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Abstract: The origins of upland traditional rice varieties in Sabah, Malaysian Borneo and their 

domestications are still being debated until today, despite the fact that rice planting has been practiced 

for centuries in this region. We report the genetic diversity of upland traditional rice varieties in Sabah 

targeting the mitochondrial cytochrome c oxidase 3 (COX3) gene in this study. The upland traditional 

rice germplasms were collected from three divisions in Sabah, namely the Interior Division (ID), 

Sandakan Division (SD), and West Coast Division (WCD). Polymerase chain reaction was conducted 

to amplify the COX3 gene of these germplasms, cloned into a vector, and subjected to direct 

sequencing. The genetic diversity of the aligned COX3 coding sequences among rice varieties were 

analyzed. This study identified an amino acid variant (S186L) in the COX3 gene that enables the 

differentiation between Japonica and Indica rice groups, and almost all the upland traditional rice 

varieties in this study shared the same ancestor as the Japonica group. The genetic diversity among the 

upland traditional rice varieties was relatively low and the genetic variations in the COX3 gene had 

undergone positive selection. A total of 14 monomorphic amino acid variations were identified. Rice 

varieties from ID were more genetically similar to those from WCD but genetically diverse to rice 

varieties from SD. In conclusion, the S186L amino acid variant in the COX3 gene is a reliable 

molecular marker to differentiate between Japonica and Indica rice groups in this study. The genetic 

knowledge of rice varieties in this study could be utilized to broaden the genetic diversity of rice in a 

local and international scale. 
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1. Introduction 

Rice (Oryza sativa L.) is cultivated on about 148 million hectares of the world’s agricultural land 

and serves as a main source of food for more than half of the global population [1]. In Sabah, also 

known as Malaysian Borneo, more than 30,000 hectares of land in three main divisions, namely the 

Interior Division (ID), Sandakan Division (SD), and West Coast Division (WCD), are occupied by 

rice plantations [2]. Due to this unique geographical structure, rice plantations in Sabah are divided into 

highlands that are exposed to long-term lower temperatures and serves as a staple food in rural areas, as 

well as lowlands that are exposed to higher temperatures for domestic supplies and exports [3]. 

Rice is widely planted in China, Japan, India, and Southeast Asia. It can be divided into five 

subgroups, namely temperate Japonica, tropical Japonica (also known as Javanica), Indica, aus/boro, 

and basmati/sadri. Of these, only the Japonica and Indica rice groups have been extensively studied. 

Previous studies claim that Japonica and Indica rice were evolutionarily domesticated from common 

wild rice (Oryza rufipogon Griff.) about 10,000 years ago [4,5]. Japonica grains are short and round, 

do not easily shatter, and have an intermediate amylose content which gives them moisture and 

stickiness after being cooked. However, the characteristics of Indica grains are the opposite, especially 

with its higher amylose content [6]. There is a variety of upland rice and this colored or pigmented rice 

is gaining popularity due to its perceived health-promoting properties [7]. In Sabah, the origins of 

upland traditional rice varieties are still being debated as there is a lack of proper rice plantation 

management and hence developing a systematic breeding approach for rice improvement is faced with 

many difficulties. Local farmers in Sabah usually identify the origins of rice based on grain 

morphologies without any validation. Since crops planted in different geographical and environmental 

conditions exhibit changes in their morphologies that prohibit accurate identification [8], it is crucial 

to utilize a molecular approach to study the characterization of the upland traditional rice varieties and 

genetic diversity. 

Organelles of living organisms such as mitochondria or chloroplast have been widely used in 

genetic and evolution analyses due to their slow nucleotide substitution rate, uniparental inheritance, 

and the absence of intermolecular recombination [9,10]. The complete rice mitochondria genome 

exceeds 490 kilobase pairs that encodes for more than 300 functional proteins to carry out daily 

biological mechanisms including electron transport chain and tricarboxylic acid cycle respiration, 

general metabolism, supporting machinery, heat shock and stress response, and some are with 

unknown function in rice [11,12]. Several complex subunits of cytochrome c oxidase (COX) in the 

mitochondria are responsible for electron transfer and proton-pumping functions in rice. COX3 is one 

of the biggest subunits that forms the functional core of the COX complex IV. Knock-down of this 

gene shows no assembly of COX complex IV [13,14], indicating the important role of COX3 in the 

daily metabolism of plants. Recently, COX3 gene has been used to evaluate the domestication of rice 

in China [15]. To date, there is no report of upland rice domestication based on COX3 gene in Southeast 

Asia and this includes Sabah. Hence, this is the first study to describe the genetic diversity of upland 

traditional rice varieties targeting the mitochondrial COX3 gene. 
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2. Materials and methods 

2.1 Rice samples and DNA isolation 

Twenty-three upland traditional rice varieties were accumulated from three different divisions of 

Sabah including the ID (n = 7), SD (n = 4) and WCD (n = 12) (Figure 1). Other unique features of the 

rice varieties including length, width, thickness, size, shape, color, head rice recovery, moisture content, 

and amylose content were previously described [16]. Cetyl trimethylammonium bromide (CTAB) method 

was used to isolate the genomic DNA from the seeds with slight modifications from those previously 

reported where the polyvinylpyrrolidone and β-mercaptoethanol were replaced with CTAB [17]. 

