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Abstract

The DNA methylation events mark a major epigenetic change in the genome, reflecting

non-genetic disease developments and varied phenotypes. The water buffalo is a dairy

production animal with wide agro-climatic distribution in India. Breed-wise the coat

color of water buffalo varies from ash-gray to jet black. A typical pigmentation pattern

is found in one of the breeds of North India, Nili Ravi, with variedly distributed white

patches. The DNA methylation pattern could potentially reveal the epigenetic factors

responsible for the pigmentation patterns. To address this question, the DNA isolated

from the skin tissues of Nili Ravi with varied white pigmentation and black Murrah buf-

faloes was subjected to reduced representation bisulfite sequencing. DNA methylation

analysis revealed, 68.44%, 63.39%, and 47.94% of the promoter regions were hyper-

methylated in Nili Ravi over-white versus Murrah, Nili Ravi under-white versus Murrah,

and Nili Ravi under-white versus Nili Ravi over-white, respectively. Major genes identi-

fied to be differentially methylated among over-white and under-white skin tissues in

Nili Ravi included TBX2, SNAI2, HERC2, and CITED1. Overall the results have indicated

differential methylation patterns to be potentially involved in hyper or hypopigmenta-

tion in Nili Ravi and Murrah buffaloes.
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1 | INTRODUCTION

Skin pigmentation, or coat color, is a complex trait that has been a major

determinant in describing livestock for centuries, since breeders and

farmers could differentiate animals easily based on their skin shades

and patterns. The pigmentation/color trait could be differentiated as a

breed-specific character and has also been associated with production

traits (Becerril et al., 1991; Cilek & Tekin, 2005). The water buffalo

(Bubalus bubalis) is a member of the Bovidae family with huge distribu-

tion all over the Indian subcontinent and Southeast Asia and concen-

trated fairly in the south of Europe, Egypt, and Brazil. The water buffalo

can be subcategorized into two major types, the riverine and the swamp

types. The riverine buffaloes are predominantly domesticated in the

Indian subcontinent and they contribute toward the major bulk of milk

and meat production in India. The riverine buffaloes' coat color ranges

from jet black to ash-gray, sometimes with white patches. Nili Ravi, an

Indian riverine buffalo breed has a unique coat color pattern consisting

of white patches, with pink skin underneath. Based on the distribution

of white patches, the Nili Ravi could be subclassified as “typical” with

five region-specific markings, under-white and over-white. The over-

white animal has white patches on its entire face extending below the

neck, dorsal and ventral body and above the hock. Whereas the under-

white has a lesser extent of white/hypopigmentation, limited to the

forehead (Dhandapani et al., 2021) (Figure S1). The over-white and

under-white buffaloes are assumed as a negative trait by their owners

and lead to economic losses to the marginal farmers. Furthermore, the

buffalo breed has a universal feature of “walled-eyes” a term synony-

mously used for bilateral heterochromia iridis. The central portion of the
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iris is bluish-gray and toward the periphery, the eyes are completely

white. A similar kind of eye pigmentation has also been well-recorded in

Egyptian buffaloes and German White Fleckvieh cattle (Misk

et al., 1998; Philipp et al., 2011).

The regulation of coat color in buffalo can be described as a con-

sequence of either dilution or patterning of colors, or a combination

of both. The color dilution regulation takes place at the level of mela-

nocytes, where the competitive binding between ASIP (Agouti signal-

ing protein) and α-melanocyte-stimulating hormone (MSH) to the

receptor, melanocortin-1 receptor (MC1R) determines the formation

of either of the kinds of melanin, pheomelanin, and eumelanin. Apart

from the MC1R receptor, endothelin type receptor (ETB-R), stem cell

growth factor receptor (c-KIT), and Wnt receptor signaling pathways

also control the melanogenesis (D'Mello et al., 2016). Whereas pig-

mentation patterns or white spotting/stripes/patches are caused by a

lack of mature melanocytes at specific locations, the cause of which is

rooted in early embryonic neural crest cell development, including

defects at various stages of melanocyte development (proliferation,

survival, and migration) and melanocyte stem cell renewal. The pat-

tern of melanoblast distribution during the embryonic stage coincides

with the pigmentation pattern in an adult animal (Baxter et al., 2004).

