CrossRef] [PubMed]

Wing, R.A.; Purugganan, M.D.; Zhang, Q. The rice genome revolution: From an ancient grain to Green Super Rice. Nat. Rev.
Genet. 2018, 19, 505-517. [CrossRef] [PubMed]

Jiang, H.; Zhang, A ; Liu, X.; Chen, ]J. Grain size associated genes and the molecular regulatory mechanism in rice. Int. J. Mol. Sci.
2022, 23, 3169. [CrossRef] [PubMed]

Li, Q.; Lu, L.; Liu, H.; Bai, X.; Zhou, X.; Wu, B.; Yuan, M.; Yang, L.; Xing, Y. A minor QTL, SG3, encoding an R2R3-MYB protein,
negatively controls grain length in rice. Theor. Appl. Genet. 2020, 133, 2387-2399. [CrossRef] [PubMed]

Hu, Z,; Ly, S.-].; Wang, M.-].; He, H.; Sun, L.; Wang, H.; Liu, X.-H.; Jiang, L.; Sun, J.-L.; Xin, X. A novel QTL qTGW3 encodes the
GSK3/SHAGGY-like kinase OsGSK5/0sSK41 that interacts with OsARF4 to negatively regulate grain size and weight in rice.
Mol. Plant 2018, 11, 736-749. [CrossRef]


https://www.mdpi.com/article/10.3390/plants12091766/s1
https://www.mdpi.com/article/10.3390/plants12091766/s1
https://doi.org/10.1002/fes3.261
https://doi.org/10.1126/science.aaz2046
https://www.ncbi.nlm.nih.gov/pubmed/32029600
https://doi.org/10.1126/science.1078710
https://www.ncbi.nlm.nih.gov/pubmed/12730592
https://doi.org/10.18520/cs/v116/i4/544-560
https://doi.org/10.3389/fpls.2017.01863
https://doi.org/10.1007/s00497-018-0333-6
https://doi.org/10.1038/s41467-018-03616-y
https://doi.org/10.1016/j.molp.2018.03.007
https://doi.org/10.1038/nplants.2017.43
https://www.ncbi.nlm.nih.gov/pubmed/28394310
https://doi.org/10.1038/s41576-018-0024-z
https://www.ncbi.nlm.nih.gov/pubmed/29872215
https://doi.org/10.3390/ijms23063169
https://www.ncbi.nlm.nih.gov/pubmed/35328589
https://doi.org/10.1007/s00122-020-03606-z
https://www.ncbi.nlm.nih.gov/pubmed/32472264
https://doi.org/10.1016/j.molp.2018.03.005

Plants 2023, 12, 1766 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zhang, T.; Wang, S.; Sun, S.; Zhang, Y.; Li, ].; You, J.; Su, T.; Chen, W,; Ling, Y.; He, G. Analysis of QTL for grain size in a rice
chromosome segment substitution line Z1392 with long grains and fine mapping of qGL-6. Rice 2020, 13, 40. [CrossRef]

Dong, Q.; Zhang, Z.-H.; Wang, L.-L.; Zhu, Y.-].; Fan, Y.-Y,; Mou, T.-M.; Ma, L.-Y.; Zhuang, J.-Y. Dissection and fine-mapping of two
QTL for grain size linked in a 460-kb region on chromosome 1 of rice. Rice 2018, 11, 44. [CrossRef]

Yu, J.; Miao, J.; Zhang, Z.; Xiong, H.; Zhu, X,; Sun, X,; Pan, Y,; Liang, Y.; Zhang, Q.; Abdul Rehman, R.M. Alternative splicing of
Os LG 3b controls grain length and yield in japonica rice. Plant Biotechnol. ]. 2018, 16, 1667-1678. [CrossRef]

Zhang, Y.-M.; Yu, H.-X,; Ye, W.-W.; Shan, ].-X.; Dong, N.-Q.; Guo, T.; Kan, Y.; Xiang, Y.-H.; Zhang, H.; Yang, Y.-B. A rice QTL
GS3. 1 regulates grain size through metabolic-flux distribution between flavonoid and lignin metabolons without affecting stress
tolerance. Commun. Biol. 2021, 4, 1171. [CrossRef]

