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Genome-wide Association Studies (GWAS) are known as the popular
method to discover the quantitative trait loci (QTLs) related to the size
traits of rice grains. However, most of the current GWAS analyses use
manual measurement to create phenotypic data of rice grain traits which
are usually labor-intensive, time-consuming, and prone to human error.
In this study, a combination of low-cost image processing and GWAS
analysis was investigated to reveal the candidate genes related to the
size traits of rice grains. Image processing methods allow the automatic
extraction of rice grain size (width and length) from the captured color
digital images. Extracted size traits are then used as phenotypic data for
further GWAS analyses. As results, both manually measured and
estimated dataset provide reliable identification of significant QTLs
such as GS3, GW6 and GL7. Interestingly, the estimated dataset showed
greater sensitivity, identifying additional significant QTLs such as GS5
and GWS5, which were not detected in the manually measured dataset.
The results open a promising direction for applying advanced low-cost
image processing techniques for automatic extraction of other
quantitative traits of rice.
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Kiéu hinh hat théc

Gen tng Vvién

Lo-cut tinh trang s6 luong
Nghién ctru lién két toan hé gen
X Iy anh

Nghién ciru lién két toan hé gen (GWAS) 1a phuong phap tiém ning dé
tim ra cac 16-cut tinh trang sb lugng (QTL) lién két téi tinh trang kich
thudc hat théc. Tuy nhién, phan 16n céc phan tich kiéu hinh hién nay
sir dung cac phép do thu cdng, doi hoi nhidu cong s, thoi gian va dé
xay ra 16i. Nghién ctu két hop giira ki thuat xir ly anh chi phi thap va
phan tich GWAS dé x4c dinh cac gen tmg vién lién quan dén kiéu hinh
kich thuéc cua hat thoc. Phuong phap xir ly anh cho phép tu dong trich
xuit kich thuéc hat thoc tir anh k¥ thuat sé mau. Kich thudc sau do
duoc sir dung lam dit liéu dau vao cho phéan tich GWAS. Két qua cho
thay sir dung ca hai bo dir liéu duoc do thii cong va dugce tinh toan déu
c6 kha nang xac dinh cdc QTL quan trong nhu GS3, GW6 va GL7.
Pang chi y, bo dit liéu tinh toan cho thay do nhay cao hon, phat hién
thém duoc cac QTL quan trong nhu GS5 va GW5 ma b dit liéu do thu
cong khong phat hién dugc. Két qua mo ra hudng di trién vong trong
viéc ing dung cac ky thuat xi ly anh tién tién co chi phi thap dé tu
dong trich xuat cac kiéu hinh dinh luong khac cua lda.
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1. Introduction

Rice (Oryza sativa L.) is one of the most staple foods in the world population. The demand to
increase the quality of rice holds the utmost importance [1]. To evaluate the rice yield and
quality, grain features such as length, width, and thickness can be used. Usually, the big rice
grains have a strong positive correlation with yield and contain more nutrition than the small
ones. To obtain phenotypic data of the rice productivity-related traits (panicles, spikelet and
grains), manual techniques are traditionally used to measure rice grain features such as width and
length [2]. The manual measurement tasks are usually time-consuming, labor-intensive, and
prone to human error [3]. Besides, the threshing process may affect measured accuracy due to its
destructive nature [4].

In recent years, image processing and computer vision techniques have emerged as cost-
effective methods for phenotypic trait extraction of rice grains [5]-[7]. For instance, Su and Ping
[8] used X-ray computed tomography (CT) to characterize the panicle traits (spikelet number and
the seed setting rate) of rice. A 3D image analysis pipeline using X-ray CT was also utilized for
rice grain trait extraction [9]. In 2021, Yu and his team integrated X-ray and Red Green Blue
(RGB) scanning for measuring spikelet and size traits of rice panicle [10]. Similarly, visible light
scanning imaging and deep learning techniques were applied for high-throughput extraction of
size traits in rice panicles by Lu and his colleagues in 2023 [11].

