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Abstract

Grain transparency (GT) is a key determinant of rice appearance quality and consumer
preference, yet its genetic basis remains poorly understood. In this study, we evaluated
GT in a panel of 450 rice accessions grown in two environments (Guangzhou and
Yangjiang). Nineteen quantitative trait loci (QTL) for GT were identified by a genome-
wide association study (GWAS), distributed across all rice chromosomes except chromo-
somes 2 and 12. Among these, four QTL (qGT-1b, qGT-3b, qGT-4b, and qGT-5b) were con-
sistently detected in both environments. Notably, gGT-3b and qGT-5b co-localized with
the grain shape genes GRAIN SIZE 3 (GS3) and GRAIN WIDTH 5 (GW5), respectively. For
the novel and stable QTL gGT-4b, linkage disequilibrium decay analysis delimited an ap-
proximately 300 kb candidate region. Integrative transcriptomic and genomic analyses
pointed to two candidate genes: LOC_Os04¢40370 (OsFbx142), encoding an F-box domain
protein, and LOC_QOs04g40720 (OsSUBSrP1), encoding a subtilisin-like serine protease.
Haplotype analysis further revealed that specific haplotypes of these genes were signifi-
cantly associated with GT variation across environments. Our findings provide genetic
insights into the regulation of rice grain transparency and offer candidate genes for further
functional validation and potential application in improving rice appearance quality.

Keywords: rice; grain transparency; genome-wide association study; quantitative trait loci
(QTL); candidate gene

1. Introduction

Rice (Oryza sativa L.) is a cornerstone of global food security, serving as the primary
staple for more than half of the world’s population. With rising living standards, con-
sumer demand for high-quality rice has intensified, making the improvement of grain
quality a primary objective in modern rice breeding programs. Rice grain quality is a mul-
tifaceted trait encompassing milling, cooking, and eating, nutritional, and appearance
characteristics. Among these, appearance quality is one of the most immediate factors in-
fluencing consumer preference and market value, as it is the first attribute evaluated at
the point of purchase [1].
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Appearance quality is determined by several key traits, including grain size and
shape, chalkiness, color, and transparency. Grain transparency (GT), which describes the
translucency of the endosperm when light passes through it, is a particularly critical de-
terminant of consumer acceptance. Transparent, vitreous grains are highly prized in the
market, whereas opaque or dull grains are often perceived as being of lower quality [2].
The degree of transparency is primarily a function of the endosperm’s internal structure,
specifically the arrangement and integrity of starch granules and the presence of air spaces
within the grain. Opaque grains often exhibit starch granules with surface cavities or a
loosely packed structure that scatters light, whereas transparent grains possess a densely
packed, homogeneous endosperm with minimal light scattering [1]. Notably, this endo-
sperm structure is highly sensitive to environmental factors; for example, high tempera-
ture stress during grain filling can disrupt carbon metabolism, interfere with proper starch
granule assembly, increase intergranular spaces, and ultimately reduce transparency [3].

In addition to environmental cues, genetic factors are intrinsically involved in deter-
mining GT, as evidenced by the substantial variation among different rice varieties. How-
ever, the underlying genetic architecture remains largely unclear. Waxy rice exhibits poor
transparency, with an endosperm that appears milky white and waxy. In contrast, non-
waxy rice generally has better transparency, often appearing transparent or translucent.
Significant differences in transparency are observed among various soft rice varieties;
those with a cloudy appearance show poor transparency, whereas varieties with a good
appearance exhibit relatively high transparency [4]. To date, only a limited number of
QTL mapping studies have specifically targeted grain transparency as a primary trait. Jin
et al. constructed a high-density genetic linkage map using genotyping-by-sequencing
(GBS) in a population derived from a cross between Koshihikari and Nona Bokra, and
identified four QTL of GT in an F2 population, designated TP-1, TP-2, TP-3, and TP-4 [5].