Takano-Kai, N.; Jiang, H.; Kubo, T.; Sweeney, M.; Matsumoto, T.; Kanamori, H.; Padhukasahasram, B.; Bustamante, C.;
Yoshimura, A.; Doi, K. Evolutionary history of GS3, a gene conferring grain length in rice. Genetics 2009, 182, 1323-1334.
[CrossRef]

Yang, W.; Wu, K; Wang, B.; Liu, H.; Guo, S.; Guo, X.; Luo, W.; Sun, S.; Ouyang, Y.; Fu, X. The RING E3 ligase CLG1 targets GS3
for degradation via the endosome pathway to determine grain size in rice. Mol. Plant 2021, 14, 1699-1713. [CrossRef] [PubMed]
Li, M.; Li, X.; Zhou, Z.; Wu, P; Fang, M.; Pan, X; Lin, Q.; Luo, W.; Wu, G,; Li, H. Reassessment of the four yield-related genes
Gnla, DEP1, GS3, and IPA1 in rice using a CRISPR/Cas9 system. Front. Plant Sci. 2016, 7, 377. [CrossRef] [PubMed]

Zhao, D.; Li, P; Wang, L.; Sun, L.; Xia, D.; Luo, L.; Gao, G.; Zhang, Q.; He, Y. Genetic dissection of large grain shape in rice cultivar
‘Nanyangzhan’and validation of a grain thickness QTL (qGT3. 1) and a grain length QTL (qGL3. 4). Mol. Breed. 2017, 37, 1-11.
[CrossRef]

Ya-dong, Z.; Jia, Z.; Yan-li, L.; Chun-fang, Z.; Tao, C.; Qing-yong, Z.; Zhen, Z.; Li-hui, Z.; Shu, Y.; Ling, Z. Functional marker
development and effect analysis of grain size gene GW2 in extreme grain size germplasm in rice. Rice Sci. 2015, 22, 65-70.
[CrossRef]

Sestili, F; Pagliarello, R.; Zega, A ; Saletti, R.; Pucci, A.; Botticella, E.; Masci, S.; Tundo, S.; Moscetti, I.; Foti, S. Enhancing grain size
in durum wheat using RNAi to knockdown GW?2 genes. Theor. Appl. Genet. 2019, 132, 419-429. [CrossRef]

Li, Y;; Fan, C.; Xing, Y,; Jiang, Y.; Luo, L.; Sun, L.; Shao, D.; Xu, C.; Li, X,; Xiao, J. Natural variation in GS5 plays an important role
in regulating grain size and yield in rice. Nat. Genet. 2011, 43, 1266-1269. [CrossRef]

Lee, C.-M,; Park, J.; Kim, B.; Seo, J.; Lee, G.; Jang, S.; Koh, H.-J. Influence of multi-gene allele combinations on grain size of rice
and development of a regression equation model to predict grain parameters. Rice 2015, 8, 33. [CrossRef]

Wang, S.; Li, S.; Liu, Q.; Wu, K,; Zhang, J.; Wang, S.; Wang, Y.; Chen, X.; Zhang, Y.; Gao, C. The OsSPL16-GW?7 regulatory module
determines grain shape and simultaneously improves rice yield and grain quality. Nat. Genet. 2015, 47, 949-954. [CrossRef]

Si, L.; Chen, J.; Huang, X.; Gong, H.; Luo, J.; Hou, Q.; Zhou, T.; Lu, T.; Zhu, J.; Shangguan, Y. OsSPL13 controls grain size in
cultivated rice. Nat. Genet. 2016, 48, 447-456. [CrossRef]

Liu, Q.; Han, R.; Wu, K,; Zhang, J.; Ye, Y.; Wang, S.; Chen, ].; Pan, Y.; Li, Q.; Xu, X. G-protein 3y subunits determine grain size
through interaction with MADS-domain transcription factors in rice. Nat. Commun. 2018, 9, 852. [CrossRef]

Hu, J.; Wang, Y,; Fang, Y.; Zeng, L.; Xu, J.; Yu, H.; Shi, Z.; Pan, ].; Zhang, D.; Kang, S. A rare allele of GS2 enhances grain size and
grain yield in rice. Mol. Plant 2015, 8, 1455-1465. [CrossRef] [PubMed]