Nowadays, the length and width of rice grains can be improved by modifying the related
genes which regulate their main features. Before the modification process starts, this genetic
information, such as Single nucleotide polymorphism (SNP) variants, Quantitative trait loci
(QTL), and associated genes, must be identified. Genome-Wide Association Studies (GWAS) is
known as a powerful method for identifying genetic variants associated with phenotypic traits in
rice and have successful applied with the Vietnamese rice collection [12]-[15]. However, most of
these methods use manual measurements to create phenotypic data of rice grain traits for GWAS
analysis, which are usually low-throughput, labor-intensive, and human-prone error.

Therefore, in the present study, a new method that combines low-cost image processing
techniques and GWAS analysis for identifying related candidate genes to size trait of rice grains
is proposed. The results from the study may be helpful for potential rice breeding programs and
functional gene identification of rice varieties.

2. Materials and Methods
2.1. Materials

In this study, 88 rice varieties belonging to Vietnamese rice landrace provided by the Plant
Resource Center (PRC) in Hanoi, Vietnam were employed in the image analysis. These varieties
are scattered in different provinces of Vietnam to ensure the diversity of genetic background.
Information about each rice landrace including original name, accession humber on Genebank
and origin is provided in Supplementary material S1.

The rice seed images were captured by the International joint laboratory LMI-RICE
(USTH/AGI/IRD/UM) right after receiving the seeds. The images were taken using Canon digital
cameras, ensuring uniformity in terms of distance from the rice grains, lens type, lighting
conditions, and aperture settings. Each image has a label with the variety name of rice grains and
a 13.5 cm long ruler. An excel file containing the length and width of 88 rice varieties measured
manually by the biologists (10 grains per measure) was also provided by the PRC for
comparative purposes.

The genome database of 88 Vietnamese rice varieties was also genotyped by sequencing.
Approximately 21623 markers have been yielded by sequencing using DArTseq™ and Illumina
NGS technology [16].
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2.2. Size trait extraction using image processing
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Figure 1. Diagram of rice grain size extraction [17].

In this study, size traits of rice grains are extracted using image processing pipeline developed
by Chu and his colleagues in 2024 [17]. First, rice grain region is separated from image
background using color space conversion (Figure 1). Then, rice grains are segmented based on
YOLOvV8 deep learning model. The detected rice grains are measured using fitEllipse() function
in OpenCV library. Finally, pixel-based length and width are converted into physical units in mm
for later use as phenotypic data.

From 88 images in the database, 176 estimated values of size trait (88 for width and 88 for
length) of rice grains are extracted and stored in an excel file for later use in GWAS experiments.

2.3. Genome-wide association studies (GWAS)

GWAS analysis leverages large-scale single nucleotide polymorphism (SNP) datasets to
examine the relationships between genetic polymorphisms and phenotypic traits using statistical
frameworks such as linear mixed models. These models considered confounding factors like
population structure and genetic relatedness by incorporating principal components from
principal component analysis and kinship matrices. A suggestive threshold of -log(P-value) > 3.5
was applied to reduce false discovery rates and identify lead SNPs which are most likely to
influence traits of interest.

In this study, GWAS was performed using TASSEL 5.0 software to detect significant
biomarkers related to grain size variation [18]. The analysis was conducted separately for manually
measured and estimated phenotypic traits, incorporating kinship and principal components as
covariates. Manhattan plots and QQ plots of manually measured and estimated data were compared
to assessing which dataset produced better results. In addition, linkage disequilibrium (LD)
heatmaps were also generated for the identification of significant correlation regions. LD heatmaps
were produced using the package LDheatmap in R.4.4.1 [19].

2.4. Candidate gene identification

The gene database from the rice genome annotation project was used to screen the candidate
genes [20]. The gene database is based on the genome of Nipponbare rice variety. The screening
position was around 25 kb before and after the significant SNPs.

