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Water buffalo genome characterization by 
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ABSTRACT. To define the best strategies for genomic association 
studies and genomic selection, it is necessary to determine the extent 
of linkage disequilibrium (LD) and the genetic structure of the study 
population. The current study evaluated the transference of genomic 
information contained in the Illumina BovineHD BeadChip from 
cattle to buffaloes, and assessed the extent of the LD in buffaloes. Of 
the 688,593 bovine single nucleotide polymorphism (SNP) that were 
successfully genotyped from the 384 buffalo samples, only 16,580 
markers were polymorphic, and had minor allele frequencies greater 
than 0.05. A total of 16,580 polymorphic SNPs were identified, 
which were uniformly distributed throughout the autosomes, because 
the density and mean distance between markers were similar for all 
autosomes. The average minor allele frequency for the 16,580 SNPs 
was 0.23. The overall mean LD for pairs of adjacent markers was 0.29 
and 0.71, when measured as for r2 and |D'|, respectively. The 16,580 
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polymorphic SNPs were matched to Bos taurus chromosome in the 
current bovine genome assembly (Btau 4.2), and could be utilized in 
association studies. In conclusion, the Illumina BovineHD BeadChip 
contains approximately 16,580 polymorphic markers for the water 
buffalo, which are broadly distributed across the genome. These data 
could be used in genomic association and genomic selection studies; 
however, it might be necessary to develop a panel with specific SNP 
markers for water buffaloes.
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INTRODUCTION

Water buffaloes (Bubalus bubalis) are important farm livestock in many countries 
of the world, particularly to smallholders. Buffaloes are used as draft animals, in addition to 
producing meat, horns, leather, and, especially, milk. Buffalo milk contains higher fat, lactose, 
and protein concentrations compared to cow milk, facilitating the production of high-quality 
dairy products, such as butter and cheese, among others. Buffalo meat is noted for its tender-
ness and taste, in addition to its low fat and cholesterol content. In addition, the hides are used 
to produce high-end leather goods (Roth and Myers, 2004).

Cattle (Bos taurus) and water buffalo (B. bubalis) belong to the subfamily Bovinae. 
Cattle were domesticated between 8000 and 10,000 years ago (Bradley and Cunningham, 
1998), while buffalo were domesticated at least 7000 years ago (Bibi and Vrba, 2010). Bo-
vines have a large number of single nucleotide polymorphisms (SNPs) in their genome. The 
current SNP database (dbSNP) of the National Center for Biotechnology Information (NCBI) 
contains over 9.5 million bovine SNPs; yet, very few buffalo SNPs have been identified (Ama-
ral et al., 2008; Michelizzi et al., 2010, 2011). As buffalo and cattle are closely related, the 
large quantity of genetic/genomic resources developed for cattle might help with character-
izing the buffalo genome, and in the genomic selection of these animals.

Recently developed techniques allowing the breeding genetic value might be obtained 
from genomic data by marker-assisted selection covering the whole genome, also called ge-
nomic selection (Bennewitz et al., 2009; Calus et al., 2009). This type of genomic selection ex-
ploits the linkage disequilibrium (LD) between markers; whereby, it is assumed that the effects 
of the chromosome segments are the same in the entire population, because the markers are in 
LD with the genes responsible for the expression of the trait of interest (QTL). Therefore, the 
density of the markers must be high enough to guarantee that all the QTL are in LD with at 
least a single marker or haplotype of markers. The LD maps provide a basic tool for investigat-
ing the genetic base of economically important traits (McKay et al., 2007).

LD between markers has been widely studied in the genome of various species of 
domesticated animals (McKay et al., 2007; Villa-Angulo et al., 2009; Nagarajan et al., 2009; 
Bohmanova et al., 2010; Silva et al., 2010). The first step necessary to determine the number 
of markers required for QTL mapping and genomic selection is the quantification of LD extent 
in the genome of the target species. It has been suggested (Meuwissen et al., 2001; Calus et al., 
2009) that a level of LD (r2) higher than 0.2 is necessary to achieve a genomic breeding value 
accuracy approaching 0.8.
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This study assessed the possibility of transferring genomic information obtained from 
the Illumina BovineHD BeadChip (Illumina Inc., San Diego, CA, USA) from cattle to buffalo. 
In addition, we characterized the bubaline genome with respect to the allele frequencies of the 
markers, the number of polymorphic markers, the distribution of markers along the genome 
and the LD between markers.

