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ABSTRACT

Water buffaloes are a significant livestock resource that helps rural farmers by 
providing draft power, milk, meat, and hides. However, crossbreeding between the 
two water buffalo types—swamp and river—has raised concerns about preserving 
the genetic identity of native swamp populations. In this study, 58 water buffaloes 
from an institutional swamp herd, Tawi-Tawi, Calayan Islands, and crossbreds were 
genotyped using a 90K single-nucleotide polymorphism (SNP) buffalo genotyping 
panel. A total of 54,481 polymorphic SNPs were used after filtering. The mean 
fixation index (FST) is 0.37, indicating substantial genetic differentiation between 
swamp populations. A high-impact SNP predicted to disrupt gene function was 
identified in ADCY2, a gene previously linked to meat quality traits. Additionally, 
148 SNPs were shared exclusively among swamp buffalo groups and absent in 
crossbreds, highlighting potential markers specific to swamp buffalo that may 
help in breed traceability.  Principal Component Analysis (PCA) revealed distinct 
clustering among swamp populations, particularly between those from Calayan and 
Tawi-Tawi. However, the panel’s applicability to swamp buffaloes is limited, as only 
36% SNPs had a minor allele frequency (MAF) > 0.05. Nevertheless, the SNP data 
effectively revealed population structure among swamp and crossbred buffaloes, 
offering valuable insights for conservation and breeding strategies.
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INTRODUCTION

Water buffaloes, or commonly known as carabaos in the Philippines, are a significant 
livestock in the Philippines, providing farmers with draft power and additional income 
through meat, milk, and hide. There are two types of water buffaloes: the swamp type, 
which was found natively in the Philippines, and the river type that was imported to the 
Philippines to enhance milk production. (Pineda et al., 2021). To improve the productivity 
of water buffaloes, crossbreeding was implemented by initially crossing swamp and river 
types, followed by backcrossing with swamp buffaloes to improve growth traits, and with 
river buffaloes to boost milk production and adaptability to the Philippine climate (PCC, 
n.d.). Backcrossing is done to maintain its reproductive ability, as a hybrid swamp and 
river is reported to have reduced fertility. (Pineda et al., 2024). While genetic improvement 
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programs are ongoing for water buffaloes in the Philippines, it is also important to identify 
and characterize genetic clusters within swamp buffalo local populations to maintain the 
conservation of their native genetic diversity.

One of the valuable approaches to assess the genetic differentiation of an animal 
is the use of SNP genotyping panel, which screens the animals at the genomic level and 
is cheaper than whole-genome sequencing (Crooijmans et al., 2025; Berry and Spangler, 
2023; Bertola et al., 2022). For instance, the analysis of 333 water buffalo samples from 31 
populations using a 90K SNP genotyping panel revealed patterns of diversity, which also 
provided insights into their domestication and migration routes, as well as introgression of 
the two water buffalo types. These findings highlight the value of the SNP genotyping panel 
for monitoring introgression and conservation of the animal’s genetic background (Colli et 
al., 2018). Additionally, the buffalo genotyping array enabled analysis of the signatures of 
selection, genetic diversity assessment, and runs of homozygosity, elucidating the adaptation, 
dispersal, and intermixing of the different water buffalo types and breeds (Saravanan et al., 
2022; Thakor et al., 2021; Macciotta et al., 2021). Other SNP genotyping panel such as 
the use of the BovineHD genotyping panel with 777K SNPs, also provided insights into 
the differentiation of the two water buffalo types (Pérez-Pardal et al., 2018). Therefore, 
employing a SNP genotyping panel enables an effective approach to assess the genetic 
diversity and understand adaptation, migration, and evolutionary history of water buffalo 
populations, providing genomic information for effective management and conservation of 
the water buffalo populations.

The Philippine swamp buffaloes are considered a homogeneous breed locally and 
are genetically closely related to those in Taiwan and China, but also exhibit greater genetic 
diversity than buffalo populations in Taiwan, Myanmar, and Malaysia (Paraguas et al., 
2018; Villamor et al., 2024). The study by Villamor et al. (2024) also identified distinct 
genetic clusters among swamp buffaloes in the Philippines, challenging the assumption 
that they form a homogeneous breed. However, samples were not collected from Tawi-
Tawi, the southernmost island of the Philippines. Samples were obtained from Calayan, the 
northernmost island, where swamp buffaloes were found to be morphologically larger and 
have been recommended for ex-situ conservation (Villamor et al., 2024).