 

Figure 1. Sabah upland traditional rice varieties collected from different divisions. 

2.2 Amplification of COX3 gene 

The full length of the COX3 gene was amplified using primer pairs COX3-F (5’-TAT GAA ATA 

TCT CAA ACC CAC G-3’) and COX3-R (5’-GGG CAT GAT AAA GAC CAA TAA-3’). PCR 

amplification was conducted by preparing a final volume of 20 µL mixture containing 1 unit of TopTaq 

DNA polymerase (Qiagen, Germany), 1X of PCR buffer (Qiagen, Germany), 0.2 μM of each primer, 

and 0.2 mM of dNTPs. The PCR condition was set at 94 ℃ for 4 min, 35 cycles at 94 ℃ for 30 s, 55 ℃ 

for 30 s and 72 ℃ for 1.5 min, and final elongation at 72 ℃ for 10 min. A PCR fragment with the 

estimated size of 1135 bp was electrophoresed and analyzed in 1% agarose gel. 

2.3 TA-cloning and direct sequencing 

QIAquick Gel Extraction Kit (Qiagen, Germany) was utilized to purify the PCR products from 

gel and the purified products were cloned into pCRTM4-TOPO® vector using the TOPO® TA Cloning 

https://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
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Kit for Sequencing (Thermo Scientific, USA). The ligated products were transformed into One Shot® 

Mach1TM-T1R competent cells (Thermo Scientific, USA) using Gene Pulser XcellTM Electroporation 

Systems (Bio-Rad, USA). QIAprep Spin Miniprep Kit (Qiagen, Germany) was utilized to extract the 

desired plasmid containing the COX3 gene following the manufacturer’s instructions, and the extracted 

plasmid was subjected to direct sequencing using T3 universal primer. 

2.4 Sequence alignment of the COX3 gene and phylogenetic analysis 

CLUSTAL-W tool in the Molecular Evolutionary Genetic Analysis 6 (MEGA6) Software was 

applied to align the 29 COX3 gene nucleotide sequences [18]. These 29 COX3 gene nucleotide 

sequences were made up of 23 sequences from this study, three reference sequences of Japonica rice 

with GenBank accession ID: BA000029, DQ167400 and NC_011033, and three sequences of Indica 

rice as outgroup with GenBank accession ID: NC_007886, DQ167399, and JN861112 (Supplementary 

File 1). The aligned sequences were trimmed and only the coding nucleotide sequences (843 bp) of 

COX3 gene were included for analysis. Neighbour Joining method was utilized to construct a 

phylogenetic tree as previously described [19]. Bootstrap replicates of 1000 were applied in 

constructing the phylogenetic tree to assess its reliability and robustness. 

2.5 COX3 sequence variation analysis 

The aligned COX3 sequences (except for PBT23 and Indica rice outgroups) were subjected to 

diversity and natural selection analyses. DnaSP ver. 5.10.01 was used to analyze genetic 

polymorphism in the COX3 sequences [20]. Data including the number of haplotype (h), haplotype 

diversity (Hd), nucleotide diversity (π), and the average number of pairwise nucleotide differences (K) 

were obtained. For step-wise diversity of COX3 estimation, π was computed on a sliding window of 

100 bases with a step size of 25 bp. Z-test in MEGA6 was utilized to compare the rates of synonymous 

(dS) and non-synonymous (dN) variations by using the Nei and Gojobori approach with Jukes and 

Cantor’s correction [21]. To evaluate the neutral theory of evolution, Tajima’s D together with Fu and 

Li’s D and F tests were calculated using DnaSP ver.5.10.01 [22,23]. The median-joining method in 

NETWORK ver.4.6.1.3 software was applied to generate haplotype linkage of COX3 for rice varieties 

in this study [24]. The genetic difference of COX3 between the different divisions in Sabah was 

calculated using Wright’s FST fixation index in DnaSP ver. 5.10.01 [25]. 