Subsequent efforts to clone and characterize genes affecting GT have highlighted the
central role of starch biosynthesis. The Waxy (Wx) gene, which encodes a granule-bound
starch synthase (GBSS) responsible for amylose synthesis, is a major regulator. Different
Wi alleles produce a range of amylose contents, which directly impact endosperm opac-
ity, from the waxy, opaque phenotype of wx mutants to the translucent grains of varieties
with moderate to high amylose [1]. Recent discoveries of novel alleles, such as Wx",
which confers improved transparency despite low amylose content, demonstrate the po-
tential for fine-tuning this trait [6]. Beyond Wx, other members of the starch synthase (SS)
gene family, like SSII-b, have been implicated. Downregulation of SSII-b can result in
transparent grains with very low amylose content, suggesting a complex interplay be-
tween different starch biosynthetic pathways [7]. Furthermore, a class of genes responsi-
ble for the floury endosperm (FLO) phenotype has been characterized. Mutations in genes
like FLO2 and FLO4 (also known as SSIlIa) lead to a chalky or floury endosperm, demon-
strating that disruptions in starch structure and the regulation of storage compound ac-
cumulation affect GT [8,9].

Despite these advances, the genetic variants underlying natural variation in GT re-
main largely unidentified. Genome-wide association study (GWAS) has emerged as a
powerful approach for dissecting the genetic architecture of complex quantitative traits in
rice, demonstrating high efficiency in functional gene mining. To date, GWAS has been
extensively applied to investigate rice appearance quality, leading to the successful iden-
tification of numerous QTL associated with grain shape and chalkiness. However, GWAS
specifically targeting GT remains scarce. Wang et al. [10] performed a GWAS for nine
traits related to grain appearance and milling quality using 258 accessions from the 3K
Rice Genome Project evaluated in two environments (Sanya and Shenzhen). For grain
opacity, six QTL were detected on chromosomes 1, 2, 4, and 7, with five detected only in
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Sanya and one identified specifically in Shenzhen [10]. Although grain shape and chalki-
ness show strong phenotypic correlations with transparency, accumulating evidence sug-
gests that GT is governed by genetic regulatory mechanisms distinct from those control-
ling grain shape and chalkiness.

In the present study, we performed GWAS for GT using 450 rice accessions across
two environments. The GT of milled rice was evaluated using a professional appearance
quality instrument and scored on a scale of 1 to 5, where grade 1 represents the highest
transparency (vitreous endosperm) and grade 5 represents the lowest transparency
(opaque or dull endosperm). Nineteen QTL were identified, with four stable QTL detected
in both environments. gGT-3b and gGT-5b co-localized with GRAIN SIZE 3 (GS3) and
GRAIN WIDTH 5 (GW5), respectively. For the novel QTL gGT-4b, integration of tran-
scriptomic and genomic analyses revealed two candidate genes, LOC_0Os04g40370 (encod-
ing an F-box domain-containing protein, OsFbx142) and LOC_Os04g40720 (encoding a
subtilisin-like serine protease, OsSUBSrP1). This study provides new insight into the ge-
netic basis of GT in rice and contributes to molecular breeding for high-quality rice.

2. Results
2.1. Phenotypic Variation in GT in 450 Rice Accessions

The GT of 450 rice accessions was evaluated in two environments (Guangzhou and
Yangjiang). It is important to note that GT was scored on a scale of 1 to 5, where lower
grades indicate higher transparency (vitreous endosperm) and better appearance quality.
In both environments, the phenotypic distributions of GT in the indica, japonica, and whole
populations were approximately normally distributed (Figure 1A,B), suggesting a rela-
tively high level of diversity in the studied germplasm set. Furthermore, we observed that
in the 2016GZ environment, indica accessions showed lower GT grades than japonica ac-
cessions (Figure 1C); however, in the 2018Y] environment, no significant difference in GT
grades was detected between the two subspecies (Figure 1D). These results indicate that
GT grades are susceptible to environmental influence.
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Figure 1. Phenotypic variation in grain transparency in 450 rice accessions across two environments.
(A,B) Frequency distributions of GT grades in the indica, japonica, and whole populations in Guang-
zhou (2016GZ) and Yangjiang (2018Y]), respectively. The distributions approximate normality.
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(C,D) Comparison of GT between indica and japonica accessions in 2016GZ and 2018Y]. Data were

analyzed using Student’s t-test for comparisons. Exact p-values are shown in the figure.