MATERIAL AND METHODS

DNA samples and extraction

The DNA samples were collected from the hair follicles of 384 female water buf-
faloes (B. bubalis) that were born in 2007 and 2008. The buffaloes belonged to 2 important 
dairy farms in the states of Rio Grande do Norte and São Paulo, Brazil. Pedigree information 
was available for all animals, with the 384 females being the daughters of 16 sires. The hair 
follicles were placed in separate envelopes, which were labelled and stored at 4°C until DNA 
extraction. The laboratory analyses were carried out at the Molecular Genetics Laboratory of 
Faculdade de Ciências Agrárias e Veterinárias of Universidade Estadual Paulista (UNESP), 
Jaboticabal Campus, Brazil. The DNA was extracted from the hair follicles by the phenol-
chloroform-isoamyl alcohol (PCI) technique. About 40 follicles/animal were placed in a mi-
crocentrifuge tube (1.5 mL) and rapidly spun. Then, 500 mL TE-Tween solution (50 mM Tris, 
1 mM EDTA, 0.5% Tween 20) was added to each sample, following incubation in a water bath 
at 65°C for 1.5 h, with periodic agitation. After this period, 2 mL proteinase K/tube (600 mg/
mL) was added, and the tubes were incubated at 55°C for a further 6 h, with periodic agitation. 
Finally, the tubes were incubated at 37°C overnight.

After these procedures, 1 volume of PCI was added to 1 volume of each sample. The 
tubes were then shaken vigorously for 10 s in an automatic shaker, after which they were cen-
trifuged for 10 min at 12,000 rpm and 23°C, and the supernatant was transferred to a new tube.

The final volume of this phase was approximately 300 mL. Next, the DNA was pre-
cipitated with 1/10 sample volume 0.3 M sodium acetate (approximately 30 mL) and ice-cold 
absolute ethanol (approximately 1 mL). After mixture by inversion, the tubes were placed in a 
freezer at -80°C for 1 h. The tubes were centrifuged at 4°C for 25 min at 12,000 rpm. The su-
pernatant was discarded, and the remaining DNA was completely dried at room temperature, 
and then stored in 100 mL Tris HCl EDTA (10:1).

The quantity and quality of the DNA obtained were analyzed in a Nanodrop 1000 
spectrophotometer (Thermo Scientific Wilmington, DE, USA, 2008). The DNA is quanti-
fied from the level of absorbance, with DNA having a light absorbance peak at a wave-
length of 260 nm. Hence, the concentration is measured by the relationship: 1 OD260 = 50 
mg/mL DNA.

Genotyping and quality control of the genomic data

Genotyping was performed by the Illumina BovineHD BeadChip, utilizing the In-
finium® HD assay kit and the Illumina HiScanTM system (Illumina Inc.). The BovineHD Bead-
Chip has 777,962 SNP markers spread through the genome, and an average distance between 
markers of 3.43 kb. Although the BovineHD BeadChip was developed for bovine, water buf-
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falo chromosomes and B. taurus chromosomes are highly homologous (Figure 1). The initial 
analyses of the images and the genotypes were carried out by the Genome Studio software. 
A total of 1735 markers were excluded, because their genomic position was not known. Only 
markers with a call frequency greater than 80% and with heterozygote excess (Het Excess) 
smaller than -0.70 or greater than 0.70 were considered. The markers that showed low average 
cluster intensity (AB_R, AA_R or BB_R mean < 0.1; AB_T_mean < 0.2, and AB_T_mean > 
0.8), with a GenTrain score <0.30 and cluster separation index <0.13, were excluded from the 
analysis. The filtering of these criteria led to elimination of 89,369 markers. Similar criteria 
for filtering genomic data were implemented by Michelizzi et al. (2011), using Illumina Bo-
vineSNP50 BeadChip on DNA samples from 10 water buffaloes. In the present study, we only 
included markers in autosomal chromosomes with minor allele frequency (MAF) greater than 
0.05 in the analyses.

Figure 1. Homology of water buffalo chromosomes and Bos taurus chromosomes.