3. Results 

3.1 Phylogenetic analysis 

Phylogenetic tree analysis in the present study demonstrated that one of the examined rice 

varieties from ID (PBT23) was fell under the Indica rice group (4.35%) and all other upland rice 

varieties were under the Japonica rice group (95.65%) (Figure 2). 
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Figure 2. Phylogenetic tree of COX3 gene sequences constructed using the Neighbour 

Joining method in MEGA6. The number at nodes indicates the percentage support of 1000 

bootstrap replicates. 

3.2 Nucleotide diversity 

The analysis at the nucleotide level of COX3 in this study revealed that the overall nucleotide 

diversity (π) and haplotype diversity (Hd) were 0.002 ± 0.001 and 0.737 ± 0.096 respectively. The 

average number of pairwise nucleotide differences (K) was 1.820. The advanced analysis of π with 

sliding window length of 100 bp and step size of 25 bp showed that between 201–300, 476–625 

and 701–842 bp were the most preserved region while nucleotide position at 26–125 bp had the 

greatest peak of nucleotide diversity of the COX3 gene among these rice varieties (Figure 3). 
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Figure 3. Nucleotide segregating in the COX3 of upland traditional rice varieties. Sliding 

window plot with a window length of 100 bp and a step size of 25 bp for number of 

segregating sites within the aligned COX3 sequences was generated using DnaSP 

ver5.10.01. 

3.3 Natural selection 

The average rates of non-synonymous mutation (dN) and synonymous mutation (dS) were 0.0023 

and 0.0015 respectively, and the dN/dS ratio was 1.533 (dS < dN; P < 0.05 in Z-test). In addition, 

Tajima’s D was −2.295 (P < 0.05) whereas Fu and Li’s D and F were −3.881 and −3.971 (both P < 

0.02) respectively in testing the neutral theory of evolution. 

3.4 Amino acid variation and haplotype sharing of the COX3 gene 

The amino acid analysis showed 14 monomorphic mutations (M1L, T9P, W14G, S19F, S23F, 

G36V, G39R, T43I, V106A, H121D, P126S, N151S, G212S, and F232S) (Figure 4). The COX3 amino 

acid sequences were categorized into 12 different haplotypes and a total of 13 rice varieties belonged 

to haplotype 1 (including three Japonica rice varieties from the NCBI database). When the median-

joining network analysis was performed, an observation was made of the haplotype sharing of upland 

traditional rice varieties between different divisions in Sabah and Japonica rice (Figure 5). 
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Figure 4. Amino acid sequence polymorphism in COX3 from the upland traditional rice 

varieties. Polymorphic amino acid residues are listed for each haplotype and total number 

of sequence for each haplotype is showed in the right end column. Monomorphic amino 

acid changes are highlighted in grey shading. 

 

Figure 5. Haplotype (h = 12) networking for COX3 among the upland traditional rice 

varieties in different divisions of Sabah when compared to Japonica rice from the NCBI 

database (GenBank ID: BA000029, DQ167400, and NC_011033). Each division is 

represented by different colors as indicated. The radius of the circle is corresponding to 

the total number of samples for each haplotype. 
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3.5 Wright’s FST fixation index 

The Wright’s FST fixation index of COX3 between different divisions of Sabah revealed that rice 

varieties from WCD and ID had the smallest FST index (Wright’s FST = 0.0003) whereas rice varieties 

in SD and ID had the largest FST index (Wright’s FST = 0.1171) in this study (Table 1). 

Table 1. Wright’s FST fixation index of COX3 for upland traditional rice varieties in 

different divisions. 

Division 1 2 3 

West Coast Division (WCD) 1 - 
  

Sandakan Division (SD) 2 0.0202 - 
 

Interior Division (ID) 3 0.0003 0.1171 - 

4. Discussion 

Upland traditional rice varieties used in the present study were initially recorded as originating 

from the Japonica group based on their morphologies by local breeders. Since plant morphology can 

be influenced by environmental conditions and consequently can lead to inaccuracy, molecular markers 

such as COX3 from the rice’s mitochondrial DNA is useful to assist the characterization of an accession. 

Besides COX1 and COX2, COX3 is one of the largest subunits that forms the COX complex IV that 

functional in oxidizes cytochrome c and transfers electrons to molecular oxygen to form molecular 

water in plants, including rice, in a process that is coupled to H+ translocation for ATP production [26]. 

The COX complexes are essential for plant growth and development, including embryogenesis, 

germination, vegetative growth, and senescence [26]. 

