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Abstract: This study assessed the structure and genetic diversity of rice popu-
lations of Southeast Asian varieties, based on quantitative morphological and 
molecular traits. Population structure analysis revealed four distinct populations 
as ancestral origin of the varieties in the collection. Some traditional varieties 
from different countries share the same ancestry, while on the other hand, 
admixture was observed in the ancestry of some varieties. High diversity in 
quantitative morphological traits was confirmed in the rice collection. Spikelet 
fertility and plant height contributed significantly to the diversity.
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INTRODUCTION

Rice is a staple food in Southeast Asia, where the daily diet of approximately 
650 million people depends heavily on this crop. Consequently, rice production 
is a high priority in the agricultural development plans of Southeast Asian 
governments. This region accounts for approximately 25% of the global production 
of the cereal (Mutert and Fairhurst 2002). 

Southeast Asia, the secondary center of origin of rice, played an important 
role in the domestication of the crop (Sweeney and McCouch 2007, Bellwood 
2011). Rice was brought from China to Laos and Bhutan between 2500 and 200 
BC and via maritime routes to the Philippines, Malaysia and Indonesia. Genomic 
studies have indicated that the initial type of rice dispersed in Southeast Asia 
was ssp. japonica of domesticated Oryza sativa. In addition, the tropical line 
of this subpopulation in the Malay Archipelago differs from that in Laos and 
Bhutan (Gutaker et al. 2020).

While most rice in Southeast Asia belongs to the species Oryza sativa, long 
domestication, breeding and cultivation periods have resulted in significant regional 
genetic variation. Traditional varieties or landraces have evolved in specific areas 
over several hundred years of cultivation and selection, without crossbreeding with 
other varieties. Accordingly, their characteristics vary across different locations 
(Casañas et al. 2017). Similarly, new varieties developed for various purposes 
using multiple gene sources have resulted in a wide range of improved varieties. 
The gene sources of the improved varieties released in different countries may 
be similar, as has been shown by population structure and diversity analyses of 
traditional and improved varieties (Gutaker et al. 2020, Hour et al. 2020).
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Genetic variation is crucial for the success of breeding programs in developing new rice varieties. Assessing and 
effectively exploiting genetic diversity in breeding programs is critical for sustainable genetic improvement and rapid 
adaptation to the changing breeding objectives (Apraku et al. 2021). Understanding the population structure can help 
assess systematic differences in allele frequencies between subpopulations and thus be useful for breeding purposes. 
Molecular markers such as single nucleotide polymorphisms (SNPs) have been used to study population structure. 
Simultaneously, genetic diversity in rice can also be assessed based on SNP analysis and quantitative morphological traits 
(Nachimuthu et al. 2015). The population structure and diversity of various sets of varieties or genotypes, including rice 
populations at the national level (Thomson et al. 2007, Lestari et al. 2017, Hour et al. 2020) or specific types of rice have 
been analyzed (Lahkar and Tanti 2017, Islam et al. 2018, Rashid et al. 2018, Epe et al. 2021). However, rice populations 
from multiple countries of a specific region have yet to be examined. In this study, we analyzed the population structure 
and diversity of a total of 92 rice varieties, consisting of both traditional and improved varieties from four countries in 
Southeast Asia.

MATERIAL AND METHODS

Plant material and experimental area 
This study collected 73 traditional and 19 improved varieties from four Southeast Asian countries: Indonesia, Malaysia, 

Lao PDR, and the Philippines. Field experiments were conducted at four sites: the experimental stations of the Philippine 
Rice Research Institute, the National Agriculture and Forestry Research Institute (Lao PDR), the Malaysian Agricultural 
Research and Development Institute, and a farmer’s field in Indonesia.