The coat color trait for the landraces or breeds of livestock adapted

to their local environment is determined by factors such as temperature,

local solar UV index, distance from the equator, and the subsequent com-

plex genetics (Stewart, 1953). The coat color phenotype has been a prom-

ising trait to study several fundamental concepts in genetics since they

are easily differentiated (Caro & Mallarino, 2020), whereas in epigenetics

regulation has been established as a strong basis for coat color inheri-

tance. In the late 90s, researchers demonstrated the inheritance of epige-

netic effect using mouse's coat color phenotype, ever since the

epigenetics' effect on pigmentation has been speculated (Morgan

et al., 1999). The role of methylation has been established in the context

of genic regions and transposable elements demonstrating the cogent role

of methylation on skin color dilution and pigmentation pattern (Chen

et al., 2021; Dolinoy et al., 2006; Hwang et al., 2009; Murphy

et al., 2018). As far as, the coat colors' epigenetics is considered, very few

studies have been done in cattle and none in buffalo (Jung et al., 2020).

While the Murrah breed is fully jet black in color, the Nili Ravi over-white

and Nili Ravi under-white have different sizes and patterns of white

patches. We anticipate that comparing these three groups for changes in

methylation patterns in the promoter region, genic region, and intergenic

region will clarify the role of methylation in producing the various pigmen-

tation dilutions and patterns. In general, the whole genome methylation

data, generated using RRBS (reduced representation bisulfite sequencing),

will shed light on the coat color epigenetics in buffaloes.

2 | MATERIALS AND METHODS

2.1 | Animal selection and tissue collection

The study involved the investigation of two different Indian riverine

buffalo breeds, the Nili Ravi and the Murrah; six Nili Ravi animals were

selected from the organized farm of the Central Institute for Research

on Buffaloes (CIRB) and three Murrah animals were selected from the

organized farm of NDRI (National Dairy Research Institute). The ani-

mals were selected from same agro-climatic zones and were managed

under intensive management. The adult female animals between the

age group 4–5 years, were selected. The categorization of Nili Ravi

animals was done into over-white and under-white, based on the

levels of the skin pigmentation pattern as described earlier

(Dhandapani et al., 2021) and typical Murrah as the third type.

(Figure 1). The skin biopsy was done from the forehead, ensuring to

include same thickness (dermis and epidermis) in the collected tissue

and further, the samples were stored at �80�C until use. For the sam-

ple collection and animal handling, prior approval of the institutional

animal ethics committee was obtained and samples were collected fol-

lowing the guidelines in place.

2.2 | Tissue DNA isolation and reduced
representation bisulfite sequencing

DNA was isolated using a commercially available kit, DNeasy Blood &

Tissue Kit (QIAGEN). DNA concentration and purity were assessed

using NanoDrop® ND-1000 UV–Vis Spectrophotometer (Thermo

Fisher Scientific). The quality was also assessed preliminarily by gel

electrophoresis (0.6% agarose gel). DNA samples were submitted to

Clevergene Biocorp Pvt. Ltd. Bengaluru, India, for RRBS sequencing.

DNA quantity and quality were assessed using Qubit™ dsDNA BR

Assay Kit. The initial library preparation for reduced representation

bisulfite sequencing was done using Zymo-Seq RRBS Library Kit,

300 ng of DNA was digested using MspI enzyme (C^CGG) by incubat-

ing at 37�C for 4 h. The CpG-rich fragments obtained after the diges-

tion were ligated using linker adapter and gap filling was performed

with 5-Methylcytosine dNTP mix. The ligated fragments were purified

with Zymo spin-IC column. Later on, the DNA fragments were treated

with lighting conversion reagent, which can chemically modify the non-

methylated cytosine into uracil upon the addition of L-desulphonation

buffer. The library generation was done using uracil-tolerant Taq DNA

polymerase. The library quantification and validation were followed by

subjecting it to whole genome methylation sequencing. The library was

then sequenced using Novaseq 6000 Illumina platform, and 150-bp

paired-end reads were generated.