2.2. QTL Mapping for GT by GWAS

Using the GT phenotype data of 450 accessions from two ecological regions, a ge-
nome-wide association study (GWAS) was conducted based on the mixed linear model
(MLM). A total of 19 QTL for GT were identified, which were distributed across all chro-
mosomes except 2 and 12 (Figure 2; Table 1). Among these, only qGT-1b, qGT-3b, qGT-4b,
and gGT-5b were consistently detected in both environments. Notably, gGT-3b and qGT-
5b were co-localized with previously reported major grain shape genes GS3 and GW5
[11,12], respectively. Both loci exhibited strong genetic effects, suggesting that these two
grain shape genes play important roles in regulating GT. gGT-7a was identified in the
whole and indica populations in the 2016GZ environment and co-localized with the pre-
viously reported qTr7.1 [10]. Interestingly, all the QTL were detectable in the whole pop-
ulation. In addition, several QTL were identified specifically in subpopulations: gGT-1b,
qGT-4b, qGT-5¢, qGT-5d, and qG1-7a were detected in the indica population, while gG1-3a,
qGT-3b, gGT-4a, gGT-4c, and qGT-10 were detected in the japonica population. gGT-5b was
identified in the whole, indica, and japonica populations in 2016GZ, and in the whole and
japonica populations in 2018Y]. These results indicate that the identified QTL are influ-
enced not only by environmental factors but also by subpopulation differentiation.
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Figure 2. Genome-wide association study (GWAS) for grain transparency in 450 rice accessions.
Manhattan plots for GT in (A) 2016GZ and (B) 2018Y]. The left and right panels represent the Man-
hattan scatter plot and the QQ-plot, respectively.
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Table 1. QTL identified for GT by GWAS.

QTL Chromosome Environment Population Position (bp) p-Value Co-Located QTL or Cloned Gene
qGT-1a 1 Yangjiang Whole 752,096 1.60 x 10-°
Whole
-5
(GT-1b 1 Guangzhou Indica 43,080,302 491 =10
Yangjiang Whole 43,177,205 4.05 x 10~
hol
4GT-3a 3 Guangzhou "9 7876800 109x 10
Japonica
Whole
h 1 4 21 %108
4GT-3b 3 Guangzhou Japonica 6,869,049 6.21 x 10 [11]
Yangjiang Whole 16,878,653 5.55 x 106
4GT-4a 4 Guangzhou "% 4203668 9.38x10%
Japonica
Guangzhou "o 04135165 814x10%
Indica
qGT-4b 4 Whole
.. -
Yangjiang Indica 24,024,612 7.07 x 10
Whol
gGT-4e 4 Yangjiang °€ 31,0056  89x107
Japonica
qGT-5a 5 Guangzhou Whole 4,298,919 5.73 x 105
Whole
Guangzhou Indica 5,359,520 1.79 x 10-10
qGT-5b 5 Japonica [12]
hol
Yangiiang  "0° 5366703 5.03x107
Japonica
Whole
- 11 -5
qGT-5¢ 5 Yangjiang Indica 21,167,792 493 x10
4GT-5d 5 Guangzhou 1O 1904400 222104
Indica
qGT-6 6 Yangjiang Whole 864,175 1.8 x10-°
4GT-7a 7 Guangzhou 'O 6281713 244x 10 [10]
Indica
qGT-7b 7 Yangjiang Whole 27,553,310 2.68 x 106
qGT-8a 8 Yangjiang Whole 7,796,155 2.28 x 105
qGT-8b 8 Yangjiang Whole 24,785,271 8.05 x 10-°
qGT-9 9 Yangjiang Whole 7,993,424 6.88 x 107
qGT-10 10 Yangiiang O 800459 145107
Japonica
qGT-11 11 Guangzhou Whole 17,446,307 3.72 x 10

2.3. Linkage Disequilibrium Decay Analysis of gGT-4b

Among the 19 QTL identified, gGT-4b stood out as a novel and stable locus: it was
consistently detected in both environments across the whole and indica populations, and

no GT-related QTL or gene has been previously reported in this region. We therefore fo-

cused on gGT-4b for subsequent candidate gene analysis. We compared the GT grades of

accessions with different haplotypes based on the significant SNP in the gGT-4b region.