3. Results and Discussion
3.1. Comparison between the manually measured and estimated size traits of rice grains

Table 1 shows the comparison between the estimated size traits using image processing and
the size traits manually measured by the biologists. Frequency distribution of each measurement
is also provided in Figure 2. The mean difference between the two measuring methods did not
exceed the control (0.005 mm and 0.055 mm difference in length and width, respectively).

http://jst.tnu.edu.vn 170 Email: jst@tnu.edu.vn


http://jst.tnu.edu.vn/
mailto:jst@tnu.edu.vn

TNU Journal of Science and Technology 230(09): 168 - 175

Table 1. Comparison between size traits of rice grains manually measured and estimated by the image analysis

Values Grain length (mm) Grain width (mm)
Measured Estimated Measured Estimated
Mean 8.728 8.732 2.918 2.862
Standard deviation 0.757 0.833 0.452 0.423
Min 7.370 6.860 2.090 2.090
Max 10.560 10.670 4.000 3.960
Mean difference 0.005 0.055
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Figure 2. Frequency distribution of each measurement of size trait

Also, the association patterns between manually measured and estimated datasets
demonstrated strong correlations, with Pearson's correlation coefficients of r = 0.91 for grain
length and r = 0.86 for grain width (Figure 3).

Grain length Grain width
. .
.

-
10 . T e e .. .
E . s E3s . .3
< s E . .
) * e o % £ s’ *
§ g Pe, " H .
= . . s o
£ * et ..t §30 .. e, .
o e ®% o %4 . > . . 0200 o ¢ M
2 re L 3 . 0 o ¥
s . . . e T e "ee °*
E 8 e® %N % E . o * ¢

. g0 . e,
. . —
Mo . .
8 9 10 20 25 30 35 40
Measured grain length (mm) Measured grain width (mm)

Figure 3. Pairwise correlation between manually measured and estimated grain length (left) and grain
width (right)

3.2. Comparative GWAS between the manually measured and estimated phenotypic traits
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In this study, genome-wide association studies (GWAS) were performed using two datasets:
one derived from manual measurements and the other from algorithmically estimated grain size
data. GWAS results confirmed that the linear mixed model effectively captured the association
patterns for grain length and width, as illustrated in the QQ plots (Figure 4). Comparisons of
Manhattan plots and QQ plots further highlighted the enhanced performance of the
algorithmically derived dataset, as it displayed sharper signal peaks and better model fit. This
underscores the utility of automated phenotyping tools in GWAS, offering higher throughput and
precision for trait association studies.

Specifically, six significant overlapping SNPs were identified between the manually measured
and estimated GWAS results for grain length (Table 2). Next, Linkage Disequilibrium analysis
analysis were conducted using identified markers using the package LDheatmap in R.4.4.1 [19].
Among those, four LD heatmaps equivalent to four regions of significant association between the
identified SNPs were also detected. Figure 5 shows the pairwise linkage disequilibrium (LD)
patterns surrounding the significant SNPs associated with key grain-size QTLs, namely GS3,
GS5.1, GS5.2, and GW6. Each triangular heatmap represents the extent to which nearby SNPs
within a ~100-200 kb window is correlated with one another (with red indicating higher LD and
yellow to white indicating lower LD). The presence of strong LD blocks (darker red clusters)
suggests that these SNPs tend to be inherited together, reflecting limited recombination in those
genomic regions. For instance, the tight LD blocks near GS3 and GW6 highlight the likelihood
of a single major haplotype carrying the causative variant(s), whereas GS5 is split into two
regions (GS5.1 and GS5.2), each showing its own LD pattern. Together, these heatmaps provide
a clearer picture of how genetic variation is structured around the candidate loci and help
pinpoint the specific haplotype blocks most likely to harbor the functional polymorphisms
influencing rice grain size. Based on the LD, the list of candidated genes was screened.
Interestingly, these results revealed a consistent overlap between the two datasets for well-known
QTLs regulating grain size, such as GS3 (grain length regulator on chromosome 3), GW6 (grain
width regulator on chromosome 6), and GL7 (grain length and slenderness regulator on
chromosome 7). These findings validate the robustness of the data in identifying key genetic loci
for grain size across different measurement methods.