Shomura, A.; Izawa, T.; Ebana, K.; Ebitani, T.; Kanegae, H.; Konishi, S.; Yano, M. Deletion in a gene associated with grain size
increased yields during rice domestication. Nat. Genet. 2008, 40, 1023-1028. [CrossRef] [PubMed]

Miura, K.; Ashikari, M.; Matsuoka, M. The role of QTLs in the breeding of high-yielding rice. Trends Plant Sci. 2011, 16, 319-326.
[CrossRef] [PubMed]

Redfern, S.K.; Azzu, N.; Binamira, J.S. Rice in Southeast Asia: Facing risks and vulnerabilities to respond to climate change. Build
Resil. Adapt Clim. Chang. Agri Sect. 2012, 23, 295.

Cho, Y.G.; Kang, H].; Lee, J.S,; Lee, Y.T.; Lim, S.J.; Gauch, H.; Eun, M.Y.; McCouch, S.R. Identification of quantitative trait loci in
rice for yield, yield components, and agronomic traits across years and locations. Crop Sci. 2007, 47, 2403-2417. [CrossRef]
Tang, S.-Q.; Shao, G.-N.; Wei, X.-J.; Chen, M.-L.; Sheng, Z.-H.; Luo, J.; Jiao, G.-A.; Xie, L.-H.; Hu, P-S. QTL mapping of grain
weight in rice and the validation of the QTL qTGW3. 2. Gene 2013, 527, 201-206. [CrossRef]

Wan, X.; Weng, J.; Zhai, H.; Wang, J.; Lei, C.; Liu, X.; Guo, T.; Jiang, L.; Su, N.; Wan, ]. Quantitative trait loci (QTL) analysis for rice
grain width and fine mapping of an identified QTL allele gw-5 in a recombination hotspot region on chromosome 5. Genetics
2008, 179, 2239-2252. [CrossRef] [PubMed]

Sun, L.; Ma, D.; Yu, H.; Zhou, F; Li, Y;; Luo, L.; Gao, G.; Zhang, Q.; Xu, C.; He, Y. Identification of quantitative trait loci for grain
size and the contributions of major grain-size QTLs to grain weight in rice. Mol. Breed. 2013, 31, 451-461. [CrossRef]

Xiao, J.; Li, J.; Yuan, L.; Tanksley, S. Identification of QTLs affecting traits of agronomic importance in a recombinant inbred
population derived from a subspecific rice cross. Theor. Appl. Genet. 1996, 92, 230-244. [CrossRef]

Fan, C; Xing, Y.; Mao, H.; Lu, T;; Han, B.; Xu, C,; Li, X.; Zhang, Q. GS3, a major QTL for grain length and weight and minor
QTL for grain width and thickness in rice, encodes a putative transmembrane protein. Theor. Appl. Genet. 2006, 112, 1164-1171.
[CrossRef]

Cao, F; Cai, Y; Liu, L.; Zhang, M.; He, X,; Zhang, G.; Wu, E. Differences in photosynthesis, yield and grain cadmium accumulation
as affected by exogenous cadmium and glutathione in the two rice genotypes. Plant Growth Regul. 2015, 75, 715-723. [CrossRef]


https://doi.org/10.1186/s12284-020-00399-z
https://doi.org/10.1186/s12284-018-0236-z
https://doi.org/10.1111/pbi.12903
https://doi.org/10.1038/s42003-021-02686-x
https://doi.org/10.1534/genetics.109.103002
https://doi.org/10.1016/j.molp.2021.06.027
https://www.ncbi.nlm.nih.gov/pubmed/34216830
https://doi.org/10.3389/fpls.2016.00377
https://www.ncbi.nlm.nih.gov/pubmed/27066031
https://doi.org/10.1007/s11032-017-0638-4
https://doi.org/10.1016/j.rsci.2015.05.007
https://doi.org/10.1007/s00122-018-3229-9
https://doi.org/10.1038/ng.977
https://doi.org/10.1186/s12284-015-0066-1
https://doi.org/10.1038/ng.3352
https://doi.org/10.1038/ng.3518
https://doi.org/10.1038/s41467-018-03047-9
https://doi.org/10.1016/j.molp.2015.07.002
https://www.ncbi.nlm.nih.gov/pubmed/26187814
https://doi.org/10.1038/ng.169
https://www.ncbi.nlm.nih.gov/pubmed/18604208
https://doi.org/10.1016/j.tplants.2011.02.009
https://www.ncbi.nlm.nih.gov/pubmed/21429786
https://doi.org/10.2135/cropsci2006.08.0509
https://doi.org/10.1016/j.gene.2013.05.063
https://doi.org/10.1534/genetics.108.089862
https://www.ncbi.nlm.nih.gov/pubmed/18689882
https://doi.org/10.1007/s11032-012-9802-z
https://doi.org/10.1007/BF00223380
https://doi.org/10.1007/s00122-006-0218-1
https://doi.org/10.1007/s10725-014-9973-1