Accessions carrying distinct haplotypes showed significantly different GT grades in both

environments (Figure 3A,B). The linkage disequilibrium (LD) decay analysis in the gG1-

4b region indicated that an approximately 300 kb interval (from 23.94 to 24.24 Mb on chro-

mosome 4) was the putative region for this QTL (Figure 3C). A total of 53 annotated genes

were located within this region (Table S2).
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Figure 3. Linkage disequilibrium (LD) decay analysis of the gGT-4b locus. (A) Comparison in
2016GZ and (B) in 2018Y] of GT grades among different haplotypes defined by the most significant
SNP within gGT-4b. Data were analyzed using Student’s t-test for comparisons. (C) LD decay plot
across the gGT-4b region on chromosome 4. The region between the two red vertical lines represents
the gGT-4b candidate interval (23.94-24.24 Mb). Red dots indicate SNPs with p value <10

2.4. Candidate Gene Analysis of qGT-4b

Based on haplotype analysis of gGT-4b, three accessions with low GT grades (i.e.,
lower numerical scores, indicating higher transparency and better quality) and three ac-
cessions with high GT grades (i.e., higher numerical scores, indicating lower transparency
and poor quality) were selected for gene differential expression analysis. RNA-sequencing
revealed that 19 genes were not expressed (defined as read count < 30, a threshold applied
to exclude lowly expressed or spuriously mapped transcripts). Among the remaining 34
expressed genes, three genes (LOC_0Os04g40340, LOC_0Os04g40370, and LOC_Os04g40500)
were differentially expressed between the two sets of contrasting lines (Figure 4A; Table
S2). qRT-PCR assays confirmed the expression patterns of LOC_Os04g40370 and
LOC_Os04g40500 measured by RNA-sequencing, but the results for LOC_0Os04g40340
were inconsistent with the RN A-sequencing data (Figure 4B). The two consistently vali-
dated genes exhibited opposite expression patterns: the expression levels of
LOC_Os04g40370 in accessions with low GT grades were significantly higher than those
in accessions with high GT grades, whereas the expression levels of LOC_Os04g40500 in
accessions with low GT grades were significantly lower than those in accessions with high
GT grades.

We further analyzed the correlation between each gene and the most significant SNP
using linkage disequilibrium (LD). LOC_Os04g40720 exhibited the highest LD value, in-
dicating that at the genomic level, this gene showed the strongest association with GT.

https://doi.org/10.3390/ijms27135835



Int. ]. Mol. Sci. 2026, 27, 5835 7 of 14

Among the two candidate genes obtained from transcriptome data, LOC_Os04¢40370 ex-
hibited a relatively high LD value, whereas LOC_Os04¢40500 showed a low LD value
(Figure 4C). Therefore, from the transcriptomic and genomic levels, the two most likely
candidate genes for gGT-4b were identified: LOC_0Os04¢40370 and LOC_QOs04g40720.
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Figure 4. Candidate gene analysis of qGT-4b by transcriptomic and genomic approaches. (A)
Heatmap of differentially expressed genes between low-GT grade and high-GT grade accessions
based on RNA-seq data. (B) qRT-PCR validation of three selected genes (LOC_Os04g40340,
LOC_0Os04g40370, and LOC_0Os04g40500). Error bars represent standard deviation (SD). Statistical
comparisons were performed using a one-tailed Student’s t-test. (C) LD values of genes with the

most significant SNP in gGT-4b region.
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A