2.3 | Sequence trimming, alignment, and extracting
the methylated bases

The FASTQ files were screened using the FastQC v0.11.9 tool

(Simons, 2010), followed by quality trimming at cutoff of Q30 and

deducing the adapter contamination from the reads using TrimGalore

v0.6.5 (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).

The TrimGalore v0.6.5 has RRBS specific option where it could

selectively remove the two additional bases introduced during

end-repair or else they may cause mC (methylated cytosine) bias.

2 GURAO ET AL.
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After the adapter removal, the B. bubalis genome assembly,

UOA_WB1 (GenBank assembly accession: GCA_003121395.1) was

indexed using bismark_genome_preparation script in Bismark v0.21.0

(Krueger & Andrews, 2011). The alignment was done using the default

aligner (Bowtie2) in Bismark by specifying input as a non-directional

library. The sorted BAM files were quality-checked using Qualimap

v2.2.1 (Okonechnikov et al., 2016). The methylated bases were

extracted from unsorted BAM files using the bismark_methylation_ex-

tractor script. The output was obtained in the form of bedgraph and

count files. Finally, the bismark_report was generated for all the

alignments.

2.4 | Identification of the DMCs (differentially
methylated cytosines) and annotation

The coverage files were used for further detection of DMCs using

Methylkit package v3.14 (Akalin et al., 2012). The “methread” func-

tion enabled parsing the coverage files and alongside the control and

treatment files, they were specified under the “bismarkcoverage”
pipeline. Three groups were defined, G2_G1 (Nili Ravi over-white

vs. Murrah), G3_G1 (Nili Ravi under-white vs. Murrah), G3_G2 (Nili

Ravi under-white vs. Nili Ravi over-white) (Figure 1). The methylation

information was summarized as DMRs (differentially methylated

regions) by performing a tiling window analysis, the window size and

step size of 1000 bp were considered. The files were merged and the

methylation differences were calculated using the ‘calculateDiffMeth’
method. Similarly, without tiling, window analysis was performed to

detect the DMCs (differentially methylated cytosines). The p value

was adjusted to q values using the “SLIM” model (q value < 0.01).

The DMR was converted to BED format and provided as input to

HOMER (Heinz et al., 2010). Whereas the DMCs were provided as

peak files (.txt) to HOMER. The B. bubalis genome index was prepared

for HOMER using “loadGenome.pl” script and annotated the BED

files using the “annotatePeaks.pl” script. The tiling windows in DMR

could not cover sufficient methylation information of the genome;

therefore, the DMCs were considered for functional annotation. The

DMCs (differentially methylated cytosines) were taken at a cutoff of

+25 and �25 (q value < 0.05). The list was manually sorted into upre-

gulated DMCs and downregulated DMCs.

2.5 | Gene enrichment and pathway analysis

The promoter, intergenic, and intragenic (exon, intron, transcription

termination site-TTS) annotated DMCs were further functionally

annotated using the DAVID v6.8 (Huang et al., 2009a, 2009b). The

GO terms and KEGG pathways were enriched and the Benjamini-

adjusted p values were considered (Benjamini & Hochberg, 1995). The

functional chart report was generated and an EASE score of 0.1 (≤0.1)

was used. The scatter plot representation was generated for all three

groups (G2_G1, G3 _G1, and G3_G2) for upregulated and

downregulated DMCs.

3 | RESULTS

We analyzed genome-wide CpG methylation using the RRBS which is

an enzyme-based CpG site enrichment method for bisulfite sequenc-

ing. A mean of 32.91 (±2.6) million raw reads were generated for G1,

F IGURE 1 The schematic illustration
of experiment design and methodology.
The animals were categorized into three
groups (n = 3), G1 (Murrah; jet black), G2
(Nili Ravi over-white), and G3 (Nili Ravi
under-white).