Plants 2023, 12, 1766 14 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

Song, X.J.; Kuroha, T.; Ayano, M.; Furuta, T.; Nagai, K.; Komeda, N.; Segami, S.; Miura, K.; Ogawa, D.; Kamura, T. Rare allele of a
previously unidentified histone H4 acetyltransferase enhances grain weight, yield, and plant biomass in rice. Proc. Natl. Acad. Sci.
USA 2015, 112, 76-81. [CrossRef] [PubMed]

Luo, J.; Liu, H.; Zhou, T.; Gu, B.; Huang, X.; Shangguan, Y.; Zhu, J.; Li, Y.; Zhao, Y.; Wang, Y. An-1 encodes a basic helix-loop-helix
protein that regulates awn development, grain size, and grain number in rice. Plant Cell 2013, 25, 3360-3376. [CrossRef] [PubMed]
Tamiru, M.; Undan, J.R,; Takagi, H.; Abe, A.; Yoshida, K.; Undan, ].Q.; Natsume, S.; Uemura, A; Saitoh, H.; Matsumura, H. A
cytochrome P450, OsDSS1, is involved in growth and drought stress responses in rice (Oryza sativa L.). Plant Mol. Biol. 2015,
88, 85-99. [CrossRef] [PubMed]

Paran, I.; Zamir, D. Quantitative traits in plants: Beyond the QTL. TRENDS Genet. 2003, 19, 303-306. [CrossRef]

Cooper, B.; Clarke, ].D.; Budworth, P; Kreps, J.; Hutchison, D.; Park, S.; Guimil, S.; Dunn, M.; Luginbiihl, P; Ellero, C. A network
of rice genes associated with stress response and seed development. Proc. Natl. Acad. Sci. USA 2003, 100, 4945-4950. [CrossRef]
Tanabe, S.; Ashikari, M.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Yano, M.; Yoshimura, A.; Kitano, H.; Matsuoka, M.; Fujisawa, Y. A
novel cytochrome P450 is implicated in brassinosteroid biosynthesis via the characterization of a rice dwarf mutant, dwarf11,
with reduced seed length. Plant Cell 2005, 17, 776-790. [CrossRef]

Huang, R.; Jiang, L.; Zheng, J.; Wang, T.; Wang, H.; Huang, Y.; Hong, Z. Genetic bases of rice grain shape: So many genes, so little
known. Trends Plant Sci. 2013, 18, 218-226. [CrossRef]

Lan, J.; Lin, Q.; Zhou, C.; Ren, Y,; Liu, X,; Miao, R;; Jing, R.; Mou, C.; Nguyen, T.; Zhu, X. Small grain and semi-dwarf 3, a WRKY
transcription factor, negatively regulates plant height and grain size by stabilizing SLR1 expression in rice. Plant Mol. Biol. 2020,
104, 429-450. [CrossRef]

Chen, Y;; Liu, L,; Shen, Y;; Liu, S.; Huang, J.; Long, Q.; Wu, W.; Yang, C.; Chen, H.; Guo, X. Loss of function of the cytochrome
P450 gene CYP78B5 causes giant embryos in rice. Plant Mol. Biol. Report. 2015, 33, 69-83. [CrossRef]

Xu, H.; Sun, H,; Dong, J.; Ma, C; Li, J.; Li, Z.; Wang, Y.; Ji, J.; Hu, X.; Wu, M. The brassinosteroid biosynthesis gene TaD11-2A
controls grain size and its elite haplotype improves wheat grain yields. Theor. Appl. Genet. 2022, 135, 2907-2923. [CrossRef]
[PubMed]