2.5. Haplotype Analysis of Candidate Genes

To explore the relationship between different haplotypes of the two candidate genes
and GT grades, we analyzed variations in the promoter region (2000 bp upstream of the
start codon), the 3’ untranslated region (3 UTR), and the coding sequence (CDS). For
LOC_Os04g40370, a total of six major variants were identified, two located in the CDS and
four in the 3’ UTR (Figure 5A). For LOC_Os04¢40720, 11 major variants were identified,
all located in the CDS (Figure 5C). Based on these variants, three main haplotypes (Hap
1-3) were identified for both LOC_0Os04¢40370 and LOC_QOs04g40720 (Figure 5A,C). Ac-
cessions carrying Hap 2 consistently exhibited lower GT grades than those carrying Hap
1 or Hap 3 in both environments, while no significant difference in GT grades was ob-
served between Hap 1 and Hap 3 accessions in either environment (Figure 5B,D).
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23999149 2400104 24002033 24002084 24002109 24002233 No.
Hap 1 © A A G A A 132
Hap 2 G A G A G G 92
Hap 3 C G A G A A 39
Guangzhou Yangjiang
6 0.00019 6 1.5x10~
0.3 0.99
" 1.6x10" : " 8.4x10"°
| | A
[
K
5 4 4
|_
) H
Hap 1 Hap 2 Hap 3 Hap 1 Hap 2 Hap 3
B LOC_O0s04940720.1 (3'<-5")
24163262 24163390 24163859 24164038 24164803 24165313 24165553 24165680 24166626 24166834 24166928 No.
Hap 1 T © (03 G A A C T T T A 160
Hap 2 A T (&3 A G G T (&3 G (&3 G 81
Hap 3 T (o} A G A A C il T T A 18
Guangzhou Yangjiang
6 0.0075 0.0013
0. 6 0.2
© 3.4x10" ' ~ 4.8x10"" '
| —— | —
5
o
o 4 4
|_
o B

Hap 1 Hap 2 Hap 3 Hap 1 Hap 2 Hap 3

Figure 5. Haplotype analysis of the two candidate genes for gGT-4b. (A,C) Gene structures and var-
iant positions of LOC_0Os04g40370 and LOC_Os04g40720, respectively. (B,D) Comparison of GT
grades among different haplotypes of LOC_Os04g40370 and LOC_Os04¢40720 in two environments.

Data were analyzed using Student’s ¢-test for comparisons.
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3. Discussion

3.1. Grain Transparency Is Environmentally Sensitive and Shares Genetic Determinants with
Grain Shape

GT is an important indicator of rice appearance quality and represents a complex
quantitative trait susceptible to environmental influence. Environmental factors such as
high temperature stress can disrupt carbon metabolism in rice, interfere with starch struc-
ture formation, increase intergranular spaces, and ultimately reduce transparency [3]. Be-
yond direct effects on starch biosynthesis, heat stress is also known to trigger endoplasmic
reticulum (ER) stress and the unfolded protein response (UPR) during grain filling, which
disrupts the homeostasis of storage proteins and starch, compromises endosperm devel-
opment, and promotes chalkiness formation [13,14]. This mechanistic insight provides a
plausible molecular basis for the environmental instability of the GT QTL identified in our
study and underscores the potential value of these loci for breeding heat-resilient rice va-
rieties with stable appearance quality. In this study, we evaluated GT in 450 rice accessions
across two ecological regions. The phenotypic trends of both indica and japonica popula-
tions varied between the two environments, further highlighting the role of environmen-
tal factors in determining grain transparency.