GURAO ET AL. 3
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53.07 (±4.6) million raw reads for G2, and 44.07 (±1.6) million for G3

group. The initial trimming and removing low-quality reads (<Phred33)

lead to 31.94 (±2.7), 51.88 (±4.2), and 42.81 (±1.57) million clean and

adapter trimmed reads for the G1, G2, and G3 groups, respectively

(Table S1).

The alignment against the indexed B. bubalis genome followed by

extraction of methylated bases could tally the distribution of methyl-

ated cytosines in all possible sequence cytosine's methylation context,

that is, CpG (50-C-phosphate-G-30), CHH, CHG (H=A, T or C). The

CpG levels were highest in G2, followed by G3 and G1 (Table 1). The

three groups' mean global methylation levels slightly differed from

one another.

3.1 | DNA methylation and its distribution across
different genome regions

Results showed that there were variations in DNA methylation

across the genome among the groups. The volcano plot indicated

the number of non-significant DMCs (q value > 0.01) in three

groups and the values below the cutoff for methylation difference

(meth.diff = �25 to 25). The “meth.diff” values below �25 and

with q value ≤ 0.01 (or –log 10 q value = 1.9) were significantly

hypomethylated cytosines and those with “meth.diff” value above

25 and q value ≥ 0.01 were significantly hypermethylated cytosines

(Figure 2a) (Tables S2–S7). The highest number of significant DMCs

(q value ≤ 0.01) were present in G3_G1 group (7932) and least in

G3_G2 (7235). A total of 2993 DMCs were common in all three

groups (Figure 2b). The annotation of genomic regions for the sig-

nificant DMCs indicated the highest percentage of promoter region

methylation in G2_G1 group. The highest percentage of intronic

and intergenic methylation was observed in G3_G2 group

(Figure 2c).

TABLE 1 The percentage of methylated CpG in G1 (Murrah), G2
(Nili Ravi over-white), and G3 (Nili Ravi under-white) recorded at
genomic level using RRBS

Group Sample ID CpG (%) Average CpG (%)

G1 (Murrah) MU-7 38.1 37.86

MU-8 39.0

MU-9 36.5

G2 (Nili Ravi over-white) NR-1 W 38.6 39.5

NR-2 W 39.1

NR-3 W 40.8

G3 (Nili Ravi under-white) NR-4B 38.3 38.4

NR-5B 39.4

NR-6B 37.5

Abbreviation: RRBS, reduced representation bisulfite sequencing.

F IGURE 2 (a) Volcano plot for the DMCs occurring in all three groups compared, that is, G2_G1 (Nili Ravi over-white vs. Murrah-black),
G3_G1 (Nili Ravi under-white vs. Murrah), and G3_G2 (Nili Ravi under-white vs. Nili Ravi over-white). The green dots represent significant
methylation (q value < 0.01) above the cut values of methylation difference (meth.diff) +25 to �25. (b) The Venn diagram represents the number
of unique and shared differentially methylated cytosine in all the three compared groups, that is, G2_G1, G3_G1, and G3_G2. (c) The donut charts
represent the distribution of differentially methylated cytosines among the variousgenic elements for the three groups compared.

4 GURAO ET AL.
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The annotated result for the DMCs (q < 0.01) indicated varying

pattern of methylation in the three groups. The highest number of

hypermethylated mCs (nonredundant) were found in the G3_G2

group and least in the G3_G1 group. Contrastingly, the highest num-

ber of hypomethylated mCs (nonredundant) were found in the G3_G2

group and least in the G2_G1 group (Figure S2). The color-coded heat

map indicates that a unique portion has been hypomethylated for Nili

Ravi under-white versus Nili Ravi over-white (G3_G2) group, against

which the rest of the groups showed no methylation (Figure S3). The

methylation patterns among the groups did not display any peculiari-

ties with respect to grouping based on the pigmentation pattern, as

observed visually in the complex heat maps constructed using the raw

DMC data (not filtered based on the q value).