Liu, N.; Zhang, Z.; Xue, Y.; Meng, S.; Huang, Y.; Li, W.; Huang, ].; Tang, J. Identification of quantitative trait loci and candidate
genes for maize starch granule size through association mapping. Sci. Rep. 2018, 8, 14236. [CrossRef] [PubMed]
Nadolska-Orczyk, A.; Rajchel, I.K.; Orczyk, W.; Gasparis, S. Major genes determining yield-related traits in wheat and barley.
Theor. Appl. Genet. 2017, 130, 1081-1098. [CrossRef] [PubMed]

Seo, J.; Lee, G.; Jin, Z.; Kim, B.; Chin, ].H.; Koh, H.-J. Development and application of indica—japonica SNP assays using the
Fluidigm platform for rice genetic analysis and molecular breeding. Mol. Breed. 2020, 40, 39. [CrossRef]

Wu, Y.P; Ko, PY.; Lee, W.C.; Wei, E]J.; Kuo, S.C.; Ho, S.W.; Hour, A.L.; Hsing, Y.I; Lin, Y.R. Comparative analyses of linkage maps
and segregation distortion of two F2 populations derived from japonica crossed with indica rice. Hereditas 2010, 147, 225-236.
[CrossRef]

Rural Development Administration (RDA). Manual for Rice Standard Cultivation; RDA: Jeonju, Korea, 2017.

Rural Development Administration (RDA). 2017 Report of New Cultivars Development and Research in Summer Crop; RDA: Jeonju,
Korea, 2018; pp. 3-162.

Cruz, N.D.; Khush, G. Rice grain quality evaluation procedures. Aromat. Rices 2000, 3, 15-28.

Meng, L.; Li, H.; Zhang, L.; Wang, J. QTL IciMapping: Integrated software for genetic linkage map construction and quantitative
trait locus mapping in biparental populations. Crop |. 2015, 3, 269-283. [CrossRef]

McCouch, S.R.; CGSNL (Committee on Gene Symbolization, Nomenclature and Linkage, Rice Genetics Cooperative). Gene
nomenclature system for rice. Rice 2008, 1, 72-84. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.1421127112
https://www.ncbi.nlm.nih.gov/pubmed/25535376
https://doi.org/10.1105/tpc.113.113589
https://www.ncbi.nlm.nih.gov/pubmed/24076974
https://doi.org/10.1007/s11103-015-0310-5
https://www.ncbi.nlm.nih.gov/pubmed/25800365
https://doi.org/10.1016/S0168-9525(03)00117-3
https://doi.org/10.1073/pnas.0737574100
https://doi.org/10.1105/tpc.104.024950
https://doi.org/10.1016/j.tplants.2012.11.001
https://doi.org/10.1007/s11103-020-01049-0
https://doi.org/10.1007/s11105-014-0731-3
https://doi.org/10.1007/s00122-022-04158-0
https://www.ncbi.nlm.nih.gov/pubmed/35794218
https://doi.org/10.1038/s41598-018-31863-y
https://www.ncbi.nlm.nih.gov/pubmed/30250035
https://doi.org/10.1007/s00122-017-2880-x
https://www.ncbi.nlm.nih.gov/pubmed/28314933
https://doi.org/10.1007/s11032-020-01123-x
https://doi.org/10.1111/j.1601-5223.2010.02120.x
https://doi.org/10.1016/j.cj.2015.01.001
https://doi.org/10.1007/s12284-008-9004-9

	Introduction 
	Results 
	Evaluation of Grain Size Phenotypes in the Mapping Population 
	Construction of a Physical Map and Mapping of QTLs Related to Grain Size 
	Analysis of Genotypes Related to the Positive Effects of Grain Size 
	Screening of Candidate Genes Related to Grain Size 
	Analysis of the DNA and Protein Sequences of Candidate Genes Related to Grain Size 

	Discussion 
	Materials and Methods 
	Plant Materials and Field Design 
	Investigation of Traits Related to Grain Size 
	Extraction of Genomic DNA 
	Construction of JNRIL Linkage Maps 
	Mapping of QTLs Related to Grain Size 
	Statistical Analysis 

	Conclusions 
	References