The molecular regulatory mechanisms underlying GT remain largely unclear, and
relatively few QTL or genes have been identified directly targeting this trait, posing chal-
lenges for genetic improvement. In this study, a total of 19 QTL for GT were identified by
GWAS. Among these, three QTL co-localized with previously reported loci: gGT-7a co-
localized with gTr7.1 [10], while gGT-3b and gGT-5b co-localized with the major grain
shape genes GS3 and GW5 [11,12], respectively. These co-localization events suggest that
these grain shape genes may regulate grain transparency primarily through morphology-
mediated effects on endosperm development and starch packing, as grain filling proceeds
from the outer to the inner endosperm and wider grains tend to exhibit compromised
appearance quality [15,16]. However, we cannot exclude the possibility that these loci ex-
ert independent regulatory effects on endosperm development, and distinguishing be-
tween these mechanisms will require further investigation using near-isogenic lines. In
addition to the two QTL co-localizing with grain shape genes, only two QTL (4GT-1b and
qGT-4b) were consistently detected in both environments, further confirming that grain
transparency is readily influenced by environmental conditions.

3.2. Grain Transparency and Chalkiness Are Partially Linked but Genetically Separable

Apart from grain shape and transparency, chalkiness is another important trait of
rice appearance quality. Studies have shown that chalkiness affects transparency. Grains
with high chalkiness or floury endosperm generally exhibit poor transparency [17], likely
because a large proportion of loose tissue in the endosperm impairs light transmission.
However, from the perspective of starch structure, chalkiness and transparency differ in
the arrangement of starch granules; therefore, chalky grains do not necessarily show re-
duced transparency. Using the same panel of accessions, we previously identified QTL
for chalkiness [18]. Some of those chalkiness QTL co-localized with transparency QTL
identified in the present study, such as gPGWC-1c'*i/qDEC-1'* with qGT-1b, and qDEC-
11c™ with gGT-11. However, other transparency QTL, including qGT-1a, gGT-4a, qGT-4b,
and gGT-5a, were located in different genomic regions. These results indicate that alt-
hough grain transparency and chalkiness-related traits share closely linked genetic loci,
and genetic determinants controlling transparency often also influence chalkiness, as both
traits share a common structural foundation: starch granule packing and organization
within the endosperm [4,19]. However, the structural basis of these two traits is not iden-
tical. Chalkiness primarily arises from loosely packed starch granules with intergranular
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voids, which scatter light and create opaque regions. In contrast, reduced transparency
(dullness) is more specifically associated with the presence of cavities on the surface of
starch granules and alterations in crystallinity and amylopectin chain-length distribution
[20]. This structural distinction explains why some genetic loci affect both chalkiness and
transparency (through shared effects on starch packing), while others influence only one
of the two traits (through pathway-specific effects on granule surface structure or crystal-
line organization). Thus, although chalkiness and transparency share some genetic deter-
minants, their partially distinct structural bases also allow for the identification of trait-
specific QTL.

3.3. Two Candidate Genes at gGT-4b Are Implicated in Grain Transparency Regulation

Through combined transcriptomic and genomic analyses, two candidate genes for
qGT-4b were identified. LOC_0Os04g40370 (OsFbx142) encodes an F-box domain-contain-
ing protein, and LOC_Os04¢40720 (OsSUBSrP1) encodes a putative subtilisin-like serine
protease. The rice genome contains more than 779 F-box genes, which play diverse roles
in regulating numerous physiological processes. Several studies have reported the in-
volvement of F-box genes in regulating seed germination and grain quality. For instance,
OsFbx352 plays a regulatory role in glucose-induced suppression of seed germination by
modulating abscisic acid metabolism [21]. Moreover, the fbx365 mutant exhibits increased
chalkiness and floury endosperm [22]. As an F-box domain-containing protein, OsFbx142
is predicted to function as a substrate-recognition subunit of the SCF (SKP1-CUL1-F-box)
E3 ubiquitin ligase complex, targeting specific proteins for ubiquitin-dependent pro-
teasomal degradation. However, no bona fide substrate of OsFbx142 has been identified
to date, and its role in rice endosperm development has not been experimentally investi-
gated. Given that several F-box proteins in rice have been reported to regulate grain de-
velopment and seed germination [21,22], it is tempting to speculate that OsFbx142 may
modulate the turnover of proteins involved in starch granule assembly or compound dep-
osition during grain filling, thereby influencing endosperm compactness and transpar-
ency. Clearly, this hypothesis requires rigorous experimental validation. Future work, in-
cluding yeast two-hybrid screening, co-immunoprecipitation coupled with mass spec-
trometry, and phenotypic characterization of OsFbx142 knockout/overexpression lines,
will be essential to uncover its authentic substrates and define its precise regulatory role
in grain transparency.