Experimental design
The field experiments were conducted during the dry season under well-irrigated conditions at representative 

sites of the four countries. A completely randomized block design with three replications was used to evaluate the 92 
varieties in each country. The plot size was 0.5 x 1 m, with row and in-row plant spacing of 20 cm. Three-week-old rice 
seedlings were transplanted from the nursery to the field. Agronomic techniques followed local recommendations and 
varied among countries. For each variety, 10 randomly selected plants at various growth stages were used to measure 
quantitative morphological traits, according to the standard descriptors for rice (Bioversity International 2007). The 
following morphological features were determined (means per plant): caryopsis length (CL), caryopsis width (CW), culm 
diameter (CD), culm number (CN), plant height (PH), spikelet fertility (F), flag-leaf length (FLL), flag-leaf width (FLW), 
grain length (GL), grain width (GW), 100-grain weight (GWT), number of filled grains per panicle (GF), leaf blade length 
(LBL), leaf blade width (LBW), panicle length (PL), panicle number (PN), and total grain weight per plant (TWP).

Genotyping and population structure analysis
Leaf samples of each plant were diluted to a concentration of 50 ng μL-1 for DNA extraction and SNP genotyping. 

The DNA quality and quantity were evaluated by spectrophotometry. Genotyping was performed at laboratories of 
the International Rice Research Institute (IRRI) using the 7K SNP BeadChip (Morales et al. 2020), according to the 
manufacturer’s instructions (Illumina, USA). The resulting SNP data were transformed into PLINK format and implemented 
in the Admixture software (Apraku et al. 2021) to determine the population structure. Cross-validation techniques were 
applied at various K values ranging from K=2 to K=8, and cross-validation error estimates were monitored to determine 
the actual genetic population (K) number. The SNP genotyping data were also analyzed in TASSEL (Bradbury et al. 2007), 
to determine the phylogenetic relationships within the rice collection by the neighbor-joining method.

Phenotypic data analysis
Of the17 traits, 15 were consistently analyzed in replication in each country. Incomplete data of number of filled 

grains per panicle and total grain weight per plant were excluded from further analysis. The following model was used 
to study the variance of each trait:

Yijk = μ + Ci + βCk(i) + Vj + CVij + εijk                                    (01)

where Ci is the effect of the ith country; βCk(i) the kth block effect within the ith country; Vj the effect of the jth variety; CVij 
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the effect of interaction between the ith country and the jth variety; and εijk and Yijk are the error term and the observed 
value, respectively, of a morphological trait in the ith country of the jth variety at the kth block (i=1,2,3,4; j=1,2,…89; k=1,2,3). 
The genotypic variance (σ2

g) and phenotypic variance (σ2
p) were estimated by the following formula:

σ2
g = MSV – MSE

3 × 4
                                                          (2)

σ2
p = σ2

g + σ2
e                                                                   (3)

where MSV and MSE, respectively, are the mean square variety and mean square error of the analyses of variance 
based on model (1).

The genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) of trait X were calculated 
as follows:

GCV (%) = ( σ2
g

X ̅ ) x100                                               (4)

PCV (%) = ( σ2
g

X ̅ ) x100                                               (5)

where X ̅ is the mean value of X traits. Furthermore, heritability in the broad sense (H2) and selection gain (SG) as 
percent of mean were calculated by the following formula (Falconer 1986):

H2 = 
σ2

g

σ2
p

                                                                       (6)

SG (%) = K × H σ2
p

X ̅  x100                                              (7)

where K is a constant whose value depends on the proportion of the population included in the selected group (K 
=2.063, at 5% selection intensity).

The contribution of each character to divergence was computed by considering all combinations of varieties (Zaman 
et al. 2005). Principal component and cluster analysis were conducted based on the mean data of the measured 
morphological traits averaged across the four countries. The clusters were determined by the average hierarchical 
clustering method, which was selected due to its high goodness of fit in generating a dendrogram (Saracli et al. 2013). 
All phenotypic data analyses were performed using R Statistical software version 4.2.2.

RESULTS AND DISCUSSION

Population structure
Population structure analysis using Admixture software indicated a high probability that four populations can be 

differentiated in this rice collection (hereafter population Q1, Q2, Q3, and Q4), since the cross-validation error dropped 
to its lowest level at K=4. The circular bar plots (Figure 1) illustrate the proportion of genetic admixture between the 
four populations Q1, Q2, Q3, and Q4, in the genetic composition of each variety. The admixture pattern aligns well with 
the neighbor-joining phylogenetic tree of the 92 rice varieties.