LD between the markers

The 2 most common measures used to assess the LD for 2-allele markers are r2 and 
|D'| (Hill and Robertson 1966; Valdar et al., 2006; Bohmanova et al., 2010; Hayes and God-
dard, 2010). These parameters vary between 0 and 1. |D'| <1 indicates recombination that has 
occurred between 2 loci, while |D'| = 1 indicates a lack of recombination between the 2 loci. 
The measure r2 represents the correlation between 2 loci, and is preferentially used in associa-
tion studies because there is an inverse relationship between r2 and the sample size necessary 
to detect the association between a QTL and a marker. In addition, this measure is much less 
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biased by low allele frequencies compared to |D'| (Pritchard and Przeworski, 2001; Sargolzaei 
et al., 2008). The LD between 2 SNPs was evaluated using r2 (Hill and Robertson, 1968) and 
the absolute value of |D'| Lewontin (1964), which was calculated as follows:

where:

and:

where freq.A, freq.a, freq.B, and freq.b are the frequencies of alleles A, a, B, and b, respective-
ly, and freq.AB, freq.ab, freq.Ab, and freq.aB are the frequency of haplotype AB, ab, Ab, and 
aB in the population. If the 2 loci are independent, the expected frequency of haplotype AB 
(freq.AB) is calculated as the product between freq.A and freq.B. A value of freq.AB higher 
or lower than the expected value indicates that these 2 loci in particular tend to assimilate to-
gether and in LD. The measures of LD (r2 and |D'|) were calculated for all marker pairs of each 
chromosome using the SnppldHD software (Sargolzaei M, University of Guelph, Canada). 
Only maternal haplotypes were considered for the estimation of LD measures (r2 and |D'|). 
The exclusive use of maternal haplotypes is a common practice in studies estimating LD when 
the population consists of half-sib families, as was the case here. This is because the pedigree 
structure leads to the over-representation of paternal haplotypes in the sample, as sires have 
multiple progenies in the dataset, which might increase the frequency of certain haplotypes, 
and consequently cause LD to be overestimated (Bohmanova et al., 2010).

Bovine reference genome assembly (Btau_4.2)

The Bovine Genome Sequencing and Analysis Consortium performed genome se-
quencing and assembly for cattle. The current assembly (Btau_4.2) combined both BAC and 
whole-genome shotgun sequences, which were then placed on chromosomes by employing 
different mapping methods. The Consortium estimated that the bovine genome size is ~2.87 
Gbp, and that the current assembly covers at least 92% of the genome. Since the SNP map 
locations are based on the Btau_4.2 assembly, the gene information from the Cow Genome 
Resources of the NCBI (Bovine Genome Resources) was downloaded and used. This informa-
tion includes gene symbol, start position, stop position, orientation on the chromosome, and 
gene description.
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SNP density estimation along each chromosome

To estimate the SNP density along the bovine chromosome, we used the nonparamet-
ric kernel density method, whereby fxxx n ~,....,, 21 , is considered to be an independent 
and identically distributed sample of a random variable X , where ix  is the observable loca-
tion (in bp) of the ith SNP marker. Therefore, the kernel density estimator is:

where h > 0 is a bandwidth smoothing parameter (BW) and K is a kernel, considered in the 
present analysis as a standard Gaussian function with a mean of 0 and a variance of 1.

In the example above, h is a free parameter that has a strong influence on the kernel 
estimates resulting from the density (graphs). The kernel density graphs show similar patterns, 
with BW = 1 M or less. Therefore, we decided to present the results obtained with BW = 0.05 M.

We plotted the call rate graphs function of ix  to obtain a position on the map referring 
to SNP i , where yi is a call rate measure for i = 1, 2, ..n. We applied the LOWESS (locally 
weighted scatterplot smoothing) technique to describe the relationship between ix  and iy , 
as follows:

iii xgy ε+= )(

where g  is a smoothing function and iε  is a random variable with a mean of 0 and a con-
stant scale. According to Michelizzi et al. (2011), the LOWESS is a non-parametric curve- or 
function-fitting technique (Cleveland, 1979, 1981), in which the fitting at point x  is carried 
out using only the points in the neighborhood of x . Thus, this method has more detailed as-
sumptions about the form of the relationship in comparison with parametric methods, and 
allows the relationship to be described closer to its true form, as demonstrated by the data 
(Michelizzi et al., 2011).

In this analysis, we started LOWESS with a local polynomial (a fit of the k - NN type) 
adjusted by least squares, and then used robust methods to obtain the final fit. First a poly-
nomial regression was fitted in a neighborhood of x . This is equivalent to finding 1+∈ PRβ , 
which minimizes:

,

where Wki(x) denotes k - NN weights. Afterwards, the residuals i

∧

ε  and the scale of the 
parameter )(

∧∧

= imedian εσ  were computed, and the robustness of the weights was defined 
as:
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)6/(
∧∧

= σεδ ii K
where:

Finally, the regression analysis fits the polynomial in the first equation, but with 
weights .