3.2 | Functional annotation using KEGG and GO

The functional annotation of the DMCs (q value < 0.01) was per-

formed using DAVID. The ease score was set at 0.1 and the Benjamini

p-adjusted value of 0.05 was considered. The downregulated (hypo-

methylated) and the upregulated (hypermethylated) groups were sep-

arately investigated and mapped against the KEGG pathways and GO

terms (Figure 3; Figure S4). In the G2_G1 group, the “Maturity onset

diabetes of the young” KEGG pathway was highly enriched

(Benjamini adj p value < 0.05). The “Melanogenesis” pathway was sig-

nificantly enriched in the G2_G1 and G3_G1 groups (Figure 4a).

4 | DISCUSSION

Skin pigmentation is a complex trait. The genetic variants responsible

for skin pigmentation have been broadly investigated in cattle

(Dorshorst et al., 2015; Gutiérrez-Gil et al., 2007; Jiang et al., 2021;

Matsumoto et al., 2020; Schmutz & Dreger, 2013). Recently, the coat

color in cattle has been manipulated using gene editing technique,

though fundamentally epigenetics play a forefront role in regulating

the color genes, particularly when the methylation event occurs at

CpG islands (Laible et al., 2021). Correspondingly, the methylation

events can affect the phenotypic traits like skin pigmentation without

entailing changes in the genome. The present investigation delineated

the CpG methylome of the unique buffalo breed, Nili Ravi's skin tis-

sue. Three groups were designated, the over-white Nili Ravi had

extended white patches, the under-white had lesser extent of white

pigmentation, and the Murrah (pure black) was taken as control. The

peculiar white pigmented patches have been profoundly witnessed in

swamp buffalo breeds such as Sulawesi breed (Indonesia), Carabao

breed (Philippines), Fuling breed (China), and so forth, and lesser pro-

portions of Indian riverine buffalo breeds, such as Nagpuri have white

markings on face, tail, and legs over fawn brown over-all appearance

(Liang et al., 2021; Minervino et al., 2020; Yusnizar et al., 2015).

Among the identified Indian buffalo breeds, Murrah is known for its

unique jet black coat as compared to other breeds which have shades

lighter than black but never jet black pigmentation. Over-white Nili

Ravi buffaloes are not preferred by the farmers, because of this some-

times elite dairy animals are ignored, leading to economic losses.

Epigenetics due to several environmental factors could govern

different traits influencing the health and production. We identified

16,084, 18,086, and 15,286 DMCs in Nili Ravi white versus Murrah,

Nili Ravi under-white versus Murrah, and Nili Ravi under-white versus

Nili Ravi over-white group were identified, respectively. The differen-

tially methylated cytosines in the promoter region were 13%, 12%,

and 10% of the total methylated cytosines in the G2_G1, G3_G1, and

G3_G2 groups, respectively. The hypermethylated DMCs correspond-

ing to the aforementioned promoter region methylation were 68.44%,

63.39%, and 47.94% in the G2_G1, G3_G1, and G3_G2 groups,

respectively (Figure 2c). Typically, the methylation events at the pro-

moter region or upstream to 50 UTR affects the gene expression and

the methylation events occurring at intergenic regions can be attrib-

uted to regulating gene expression (Almamun et al., 2017;

Jones, 2012). On the other hand, gene body methylation has been

F IGURE 3 The scatter plot representing the KEGG analysis of hypermethylated differentially methylated cytosines in all three groups G2_G1
(Nili Ravi over-white vs. Murrah) (a), G3_G1 (Nili Ravi under-white vs. Murrah) (b), and G3_G2 (Nili Ravi under-white vs. Nili Ravi over-white) (c).
The x-axis represents the fold enrichment, the color gradient represents the �log of FDR (Benjamini), and the diameter of circles represents the
number of genes involved.
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linked to varied mode of regulating gene expression owing to its role

in gene splicing mechanism (Jones, 1999; Shayevitch et al., 2018). The

variation in methylated CpG % in G1, G2, and G3 groups suggests the

overall percentage of CpG methylation does not reflect any significant

difference (p < 0.05) between the groups.