The geographical origin of the ancestral populations could not be clearly indicated, as each inferred population 
contained rice varieties from multiple countries. However, a pure (proportion 100%) Q1 ancestry was confirmed in 
japonica rice varieties from the Philippines, Indonesia, and Malaysia. Varieties with pure Q2 ancestry are indica rice 
varieties from Indonesia, Malaysia, and the Philippines. Pure Q3 ancestry was confirmed in indica rice varieties from 
Malaysia and Indonesia, while those from Laos represent predominantly pure Q4 ancestry. 

It is worth noting that some varieties with a 100% proportion of a specific ancestral population may originate from 
countries other than the country of collection. For example, in Ketan Maronto, a variety sampled in Indonesia, 100% 
of the ancestral population was found to be identical to indica rice from Laos. Ketan Maronto is a sticky rice variety, 
similar to many local varieties found in Laos. This suggests that Ketan Maronto is native to Laos and was later introduced 
to Indonesia, where it became a traditional variety after centuries of domestication. Another possibility is that Ketan 
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Maronto and sticky rice from Laos share the same ancestry, and due to the low level of cross-pollination in rice, a 
relatively high degree of genetic purity was maintained, even after long-standing periods of cultivation in the respective 
countries. This highlights the potential influence of migration and genetic exchange on the distribution and diversity of 
rice varieties across different regions.

In certain varieties of the collection, varying admixture levels of the four ancestral populations were detected. Notably, 
in improved varieties with complex pedigrees, e.g., Ria and MR253, the genetic admixture from different ancestral 
populations was, as expected, complex as well. Surprisingly, genetic admixtures were also observed in a few traditional 
varieties such as Gading and Lokal Buntu Sangala, which contain genetic contributions from distinct groups of indica 
rice. This finding suggests the possibility of natural cross-pollination or deliberate hybridization by traditional farmers. 
However, it must be emphasized that indica has rarely been crossed with japonica rice to generate widely adopted new 
rice varieties, as the limited number of varieties with genetic influence of the Q1 population clearly shows.

The varieties were also grouped by the average hierarchical clustering method based on the Euclidean distance of 
their quantitative traits. According to the elbow method proposed by Shi et al. (2021), the optimal number of clusters 
for the given dataset was four, and the clustering results were represented in a circular dendrogram (Figure 2). Cluster 
II, the largest of the four, comprises 72 traditional varieties, followed by Cluster IV, with 18 varieties. Cluster I comprises 
only Kalagnon, a traditional variety from the Philippines, and Cluster III only Matagtag, an improved variety from the 
same region.

Figure 1. Model-based ancestry estimate of 92 rice varieties (circular bar plots) arranged according to phylogenetic relationships 
with other varieties.
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The intra-cluster distances of clusters I, II, III, and IV were calculated (0, 4.825, 0, and 3.547, respectively). The highest 
inter-cluster distance (10.665) was measured between clusters II and IV, followed by clusters II and III. Conversely, the 
inter-cluster distance was lowest (6.575) between cluster I and II. After examining the clustering patterns and their 
origin, no discernible pattern was observed, as also reported by Ranjith et al. in 2018. To achieve a substantial heterotic 
effect and maximize variability, selecting parents from two clusters with a more considerable inter-cluster distance is 
recommended, as suggested by Mishra et al. (2003) and Gour et al. (2017). 

The selection and preference of parents, with a view to improving specific traits, depend on the contributions of 
those traits to diversity. The calculation of the contribution to diversity (Table 2), demonstrated that spikelet fertility 
and plant height significantly influenced the manifestation of genetic diversity. This result is in line with a related study 
of Ranjith et al. (2018), in which other traits contributed minimally to the overall diversity.