A notable characteristic of the procedure above is that it is not necessary to define 
a global function of any particular form to fit the model to the data. The fit is performed 
locally using only a segment of the data. Mathematically, “locally” is defined as within the 
distance represented by the largest integer not greater than nxf , where ƒ is the smoothest 
extension (Michelizzi et al., 2011). The value of ƒ gives the proportion of points on the 
graph that influence the smoothing for each value. In general, higher values of ƒ means a 
smoother curve. Therefore, a good choice of ƒ is the largest possible value that minimizes 
the variability of the smoothed points without distorting the pattern of the data. For the pat-
tern in this study, ƒ = 0.001 was empirically chosen, as in Michelizzi et al. (2011).

RESULTS AND DISCUSSION

The call rate for all samples, which indicates the quality of the genotyping, ranged 
from 54 to 90% (mean = 85%). Usually, with bovine samples, call rates of greater than 98% 
are expected. The low call rate obtained in the present study probably indicates the pres-
ence of differences in the hybridization of the samples from some animals with the primers, 
leading to possible problems in amplifying the markers. Among the 688,593 bovine SNPs 
that were successfully genotyped, only 16,580 markers were polymorphic and presented 
a minor allele frequency greater than 0.05, allowing their use in association studies and 
genomic selection. After filtering the data, the number of markers with fixed alleles was 
26,042 SNPs. There were a large number of markers with a minor allele frequency smaller 
than 0.05 (645,971 SNPs), not including the fixed alleles.

The 16,580 SNPs were uniformly distributed among the autosomes, because the 
density and mean distance between markers was similar for all of the autosomes (Table 
1). After filtering the SNP data, a considerable proportion of the SNPs had MAF values 
of below 0.20 (Figure 2). Similar results were reported by Michelizzi et al. (2011), who 
found 926 polymorphic SNP markers in water buffaloes using the Illumina BovineSNP50 
BeadChip. The authors also reported that 386 markers of the total 926 SNPs had allele 
frequencies of lower than 0.10, and that these markers are probably too rare for use in buf-
falo studies.
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Figure 2. Mean proportions of single nucleotide polymorphism (SNPs) for various minor allele frequencies (MAF) 
by chromosome (intervals do not included the upper limit).

BTA  Size (Mb) SNPs (N) Mean MAF

  1 158.11 1543 0.14 ± 0.13
  2 136.30 1216 0.15 ± 0.13
  3 120.67 1051 0.16 ± 0.13
  4 120.44 1126 0.16 ± 0.13
  5 120.267 949 0.16 ± 0.13
  6 118.99 1195 0.14 ± 0.13
  7 111.26 982 0.16 ± 0.14
  8 112.70 969 0.16 ± 0.13
  9 104.89 1016 0.15 ± 0.14
10 102.99 909 0.16 ± 0.14
11 106.93 961 0.16 ± 0.13
12 90.65 878 0.15 ± 0.13
13 84.09 639 0.17 ± 0.13
14 83.13 773 0.15 ± 0.14
15 84.81 748 0.17 ± 0.13
16 81.14 736 0.16 ± 0.13
17 74.99 656 0.15 ± 0.13
18 65.25 541 0.18 ± 0.13
19 62.90 472 0.17 ± 0.13
20 71.54 717 0.16 ± 0.13
21 68.87 661 0.16 ± 0.13
22 61.05 512 0.19 ± 0.14
23 51.32 446 0.18 ± 0.13
24 62.05 568 0.17 ± 0.14
25 42.42 408 0.19 ± 0.14
26 50.44 453 0.15 ± 0.13
27 45.11 452 0.17 ± 0.13
28 46.13 441 0.16 ± 0.14
29 49.94 463 0.15 ± 0.13

Table 1. Summary of the polymorphic SNP markers analyzed for each autosome (BTA).