In this study, we unexpectedly found that one of the Sabah upland traditional rice varieties in ID, 

namely PBT23, was genetically similar to the Indica rice group. This was revealed in the phylogenetic 

tree, which underlines the sensitivity of using the COX3 gene to differentiate between Japonica and 

Indica rice groups. A detailed amino acid analysis showed that the Japonica rice carried a serine amino 

acid while Indica rice inherited a leucine amino acid at codon 186 in the COX3 gene (Figure 6). This 

finding shows that the S186L amino acid variation in the COX3 gene is a reliable molecular marker to 

differentiate between Japonica and Indica rice groups in this study, and further supports the importance 

of utilizing a biomarker in accession characterization. To avoid statistical bias, PBT23 was excluded 

in the subsequent genetic diversity analyses in this study. 

Our genetic diversity analysis revealed extremely low nucleotide diversity (π) and a moderately 

low average number of pairwise nucleotide differences (K) of the aligned COX3 sequences, which 

indicates a low genetic diversity among the upland traditional rice varieties in this study. The sliding 

window COX3 gene analysis revealed that the gene is fairly conserved among rice varieties with a 

relatively low polymorphic rate. In the natural selection analysis, the dN/dS ratio was 1.533, which 

suggested that the COX3 variations of the upland traditional rice varieties have undergone positive 

selection. All the negative values in Tajima’s D, as well as Fu and Li’s D and F tests also supported 

positive selection with an expansion in population size, or selective sweep. The geographical selection 

has been reported to generate new mutations in COX coding genes in other species [27]. Therefore, 

highland and lowland rice plantations attributed to the unique geographical structure in Sabah might 
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induce positive selection pressure to the COX3 gene among the upland traditional rice varieties in this 

study. 

 

Figure 6. Amino acid variation at codon 186 between Japonica and Indica rice groups. 

Japonica rice encodes a serine (S) amino acid at this site whereas the Indica rice (including 

the PBT23 traditional rice variety in this study) encodes a leucine (L) amino acid at this 

site. 

Further analysis at the amino acid level revealed 14 monomorphic mutations in the COX3 gene. 

However, how these mutations affect the expression of COX3 and its structure formation remain 

unclear. Previous studies have shown that an alteration from a neutral tryptophan amino acid to a 

positively charged arginine amino acid at position 116 of the COX3 gene could change the structure 

of COX complex IV [28]. Therefore, future studies will need to be conducted to investigate the 

influence of mutations found in this study on the COX complex IV structure formation. The 

networking analysis showed that there were 10 upland rice varieties from three divisions of Sabah that 

shared the same haplotype with the Japonica rice, indicating a strong similarity between the upland 

traditional rice varieties and Japonica rice in this study. This finding also suggests that both of these share 

the same ancestor but evolutionary selective pressure drives them to differentiate from their origins. 

Majority of the studied upland rice varieties in this study were with 15−30% amylose content [16], which 

were similar to those previously reported in the tropical region-bred temperate Japonica rice (14−27% 

amylose content) that had a close genetic relationship with the tropical Japonica rice group [29,30]. 

This further explains the existence of haplotype sharing between the studied upland traditional rice 

varieties in Sabah and Japonica rice. 
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The upland traditional rice varieties from ID had the lowest Wright’s FST fixation index when 

compared to those from WCD, but this was relatively high when compared to those from SD. This 

indicates that rice varieties from ID were more genetically similar to those from WCD but genetically 

diverse to rice varieties from SD. Previous studies report that geographical barriers such as mountains 

and geographic distances may have an effect on genetic diversity and organism differentiation [31,32]. 

ID and WCD have a smaller geographic distance (about 171 km by road) when compared to ID and 

SD (about 319 km by road). Additionally, there are mountains and forest barriers between ID and SD, 

such as the Crocker Range. Taken together, these existing geographical barriers explain the genetic 

similarity between the traditional rice varieties from ID to those from WCD, but the diversity to rice 

varieties from SD. Therefore, it is recommended to cross-breed rice varieties from ID and SD to 

broaden the genetic diversity of upland traditional rice varieties in Sabah. 

5. Conclusions 

In summary, this study revealed that the S186L amino acid variant in the COX3 gene is a reliable 

molecular marker in differentiating between Japonica and Indica rice groups in the studied samples. 

The genetic diversity among the traditional rice varieties was relatively low. Genetic variations in the 

COX3 gene have undergone positive selection, potentially through the conventional practice of rice 

cultivation from local breeders. A number of monomorphic amino acid variations were obtained and 

future studies will need to be conducted to investigate the influence of these variations in COX3 

expression and COX complex IV assembly. As rice is the essential food for more than half of the 

global population and given the growing demand of the Earth’s ever-increasing population, the genetic 

knowledge of rice varieties in this study could be utilized to broaden the genetic diversity of rice in a 

local and global scale. 
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