Genetic diversity
Analysis of variance revealed significant variation among varieties for all studied traits. To assess the genetic variability, 

the genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV) and broad-sense heritability (H2) 

Figure 2. Circular dendrogram of clusters based on the Euclidean distance of the quantitative morphology traits of rice varieties.
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were estimated for each trait (Table 1). High heritability (H2) and selection gains (SG) were found for culm diameter, 
flag-leaf length, plant height and leaf-blade length, assuming a proportion of 5 % of selected plants, so that K=2.063 in 
equation (5). The results suggested that these traits were influenced by additive gene action, in agreement with previous 
studies of Tandekar et al. (2010), Ranjith et al. (2018), and Lipi et al. (2020). 

Principal component analysis was performed to examine the contribution of a linear combination of traits to total 
variation. Eigenvalues were used to determine the relevance and contribution of each component to overall variance. 
At the same time, the coefficients of the eigenvectors indicated the degree of contribution of each component to each 
trait. Significantly higher coefficients have a stronger discriminatory effect on varieties. Although there are no definitive 
rules or conventional tests to determine the appropriate number of components and the cut-off limit for coefficients, 

Table 1. Heritability and diversity measure of the 88 chosen rice varieties1

Traits Mean H2 PCV (%) GCV (%) SG (%)
Caryopsis length 6.167 0.519911 11.6609 84.081 12.50722
Caryopsis width 2.237 0.514804 15.0153 10.7734 15.94684
Culm diameter 5.203 0.066826 38.2476 9.8873 5.27288
Culm number 17.053 0.467155 30.1984 20.6402 29.10339
Flag leaf length 30.996 0.486567 20.7469 14.4718 20.82544
Flag leaf width 1.583 0.200773 65.9676 29.5586 27.32342
Grain length 9.043 0.255139 33.3535 16.8473 17.55566
Grain width 2.589 0.103746 33.4486 10.7736 7.15890
100-grain weight 2.493 0.116438 41.3533 14.111 9.93358
Plant height 110.576 0.813701 21.4453 19.3448 35.99943
Leaf blade length 49.46 0.615614 17.2304 13.5192 21.88282
Leaf blade width 1.278 0.105457 37.3424 12.1266 8.12411
Panicle length 26.186 0.507352 10.7556 7.6611 11.25751
Spikelet fertility 94.73 0.175659 25.5897 10.7251 9.27334
Panicle number 16.98 0.210295 30.247 13.8707 13.12234

1 Four of the initial 92 varieties were excluded from analysis.

Table 2. The first six principal components and contribution of characters to the diversity of 92 rice varieties in this study

Components Contribution to
Diversity (%)Parameters PC1 PC2 PC3 PC4 PC5 PC6

Proportion of variance 39.27 13.89 9.74 6.75 5.26 4.88
Cumulative proportion (%) 39.27 53.16 62.90 69.65 74.91 79.79

Traits
Caryopsis length (CL) 0.202 -0.308 -0.428 0.018 0.128 0.122 0
Caryopsis width (CW) -0.146 0.275 -0.026 -0.438 0.152 0.554 0
Culm diameter (SD) -0.215 -0.316 -0.010 -0.046 0.179 0.020 0
Culm number (CN) 0.188 0.316 0.083 0.187 0.330 0.075 0.76
Flag leaf length (FLL) -0.280 -0.078 0.191 -0.116 0.008 -0.197 0.62
Flag leaf width (FLW) -0.073 -0.367 0.010 0.282 -0.607 -0.138 0
Grain length (GL) 0.097 -0.243 -0.500 0.074 0.218 -0.194 0.02
Grain width (GW) 0.313 -0.226 0.215 -0.117 0.028 -0.047 0.36
100-grain weight (GWT) 0.317 -0.236 0.218 -0.098 -0.030 -0.054 0.04
Plant height (PH) -0.332 -0.071 0.013 -0.076 0.250 -0.111 47.92
Leaf blade length (LBL) -0.341 -0.028 0.023 0.102 0.105 -0.210 0.78
Leaf blade width (LBW) 0.277 -0.210 0.329 0.003 -0.151 -0.101 0
Panicle length (PL) 0.148 -0.385 0.337 -0.052 0.315 -0.175 0.93
Spikelet fertility (F) -0.043 -0.052 0.265 0.570 0.326 0.310 47.42
Panicle number (PN) 0.290 0.219 0.110 -0.066 0.204 -0.082 1.55
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some scholars use criteria such as: eigenvalue > 1, variance contribution > 4%, or coefficients > 0.30, to discriminate 
among varieties (Sanni et al. 2012, Sharma et al. 2014, Sahu et al. 2021, Han et al. 2022, Almarri et al. 2023, Khan et 
al. 2023). Based on these criteria, six components were selected as discriminating components for the varieties, which 
together accounted for 84.1% of the total variation (Table 2)