Previous studies have shown that OsSUBSrP1 is preferentially expressed in the up-
per part of young panicles. Knockout of OsSUBSrP1 leads to defective anther cuticle for-
mation, excessive water loss, and abnormal programmed cell death (PCD), ultimately
causing spikelet abortion and reduced seed setting [23]. Although OsSUBSrP1 has not
been directly linked to grain transparency before, several lines of evidence suggest its po-
tential involvement in this trait. First, grain transparency is largely determined by the
physical structure of the endosperm, including the arrangement of starch granules and
the presence of protein bodies or air spaces. Lipid metabolism, particularly the synthesis
of cutin and wax, has been shown to influence grain filling and endosperm texture in rice.
The downregulation of wax and cutin biosynthesis genes observed in the OsSUBSrP1 mu-
tant may therefore affect the deposition of storage compounds in developing grains,
thereby altering transparency. Second, the expression of OsSUBSrP1 in young panicles
implies a role during early reproductive development, which could have cascading effects
on grain quality traits, including transparency. Third, PCD in developing grain endo-
sperm is tightly coupled with starch accumulation, and excessive or untimely PCD has
been shown to compromise grain quality by limiting storage compound deposition [16].
Taken together, we propose that OsSUBSrP1 may regulate grain transparency by modu-
lating lipid metabolism-related processes or through PCD-related pathways during grain

https://doi.org/10.3390/ijms27135835



Int. . Mol. Sci. 2026, 27, 5835

11 of 14

development. However, the mechanistic connection between its biochemical activity as a
subtilisin-like serine protease and the structural organization of starch granules in the en-
dosperm remains to be established. Future studies are needed to identify the downstream
targets of OsSUBSrP1 and to determine whether its protease activity directly or indirectly
influences starch granule packing or air space formation in the endosperm. Furthermore,
given that endosperm development involves spatially distinct cell layers with specialized
functions in starch accumulation, and that starch granule packing ultimately determines
grain transparency, bulk RNA-seq inevitably averages over cell-type-specific transcrip-
tional heterogeneity. Future studies employing single-cell RNA sequencing and spatial
transcriptomics would enable high-resolution dissection of gene expression dynamics
across different endosperm cell types, potentially revealing cell-layer-specific regulatory
mechanisms underlying transparency.

4. Materials and Methods
4.1. Plant Materials

The 450 rice accessions (Table S1) were used for phenotype evaluation and GWAS in
this study. These rice accessions were selected from the Rice Diversity Panel 2 (RDP2) [24]
based on their origins and diversity, including 300 indica and 150 japonica. The sequencing
data of these 450 rice accessions have been published in previous studies [25]. The 450 rice
accessions were planted in two environments: Guangzhou (2016GZ) and Yangjiang
(2018Y]J) in Guangdong Province, China, during the second cropping seasons of 2016 and
2018, respectively. The experiments were arranged in a randomized complete block de-
sign, with each accession planted in two rows (as within-field replicates) per block. Field
management, including irrigation, fertilization, and pest and disease control, followed
standard local agronomic practices for rice production in Guangdong Province. Routine
water and fertilizer regimes were applied according to local conventions, and no experi-
mental treatments were imposed.

4.2. Phenotypic Evaluation of GT

At full maturity, grains were harvested, naturally dried, and then stored at 15 °C. For
each accession, 20 g of paddy rice was de-husked using a huller (JLG-III, Chengdu, Si-
chuan, China) and milled using a polisher (JNM-III, Chengdu, Sichuan, China). The grain
transparency (GT) of head rice was measured using a Rice Appearance Quality Determi-
nation Instrument (SC-E, Hangzhou, Zhejiang, China). The measured GT values were
classified into five grades ranging from 1 to 5, where grade 1 denotes high GT and good
grain quality, and grade 5 denotes low GT and poor grain quality. All measurements were
performed on three independent subsamples of 20 g paddy rice per accession, and the
average grade was used for subsequent GWAS.