MAF = minor allele frequency.
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The mean MAF value observed in this study (0.23) was slightly higher compared 
to that reported by Matukumalli et al. (2009) for Nelore cattle (0.19) using the Illumina Bo-
vineSNP50K BeadChip and by the Bovine Hapmap Consortium for Nelore cattle (0.20) 
(Gibbs et al., 2009). According to information contained in the datasheet of the BovineHD 
BeadChip (www.illumina.com/Documents/products/datasheets/datasheet_bovineHD.pdf) of 
10 samples from outgroup species (including the water buffalo B. bubalis, yak Bos grunniens, 
and guar Bos gaurus), more than 167,000 polymorphic SNPs were obtained, with an average 
MAF lower than that reported in the present study (0.06). Khatkar et al. (2008) showed that the 
MAF limit affects the distribution and extension of the LD, with this finding being important 
for association studies and for genomic selection.

The overall mean LD values for the marker pairs were 0.28 and 0.70 for r2 and |D'|, 
respectively. The extent of LD between markers determines the number of markers (density 
of markers) required to apply genome-wide association studies and genomic selection (Hayes 
and Goddard, 2010). Calus et al. (2007) demonstrated that when the mean r2 between adjacent 
SNPs was >0.2, accurate genomic breeding values could be predicted. Therefore, the average 
LD (r2) between adjacent markers in the buffalo genome is higher than the minimum value that 
is required to implement genomic selection.

The LD means of the autosomes ranged from 0.07 to 0.34 for r2 and from 0.30 to 0.80 
for |D'| (Table 2). For Gyr cattle, Silva et al. (2010) found a smaller range of LD values, which 
ranged from 0.17 to 0.24 for r2 and from 0.60 to 0.72 for |D'|. More recently, Espigolan et al. 
(2012) evaluated the extent of the LD in 48 Nelore cattle by high-density SNP marker panels, 
and obtained general mean LD values between marker pairs of 0.18 and 0.55 for r2 and |D'|, 
respectively.

In the present study, we estimated lower LD levels on chromosomes BTA1 and BTA29. 
Arias et al. (2009) recorded high variability in the recombination rates of autosomes, which, 
among other factors, leads to considerable diversity in the LD pattern of different genome re-
gions. However, the results obtained for BTA1 and BTA29 in the present study probably arose 
as a consequence of a sampling problem, because the number of markers, their density, and the 
mean MAF and MAF proportion were not different compared to the other autosomes studied.

Few studies have reported LD estimates between genetic markers in buffaloes. In an 
analysis of LD among 525 microsatellite loci, Nagarajan et al. (2009) reported that a larger number 
of marker pairs exhibited significant LD for buffalo markers compared to bovine cattle markers. 
The higher LD levels obtained in the present study compared to other studies investigating cattle 
(taurine and zebuine) may be explained by the history of the introduction of buffaloes and the 
evolution of buffalo herds in Brazil. According to Hayes and Goddard (2010), the extent of 
genome-wide LD is largely determined by the effective population size, both past and present. 
The most recent entry of buffaloes in Brazil occurred in 1962, when 5 males and 12 females were 
imported (Santana et al., 2011). Therefore, the national herd of today originates from just a small 
number of animals, indicating that the effective population size might be small and the level 
of inbreeding high (Santana et al., 2011). There is an inverse relationship between the effective 
population size and its LD level (Hayes et al., 2003). In a study of dairy buffalo in Brazil, Santana 
et al. (2011) recorded a very small population effective size (40.10 ± 1.27).

The 16,580 polymorphic SNPs, which might be utilized in association studies, were 
matched to Bos taurus chromosomes (BTAs) in the current bovine genome assembly (Btau 4.2). 
The count of known bovine genes in each BTA ranged from 304 genes on BTA27 to 1463 genes 
on BTA3. In contrast, the number of polymorphic SNPs ranged from 304 on BTA27 to 992 on 
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BTA 3 (Figures 3 and 4). There are potentially more genes than polymorphic SNP markers on 
several BTAs (Figure 4). As a consequence, not all genes potentially have SNPs in LD (Figure 4).