To enhance productivity and upgrade swamp buffaloes in the Philippines without 
compromising their distinct population genetics, it is essential to identify each genetic 
cluster and establish appropriate conservation sites. Therefore, this study aims to identify 
the genetic clusters of swamp buffaloes from Calayan, Tawi-Tawi, and the Institutional 
Herd, and to assess the effectiveness of the water buffalo genotyping panel in detecting 
crossbred individuals. Additionally, we intend to determine candidate genetic markers that 
can support selective breeding strategies to improve productivity and contribute to the 
sustainable management, conservation, and genetic enhancement of the Philippine swamp 
buffaloes.

MATERIALS AND METHODS

Sample collection and DNA extraction
Approximately 4 mL of whole blood was collected from the jugular vein of water 

buffaloes using EDTA Vacutainer tubes. For swamp buffaloes owned by smallholders, animals 
were guided to lift their heads since they are generally tamed, while institutional animals 
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were restrained in an animal chute. There were a total of 58 water buffaloes from 4 groups 
comprising 14 crossbreds (swamp x river buffaloes) and native swamp buffaloes – 10 from 
Calayan, 7 from Tawi-Tawi, and 27 from the Philippine Carabao Center Institutional Herd 
in Cagayan (PCC at CSU). The sampling included animals from diverse regions: Calayan 
in the northernmost and Tawi-Tawi in the southernmost part of the Philippines, crossbreds, 
and native swamp in the gene pool to capture potential genetic differences. Genomic DNA 
was extracted from 1 mL of whole blood using Promega Wizard Kit following the optimized 
protocol of the PCC Molecular Genetics Laboratory.

Genotyping and SNP quality filtering
The samples were submitted to Affymetrix for genotyping using the Axiom 90k 

Buffalo Genotyping Array (Iamartino et al., 2017). The raw data files were cleaned and 
converted to a vcf file using Axiom Analysis Suite with default settings. Further filtering 
of the SNPs was done using PLINK (v1.90) (Purcell et al., 2007) with the parameters: –
cow –nonfounders –allow-no-sex –autosome –geno 0.1 –mind 0.1 –maf 0.05. The number 
of SNPs and heterozygosity were computed using BCFtools stats (v1.17) (Danecek et al., 
2021).

Genetic Differentiation Analysis and SNPs Annotation
To identify the genetic clustering of the four groups, principal component analysis 

(PCA) was performed using PLINK (v1.90) (Purcell et al., 2007). The SNPs were pruned 
based on linkage disequilibrium with the parameter `–indep 50 5 2` and the PCA analysis 
were plot in R Studio. FST score was computed using VCFtools (v0.1.17) using `--weir-
fst-pop` with four populations. Minor allele frequency of the SNPs was identified using a 
custom Rscript. The functional effect of the SNPs was predicted and annotated using Variant 
Effect Predictor (VEP) (v113.0) (McLaren et al., 2016) using NCBI water buffalo reference 
annotation from UOA_WB_1 (Low et al., 2019), which is the same reference genome used 
to design the SNP panel. VEP will categorize SNPs based on their predicted impact on gene 
functions as high, moderate, low, and modifier. High-impact variants can disrupt protein 
functions, moderate-impact variants cause amino acid changes but are less likely to disrupt 
the gene functions, low-impact variants are typically synonymous mutations, and modifiers 
are variants occurring in non-coding regions. Analysis of breed/population-specific SNPs 
was identified through a custom R script.

RESULTS AND DISCUSSION

A total of 54,481 high-quality single-nucleotide polymorphisms (SNPs) were 
identified across the four water buffalo populations (Calayan, Tawi-Tawi, PCC at CSU, 
and crossbreds) following quality control and filtering. These SNPs effectively distinguish 
crossbreds from pure swamp-type buffaloes, with crossbreds exhibiting a heterozygosity level 
of 45%, compared to only 11% in the pure swamp population. However, as the genotyping 
panel was designed using a river buffalo population, there is limited applicability for 
swamp-type buffaloes (Iamartino et al., 2017). A total of 35,092 of the SNPs in pure swamp 
types were below 0.05 minor allele frequency (MAF), indicating that most of the SNPs in 
the genotyping panel were not polymorphic. While crossbreds showed evenly distributed 
49,112 SNPs with MAF > 0.2 (Figure 1a). The low MAF in swamp-type buffaloes and the 
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more uniform MAF in river-types result in an overall balanced MAF distribution across all 
samples. The low MAF for the swamp type is unsurprising and agrees with the previous 
studies evaluating the utility of the genotyping panel for swamp type buffaloes (Colli et al., 
2018; Herrera et al., 2016; Pineda et al., 2024).