4.1 | Methylation of the melanogenesis pathway
genes

Skin pigmentation is significantly influenced by melanogenesis. The

“melanogenesis” pathway involves complex interplay of genes, the

receptors involved are primarily MC1R and KIT (Table S8). The MC1R

has ligands including ACTH, ASIP, and α-MSH. The ASIP (Agouti Signal-

ing Protein) is one of the major ligands for MC1R and it determines

the production of pheomelanin; in this study, we found the ASIP to be

hypomethylated in the intergenic region in Nili Ravi white as well as

Nili Ravi under-white (Murrah-control), but corresponding CpG site

was unmethylated in the both Nili Ravi under-white and Nili Ravi

over-white (Figures 2b and 4a,d). The magnitude of hypomethylation

in G2 (Nili Ravi under-white) and G3 (Nili Ravi-over-white) when com-

pared to Murrah is almost same (�31–33). The major difference

between the Nili Ravi over-white and Nili Ravi under-white is the dis-

tribution of white patches (pigmentation patterning) rather than the

pigmentation dilution (primarily determined by competitive binding of

ASIP and α-MSH to MC1R). Therefore, it probably justifies the jet

black pigmentation in Murrah, possibly caused by the methylation at

ASIP region (�4472 from TSS; intergenic region) (Figure 4d). In future,

the association of this intergenic methylation with the expression of

ASIP can be studied in different buffalo breeds with varying black skin

pigmentation, including the Murrah. The LEF1 (lymphoid enhancer-

binding factor) was hypomethylated in the promoter region in Nili

Ravi white as well as Nili Ravi under-white (Murrah-control). The

knock-down of LEF1 has been demonstrated to decrease TYR (tyrosi-

nase) expression in vitro, which is crucial for melanin production

(Wang et al., 2015). Contrastingly, the hypermethylation of LEF1 in

Murrah remains unjustifiable/questionable because the tyrosinase

activity is expected to be higher for black skin pigmentation (Anello

et al., 2019).

The genes participating in the endothelin-dependent melanogen-

esis pathway such as CAMK2 (calcium/calmodulin-dependent protein

kinase II alpha), PLCB4 (Phospholipase C beta 4), and CALM1 were

hypermethylated at promoter region in either of the Nili Ravi groups.

Endothelin type receptor-B (EDNR-B) pathway-dependent endothelial

cells' exposure to UV light is assumed to cause hyperpigmentation,

the calmodulin-1 is required for calcium immobilization and upstream

MITF activation followed by melanin synthesis (Kim et al., 2018; Serre

et al., 2018; Zhang et al., 2013). The shutting down of CALM1, PLCB4,

and CAMK2 due to promoter region methylation may therefore

obstruct melanin synthesis and induce hypopigmentation.

4.2 | Methylation of candidate pigmentation/color
genes

Pigmentation can be determined by genetics, epigenetics, or a conflu-

ence of both. As a quantitative factor, DNA methylation can deter-

mine pigmentation just as effectively as genetic variations at

F IGURE 4 Heat map of
differentially methylated
cytosine's level (y-axis) occurring
in genes involved in
melanogenesis pathway (a),
differentially methylated
cytosines occurring in color-
related candidate genes in
promoter regions (b) and

intergenic region (c), methylated
CpG in the intergenic region of
ASIP gene in Murrah (d).

6 GURAO ET AL.
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quantitative trait loci spread throughout the genome (Alvarado, 2020;

Matthysse et al., 1979). The pigmentation phenomenon has been

widely explored in various animal models and case studies, the corre-

sponding candidate genes when methylation at promoter, intragenic,

and intragenic sites can influence pigmentation dilution and pigmenta-

tion patterns.