BTA Mean r2 ± SD1 Mean |Dꞌ| ± SD

  1 0.15 ± 0.28 0.46 ± 0.37
  2 0.30 ± 0.36 0.71 ± 0.33
  3 0.29 ± 0.34 0.71 ± 0.33
  4 0.28 ± 0.34 0.73 ± 0.33
  5 0.28 ± 0.35 0.71 ± 0.82
  6 0.32 ± 0.35 0.73 ± 0.32
  7 0.31 ± 0.35 0.74 ± 0.31
  8 0.27 ± 0.33 0.70 ± 0.33
  9 0.31 ± 0.35 0.73 ± 0.32
10 0.28 ± 0.34 0.72 ± 0.32
11 0.32 ± 0.34 0.76 ± 0.30
12 0.30 ± 0.34 0.75 ± 0.28
13 0.34 ± 0.33 0.75 ± 0.31
14 0.28 ± 0.33 0.69 ± 0.35
15 0.30 ± 0.34 0.71 ± 0.34
16 0.32 ± 0.35 0.77 ± 0.29
17 0.30 ± 0.36 0.74 ± 0.31
18 0.31 ± 0.34 0.75 ± 0.30
19 0.29 ± 0.32 0.74 ± 0.32
20 0.30 ± 0.34 0.72 ± 0.33
21 0.33 ± 0.34 0.74 ± 0.34
22 0.32 ± 0.35   0.77 ± 0.301
23 0.23 ± 0.31 0.68 ± 0.32
24 0.29 ± 0.33 0.76 ± 0.30
25 0.25 ± 0.30 0.74 ± 0.32
26 0.31 ± 0.34 0.80 ± 0.28
27 0.32 ± 0.36 0.71 ± 0.32
28 0.24 ± 0.33 0.74 ± 0.31
29 0.07 ± 0.18 0.30 ± 0.30

Table 2. Linkage disequilibrium (r² and |D'|) between adjacent synthetic SNP for each autosome (BTA).

Figure 3. Call frequency plots of bovine SNPs in water buffalo samples. The chromosome size can be seen in 
Figure 5. The six-scale marks on the top of each chromosome represent 0 (left most), 25, 50, 75, and 100% (right 
most) of call frequency.
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This result differs to those reported by Michelizzi et al. (2011), mainly because the 
authors used all of the SNPs of the BovineSNP50 BeadChip, rather than just the polymorphic 
SNPs. The analyses indicate that 5471 (33%) of the polymorphic SNPs are intragenic (located 
within genes) and that 11,109 (67%) are intergenic (located between genes) (Figure 5). There-
fore, more than 13,000 genes in the bovine genome do not have intragenic SNPs, while the 
remaining genes have between 1 and 42 intragenic SNPs, which are polymorphic in buffalo. 
In comparison, each intergenic region is covered by at least one SNP.

Figure 5. Distribution of known genes and the number of intragenic and intergenic SNPs in the BovineHD 
BeadChip, which are polymorphic in water buffalo.

Figure 4. Distribution of polymorphic SNPs in the water buffalo and of known genes on each bovine chromosome 
based on NCBI gene information.
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The SNP density graphs for each chromosome, assuming BW = 0.05 M (50 kb), are 
presented in Figure 6. All of the chromosomes had regions that were rich in SNP coverage 
along them, except for chromosome X. This result indicates that the polymorphic markers 
found in the Illumina BovineHD BeadChip are well distributed in all autosomes, enabling this 
chip to be used for buffalo studies.

Figure 6. Kernel density plots for SNPs on the Illumina BovineHD BeadChip, which are polymorphic in water 
buffalo by chromosome. Dotted lines indicate 1 SD above and below the chromosome mean.
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The number of polymorphic SNPs in the buffalo genes found in the BovineHD Bead-
Chip and their distribution on the chromosomes might provide information about conserved 
region of the genome. Such information could be used to explain evolutionary processes 
and provide insights about species biodiversity, phylogeny, and adaptation to environmental 
changes. Therefore, the results of this study allow water buffalo genes with potential economic 
importance to be identified based on the known functions of these genes in cattle. Many of 
these SNPs have been investigated in cattle, and provide information about the potential func-
tions of SNPs that are transferable to buffalo. Knowledge about these SNPs could potentially 
be applied to genetic improvement programs with the aim to increase the productivity and 
reproductive efficiency of buffalo, and to select animals that are more resistant to certain dis-
eases. The results also indicate that strategies for mapping and genomic selection based on LD 
might be effective for the genetic improvement of water buffalo. However, the development of 
a panel with specific SNP markers for water buffalo might be required to determine the exact 
position of the SNPs.

CONCLUSION

This study showed that the BovineHD BeadChip has approximately 16,580 polymor-
phic markers that are evenly distributed on the Murrah buffalo genome, and could be used in 
association and genomic selection studies.

The level of linkage disequilibrium between SNP markers in this study indicated that 
the BovineHD BeadChip could potentially be used in association and genomic selection stud-
ies of buffalo; however, it might be necessary to develop a panel with specific SNP markers 
for water buffaloes.
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