Nevertheless, clear genetic clustering is observed among the populations, with 
the Tawi-Tawi and crossbred groups forming distinct clusters separate from the Calayan 
and PCC at CSU populations (Figure 1b). In contrast, Calayan and PCC at CSU swamp 
buffaloes cluster closely together, indicating a higher degree of genetic similarity, which is 
in agreement with previous studies (Paraguas et al., 2018). The geographic location of the 
Tawi-Tawi and Calayan populations may explain the observed genetic differentiation. Tawi-
Tawi is in the southernmost part of the Philippines, while Calayan is in the northernmost 
part and is closer to PCC at CSU. This geographical separation may explain the distinct 
genetic clustering between Tawi-Tawi and Calayan, and the possible shared genetic ancestry 
between Calayan and PCC at CSU populations. The mean fixation index (FST) of 0.37 and 
the weighted FST of 0.38 indicates a high level of genetic differentiation among the swamp 
populations.

Analysis of the SNPs revealed that about 10,682 (20%) were polymorphic across 
all populations, while about 24,609 (45%) were polymorphic only in crossbred buffaloes 
– almost half of the filtered SNPs from the genotyping panel (Figure 2). This result is also 
reflected in their MAF distribution. Whereas, 212 SNPs were identified across the pure 
swamp buffalo populations, with 148 of them shared among them, which can be utilized 
to further identify crossbreds from pure swamp type. However, since the genotyping panel 
was designed based on river buffaloes, its utility to accurately assess the genetic purity of 
swamp buffaloes may be limited. Still, these SNPs may be valuable genetic information for 
characterizing swamp buffalo populations. 

Figure 1. (a) Density plot showing the minor allele frequency (MAF) distribution of 
SNPs in pure swamp buffaloes, crossbred buffaloes, and their combined dataset. 
(b) Principal Component Analysis (PCA) of the four water buffalo populations 
showing distinct clustering patterns, indicating genetic differentiation among the 
populations.
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Annotation of the SNPs on their predicted effects on gene function based on their 
impact on transcription revealed three variants classified as “high-impact”. Two of the 
variants had stop-gained consequences, leading to premature termination of the transcripts 
in PGPEP1 and FAM228A genes, while one affected a splice acceptor site affecting the 
ADCY2 gene. From the genes identified, ADCY2 is involved in many cellular processes, 
specifically acting as a catalyst in the formation of cAMP (Gray et al., 2024). This gene has 
been associated with meat tenderness in cattle (Li et al., 2014), reproductive traits (Shao et 
al., 2021), and was also associated with milk and fat yield, and milking temperament or the 
level of comfort they experience during the milking process (Laodim et al., 2019; Mincu-
Iorga et al., 2025). Given the association of this gene with economically important traits in 
bovids, and its predicted functional effect in water buffaloes, the identified variant in this 
gene can serve as a potential marker for genetic improvement programs. The other two genes 
with high-impact on gene function, the PGPEP1 was found to may have a regulatory role in 
gene networks of compensatory growth, or the accelerated growth response from nutritional 
restriction in cattle (Keogh et al., 2019). Additionally, the PGPEP1 was identified to be a site 
of insertion for bovine leukemia virus (BLV), commonly observed in cattle with persistent 
lymphocytosis (Babii et al., 2022). The FAM228A was found to have an association with 
carcass and body traits in cattle (Liu et al., 2021; Rafter et al., 2021). Although there is no 
available information for buffaloes in these three genes, this may also occur in buffalo due 
to their close genetic similarity to cattle. The identified high-impact genes are all associated 
with meat-related traits, highlighting the potential of these markers for swamp buffaloes in 
enhancing meat production. 

CONCLUSION

The findings in this study revealed the genetic differences of four water buffalo 
populations in the Philippines, specifically the clustering of Tawi-Tawi water buffaloes 
distinct from swamp buffaloes kept in the institutional herd. We also identified markers 
associated with production traits. While functional studies in buffaloes are still limited, there 

Figure 2. Venn diagram showing SNPs that are unique or shared among the different 
populations. This showed the distribution of polymorphic variants across the 
populations.
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is strong evidence from cattle suggesting the variants identified are candidate markers for 
selective breeding strategies and improving the productivity and sustainability of swamp 
buffaloes while maintaining their native genetics in the Philippines.
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