Moreover, the estimated dataset showed greater sensitivity, identifying additional significant
QTLs such as GS5 and GW5 on chromosome 5, which were not detected in the manually
measured dataset. Both loci are well-established regulators of grain size and are pivotal for
improving rice yield. This suggests that the estimation algorithm provides higher resolution and
reduces phenotypic variability or measurement error, potentially uncovering subtle genetic
effects that manual measurements might overlook.

These findings demonstrate the reliability and advantages of algorithmic estimation for
phenotypic measurements. As GWAS serves as a screening tool for identifying potential genetic
biomarkers, increasing the sample size and improving image processing techniques could
enhance the accuracy and reliability of the estimated dataset, thereby improving GWAS
outcomes. The enhanced ability to detect significant QTLs reinforces the value of integrating
advanced computational tools into genetic research, paving the way for improved marker-assisted
selection and molecular breeding strategies targeting grain size in rice.
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Figure 4. GWAS results including Manhattan plots and corresponding QQ plots for the manually
measured and estimated grain sizes. Dashed lines indicate similar peaks identified in GWAS results of both
measurements. (a) Estimated grain length; (b) manually measured grain length; (c) Estimated grain width;

(d) manually measured grain width
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Figure 5. Linkage disequilibrium heatmaps for regions of significant correlation between the identified
single polymorphism loci.
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Table 2. Overlapping single nucleotide polymorphisms (SNPs) between GWAS results of manually
measured and estimated grain sizes. Chr: Chromosome; Pos: position of SNP on chromosome; length_es:
estimated grain length; length_me: manually measured grain length; width_es: estimated grain width;
width_me: manually measured grain width

Trait SNP Chr Pos -logp  QTLs candidate gene
length_est Dj03_14863383F 3 14863383  13.51
Dj03_16733440F 3 16733440 431 GS3  GS3[21]
Dj03_16733443R 3 16733443 431 GS3
Dj05_05360371F 5 5360371 4.93 GS5.2  GS5[22], GWS5 [23]
Dj06_00695572F 6 695572 3.55 GW6
Sj06_00715016F 6 715016 3.77 GW6 GW6 [24]
Dj07_21410033R 7 21410033 3.67 GL7 GL7[25]
length_mes  Dj03_14863383F 3 14863383 5.21
Dj03_16733440F 3 16733440 4.21 GS3  GS3[21]
Dj03_16733443R 3 16733443 4.21 GS3
Dj06_00695572F 6 695572 4.02 GW6
Sj06_00715016F 6 715016 4.57 GW6  GWS6 [24]
Dj07_21410033R 7 21410033 4.20 GL7 GL7[25]
width_est Dj05_05360371F 5 5360371 5.52 GS5.2 GS5.2 [22]
Sj05_05368218F 5 5368218 4.67 GS5.2 GWS 2 [23]
Sj05_05369556R 5 5369556 4.67 GS5.2 '
width_mes  DjO5_04884858R 5 4884858 4.09 GS5.1

4. Conclusions and future works

In this study, the presented results highlighted the combination of low-cost and high-
throughput image processing techniques for phenotyping rice grain related to the size traits of
rice grains. Through the GWAS analysis, both datasets are able to identify the significant QTLs
such as GS3, GW6 and GL7. Interestingly, the estimated dataset showed greater sensitivity,
identifying additional significant QTLs such as GS5 and GW5 on chromosome 5, which were not
detected in the manually measured dataset. These results open a promising direction for applying
more advanced low-cost image processing and computer vision techniques for the automatic
extraction of other quantitative traits of rice varieties.
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