The SNAI2 probably plays an important role in the development

of neural crest cells (NCC) during embryonic development, these

NCCs further give rise to melanocyte lineage cells. The SNAI2 deter-

mines the survival of melanocytes and linked with WS type II

(Waardenburg syndrome type II) (Sánchez-Martín et al., 2003). The

SNAI2-deficient mouse also carries white spotting in the extremities

(Jiang et al., 1998; Pérez-Losada et al., 2002). Promoter region hyper-

methylation of SNAI2 in both groups of Nili Ravi could explain the

white spotting, as failure in melanocyte survival can cause hypopig-

mentation and moreover the gene's deleterious mutation has also

been linked with piebaldism in Wardenburg syndrome type II in

human (Yang et al., 2014) (Figure 4c). White spotting phenotype has

also been reported in the Slugh-deficient mouse, where the white

spots occur at the mid-forehead and the extremities (Sánchez-Martín

et al., 2003). For SNAI2, all the Nili Ravi irrespective of subtypes dis-

played 100% (except NR-6B, 95.83%) methylation at CpG site

(62407531) located in the promoter gene, whereas none of the Mur-

rah buffaloes displayed methylation at the same site (Table S9). The

melanocytes employ an ion channel (Na+/H+ antiporter) encoded by

the OCA2 gene which boosts the melanin production counteracted by

the TPC2 protein (Bellono et al., 2016; Bellono & Oancea, 2014). The

OCA2 mutations have been linked to oculocutaneous albinism type

II. This OCA2 is regulated by TBX2 and HERC2, in which mutations

have been reported to halt the maturation of melanosomes (Chen

et al., 2016; Eiberg et al., 2008). The promoter region methylation in

TBX2 in both Nili Ravi groups could be possibly linked with downregu-

lation or repressing the OCA2 leading to hypopigmentation, also, the

HERC2 promoter methylation in Nili Ravi over-white alone needs to

be validated for its functional consequence of OCA2 expression. The

range of methylation percentage (CpG methylated to CpG nonmethy-

lated) within the group for major genes has been presented in

Table S9. HERC2 (promoter region CpG site-53573710) was 100%

methylated in all Nili Ravi subtypes and Murrah only one of the ani-

mals had 100% methylation at the site. In the case of intergenic meth-

ylation, no uniform pattern of hypermethylation was observed, except

for VANGL1, the gene that has been reported to cause hyperpigmen-

ted paws in mouse (DiTommaso et al., 2014) (Figure 4b).

Despite this, our study has few limitations. First, we could not

preclude the outliers based on CpG% (across genome) because of the

small cohorts. Furthermore, the skin biopsies followed by melanocyte

purification could have discerned better image of pigmentation

machinery working at epigenetic level. The overall skin epithelia CpG

methylome in both Nili Ravi subtypes gives an impression of a certain

degree of epigenetic regulation of skin hypopigmentation and proba-

bly epigenetic regulation, does take place at the stage of embryonic

development, which synchronize with imparting the skin pigmenta-

tion. The exact underlying epigenetic regulation behind over-

whiteness or extended hypopigmentation patches in one of the sub-

types still remains a riddle. We conclude that the jet black coloring of

Murrah buffaloes may be strongly impacted by the methylation CpG

at the intergenic region adjacent to ASIP. Since EDN3 overexpression

has been linked to cheetah black spots (Kaelin et al., 2012), the func-

tion of intergenic methylation of EDN3 in Murrah and Nili Ravi over-

white is unclear in this study. In comparison to Murrah, both Nili Ravi

groups were hypermethylated in the promoter region of SNAI2. MITF

expression and SNAI2 expression are positively correlated (Sánchez-

Martín et al., 2003). The relationship between SNAI2 and MITF needs

to be further investigated at the level of gene expression. The OCA2

which aids in the maturation of melanosome and determines the iris

pigmentation, gene expression may play a role in causing hypopig-

mented patterns in Nili Ravi subtypes, as evidenced by the promoter

methylation in the TBX2 gene (in either Nili Ravi group) and the

HERC2 gene (in Nili Ravi over-white) (Chen et al., 2016). Correlating

the expression of OCA2 with TBX2 and HERC2 in Nili Ravi subtypes

would be intriguing, since the TBX2 is a prime transcriptional factor

regulating the OCA2 and also HERC2 regulates the OCA2

(Wallpe, 2021).