The first and second components explained 52.35% of the total variation. Grain width, 100-grain weight, leaf blade 
length and plant height represented the first principal component (PC1), which accounted for 39.27% of the total 
variation. The second principal component (PC2), with caryopsis length, culm number, culm diameter, flag-leaf width and 
panicle length, explained 13.69% of the overall variation. The third principal component (PC3) was primarily influenced 
by caryopsis length, grain length, leaf-blade width and panicle length. Caryopsis width and spikelet fertility determined 
the fourth principal component (PC4). The fifth principal component (PC5) was distinguished by culm number, spikelet 
fertility, panicle length and flag-leaf width, whereas PC6 was influenced by caryopsis width and spikelet fertility. The 
results of principal component analysis showed that spikelet fertility and plant height were significant factors in several 
components, underlying the calculation of the contribution of these traits to diversity. Spikelet fertility represents 
reproductive traits and plant height vegetative growth traits.

The distribution of rice varieties and the extent of phenotypic variance among the 92 varieties were shown by the 
first and second principal components. The biplots of PC1 and PC2 for the 92 varieties indicated that improved varieties 
were predominantly located on the right side of the PC1 axis, while most traditional varieties were on the left (Figure 
3A). Furthermore, the biplot suggested more significant variation in the improved than the traditional varieties, in traits 
primarily influenced by the second principal component (PC2), namely caryopsis length, culm diameter and number, 
flag-leaf length and panicle number. However, no clear grouping based on PC2 was observed (Figure 3B).

 The population structure analysis revealed a long-standing exchange of rice genetic resources for breeding and 
crossbreeding among different sources. These practices can be further enhanced through collaborative development 
and genetic exchange of rice varieties among Southeast Asian countries. The information provided in this study could 
contribute to a successful joint development of new rice varieties in Southeast Asian countries. Genetic diversity plays 
a vital role in determining the potential for improved hybrid development and the desired frequency of recombination 
in subsequent generations. In addition, genetic distance plays a crucial role, as optimal parental diversity is necessary 
to obtain superior varieties in a segregating population. In breeding programs involving genetically diverse parents 
from different groups, genes of diverse nature can be combined, resulting in promising hybrid derivatives, owing to the 
complementary interaction of different genes in the parents.

Figure 3. Biplots of the distribution of 92 rice varieties on the first and second principal components, colored according to their types 
(A) and country of origin (B).
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CONCLUSION

The 73 traditional and 19 improved rice varieties from four Southeast Asian countries were classified into four clusters, 
based on SNP markers and morphological traits. Population structure analysis revealed their ancestral origins from four 
distinct populations. Some traditional varieties sampled from different countries shared a common ancestor, indicating 
a historical exchange of genetic resources. The study identified significant variation in 13 morphological variables 
among the varieties. Diversity analysis provided essential metrics such as broad-sense heritability, genetic coefficient 
of variation and phenotypic coefficient of variation. Notably, spikelet fertility and plant height contributed significantly 
to the observed diversity. Based on these diversity contributions and inter-cluster distances within the various clusters, 
several parents with desirable traits could be identified for future breeding, explicitly for the improvement of spikelet 
fertility and plant height.
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