4.3. GWAS and QTL Delimitation

GWAS was conducted using GAPIT version 2 software, following the procedures
described in our previous study [18]. Briefly, single-nucleotide polymorphisms (SNPs)
were filtered based on the following criteria: missing data rate < 30% and minor allele
frequency (MAF) > 0.05. A mixed linear model (MLM) incorporating a kinship matrix was
applied for GWAS, with the number of principal components set to 3 in GAPIT. Manhat-
tan and QQ plots were generated using the R package qqman (version 0.1.9). A genomic
region harboring two or more significant SNPs (p < 0.0001) within a 200 kb interval was
considered a single QTL.
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4.4. Linkage Disequilibrium (LD) Decay Analysis

The SNP information of 800 kb (23.74-24.54 Mb) for gGT-4b was used for LD decay
analysis. The LD heatmap was generated following the methods described in previous
study [26]. To identify candidate genes at the gGT-4b locus using linkage disequilibrium
(LD) decay analysis, the most significant SNP within the gGT-4b interval from the GWAS
was first determined. For each gene located in this interval, all SNPs within the gene itself,
as well as within 2000 bp upstream and downstream of the gene, were extracted to form
a SNP set. The LD between each of these SNPs and the most significant SNP in the gGT-
4b interval was then calculated. This procedure was repeated for every gene in the qGT-
4b region. In principle, a higher LD value indicates a stronger linkage between the SNPs
associated with a given gene and the most significant SNP in the QTL interval, suggesting
that the gene is more likely to be involved in the trait variation.

4.5. RNA-Sequencing

Based on haplotype analysis of gGT-4b, six accessions (three with low GT grade and
three with high GT grade) with similar flowering time were selected for RNA-seq. For
each accession, three independent biological replicates (developing panicles at 15 days
after flowering) were sampled, and total RNA was extracted individually from each rep-
licate using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA-sequencing was con-
ducted by Annoroad Gene Technology (Beijing, China). Sequencing libraries with 150 bp
paired-end reads were constructed and sequenced on the Illumina HiSeq X Ten platform
(lumina, San Diego, CA, USA). Raw reads were processed using fastp for quality trim-
ming. All subsequent data analyses followed the procedures described in our previous
study [26]. Briefly, raw reads were processed for quality trimming, and clean reads were
aligned to the Nipponbare reference genome (MSU v7.0). Only uniquely mapped reads
were retained for gene read counting, and differential expression analysis between acces-
sions with low GT grade and high GT grade was performed with fold change thresholds
of 22 or <0.5 and an adjusted p-value < 0.01.

4.6. Real-Time PCR Analysis

The same RNA samples used for RNA-sequencing were used to validate the expres-
sion levels of candidate genes. Equal amounts of RNA from the three biological replicates
of each accession were pooled. The cDNA synthesis was conducted using the Prime-
Script™ RT reagent kit (Takara, Kusatsu, Shiga, Japan). qRT-PCR analysis was carried out
using the Bio-Rad CFX 96 system (Bio-Rad, Hercules, CA, USA). The reaction mixture (20
uL) contained 10 puL of SYBR Green Master Mix (2X), 0.5 uL each of forward and reverse
primers (10 uM), and 2 pL of diluted cDNA, and ddH20 was added to bring the final
volume to 20 uL. The thermal cycling program was: 95 °C for 3 min, followed by 40 cycles
of 95 °C for 10 s and 60 °C for 30 s, with a melt curve analysis from 65 °C to 95 °C. Primers
were designed using the NCBI Primer Designing Tool, and the gene-specific primer se-
quences are listed in Supplementary Table S3. The rice EFla gene was used as an internal
control, as it has been validated as a stable reference gene for qRT-PCR in rice [27]. Rela-
tive expression levels were calculated using the 2-24¢t method. All reactions were per-
formed in triplicate.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms27135835/s1.
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