From the present study, we could deduce the epigenetic func-

tioning behind the white spotting and hyperpigmentation in Nili Ravi

subtypes and Murrah, respectively. We speculate some pigmentation

mechanism(s) may be responsible for the difference in the size of

white patches in Nili Ravi subtypes. In dogs, the varied coat patterns

have been reported to be a consequence of retrotransposons' inser-

tion in the PMEL (Premelanosome Protein) gene (Murphy et al., 2018).

Happle (2021) has proposed that such epigenetic variants must be

regulating the genes by insertion of retrotransposons, suggesting that

epigenetic reprogramming is caused by the insertion of retrotranspo-

sons in genes such as PMEL, MITF, KITLG, SNAI2, and TBX2 can also

influence hypopigmentation patterning (Happle, 2021). It would be

interesting to explore SINE/LINE insertions in the aforementioned

genes in the Nili Ravi subtypes. The size or extent of white patching

in Nili Ravi may also be determined by melanocyte to epidermal layer

signal transduction aided by gap junction for expression of ASIP (Inaba

et al., 2019; Watanabe et al., 2016). Analyzing the methylome and

transcriptome of fetal skin samples at different developmental stages

can shed light on the pre-patterning of hypopigmentation in Nili Ravi

subtypes at the level of melanoblast.

The study has a few limitations that might have influenced the

interpretations. The technical and execution-related limitations of the

study include: 1. Three animals per group in the study, the fact that

this was the first epigenomic analysis of skin pigmentation in Nili Ravi

buffaloes would help researchers comprehend how the epigenome

affects the color of the buffalo's skin pigmentation. However, we

could not preclude the outliers based on CpG% (across the genome)

because of the small cohorts. 2. The adult female animals between

the ages of 4–5 years were chosen since, in the Murrah and Nili Ravi

buffalo breeds, there are no discernible differences in skin pigmenta-

tion between males and females. Although an animal's white markings

are established at birth and do not alter during its lifetime, all animals

belong to the same age group (4–5 years). In the context of the Nili
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Ravi buffalo, the classification of the animals into over-white and

under-white types was based on the general visual, non-quantifiable

white patterns on the body as described earlier by our lab, and typical

Murrah was the third type. 3. Also, environmental conditions and skin

tissue collection technique could also influence the results, and to nul-

lify this, in this study, it was ensured that the same section of the skin

tissue (dermis and epidermis) was collected by the same trained per-

sonnel. Furthermore, in the future, we may target melanocyte purifi-

cation from the biopsies, which could provide a better image of

pigmentation machinery working at the epigenetic level. 4. The data

has not been validated yet, but in the near future, real-time PCR-

based validation of proposed candidate genes and association of the

entire RRBS data with the transcriptome will be achieved.

5 | CONCLUSION

The study is the first of its kind in water buffalo providing insight

into the epigenetic regulation of skin pigmentation in Nili Ravi buf-

falo. Results of the study indicated the variation in the methylation

pattern among the three groups of buffalo with varying coat color.

Major genes were found to have varying levels of methylation in

Nili Ravi's over-white and under-white skin tissues. The methyla-

tion in specific genes (SNAI2, HERC2, and TBX2) needs to be stud-

ied at gene expression level for formation of white patches in Nili

Ravi subtypes. However, we were unable to conclude the reason

behind the difference in the size of white patching difference

between Nili Ravi over-white and Nili Ravi under-white.
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