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Abstract. The genetic diversity and evolutionary pattern of the Indian buffalo groups can only be understood to come up with
the effective conservation and breeding measures. This paper investigates the genomic composition and population structure
of three regional buffalo populations, namely Chhattisgarhi (CG), Chilika (CH) and Kalahandi (KH) by high-density
SNP genotyping. The analyses showed the general low-to-moderate population genetic variation. The pairwise Fsr estimates
showed a moderate level of differentiation between Chilika and other two groups (0.044-0.049) but strong level of similarity
between Chhattisgarhi and Kalahandi buffaloes (0.010). Principal component analysis (PCA) revealed that Chilika buffaloes
had a higher number of internal diversity, whereas the Chhattisgarhi and Kalahandi buffaloes displayed a close clustering
pattern, which corresponded to their proximity in the geographical location and the exchange of genes. Three genetically
consistent groups were found to have a shared ancestry with phylogenetic relationships and identity-by-state (IBS)
heatmaps Patterns of linkage disequilibrium suggest a moderate level of genetic diversity with indications of a recent decline
in the effective population size. These findings would highlight the need to keep genetic uniqueness and adaptability to
preserve diversity and make the buffalo genetic resources more productive, which would sustain the long-term viability
of buffalo genetic resources in India.
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1 Introduction

The Asian water buffalo (Bubalus bubalis) is one of the economically and culturally significant
livestock species in South and Southeast Asia, the source of the milk, meat, draught power and
organic manure contributing to the livelihood of millions of rural communities in the area [1,
2]. India, which hosts about 109 million buffaloes and nearly half of the total world buffalo
population thanks to its position signifies the largest obtainable buffalo genetic assets at the
globe, as per the 20th Livestock Census [3, 4]. Nevertheless, the pressure of such stakes on the
sovereignty of most native Indian buffalo populations has been poorly recorded, especially
the populations located in geographically remote or under-represented areas [5, 6].The
Indian buffaloes are broadly divided into two major categories; riverine and swamp. Boons of
ecological pressures, natural selection and mediated breeding choices, riverine buffaloes
dominant on the Indian subcontinent have a history of over 5,000 years of domestication [6-8].
These actions have produced a tremendous amount of phenotypic diversity, which has led to
ecologically segregated regional populations to fit a variety of agro-climatic regions [9, 10].
Nonetheless, the genome-wide foundation of this diversity is under-characterized regarding a
number of domestic breeds on a local level.

Indian Buffaloes in the east and central India such as the Chhattisgarhi, Chilika and Kalahandi
groups are some of such unexplored genetic resources. Chhattisgarhi buftfalo is a descendant
of mammals raised in the Chhattisgarh plains, which do not lose some of their morphic
characteristics [11]. Chilika buffalo, a species of the marshy and lagoon ecosystem of the
Chilika Lake in Odisha, is adapted to wetland environments, whereas the Kalahandi buftalo, a
species of the semi-arid areas of Odisha, is famous because of its environmental adaptation and
high resistance to diseases [12, 13]. Majority of previous studies on these populations have
only characterized their phenotypes or of a genetic analysis using microsatellites providing
otherwise cursory information on the structure of the genetics and evolutionary backgrounds
of these populations [14, 15].

Although the microsatellite markers have also offered preliminarily based analysis of the
genetic diversity in Indian buffaloes, they are not capable of observing the fine-scale structure,
demographic histories, and adaptive genomic variation [10], [21]. High-density SNP arrays
have transformed the genomics of livestock because they can now analyze high-resolution
data on diversity and population stratification, admixture and signatures of selection on a
massive scale [17], [18]. Specifically, the Axiom(r) Buffalo Genotyping Array and some of its
region-specific offshoots have demonstrated usefulness as genome-explicit models of genetic
organization as well as an instrument to map phylogeny, assess linkage disequilibrium (LD)
and effective population size (Ne) in the buffalo populations of the world [19-20].

We have used in the study a high density Affymetrix SNP chip of 621,789 markers designed
in swamp buffalo (Indian Patent Application 202111009710, obtained through the Indian
Patent Office Public Search Portal: https://iprsearch.ipindia.gov.in/PublicSearch) to carry out
an integrative genomic study of the Chhattisgarhi, Chilika, and Kalahandi buffalo populations.
We aimed to (1) approximate the genome-wide parameters of diversity in each population (2)
measure the genetic differentiation by comparing populations using FST values, (3) infer
phylogenetic relationships and patterns of subdivision (4) daydream the population structure
using the principal component analysis (PCA) (5) use the LD decay not only to estimate the
effective population sizes (Ne) but also to assess historical demographic trends. The analyses
were conducted using TASSEL as well as the supplementary statistical pipelines. This requires
a thorough characterization of the complete genomics of these native buffalo populations in
order to make informed conservation and sustainable use. Their
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genomic structure, their diversity and evolutionary connections will inform the understanding
of buffalo domestication as well as adaptive evolution in the Indian subcontinent and will
supplement target breeding and conservation initiatives in the effort to preserve unique
adaptive variants [21-22]. As Chhattisgarhi, Chilika, and Kalahandi buffaloes are accepted to
be genetically resourceful and reasonably curious population, their genome-wide examination
is crucial towards the secure production as well as supervision of the agro-climatic conditions
in India with historically precious buffalo heritage in the near future.

2 Materials and Methods

2.1 Blood Sample Collection and DNA Extraction

A total of 82 buffaloes including Chhattisgarhi (n = 22) of the native tracts of Chhattisgarh,
Chilika (n = 36) of Cuttack, Ganjam, Puri, and Khurda districts of Odisha, and Kalahandi (n
= 24) of the Kalahandi district of Odisha, were sampled with blood. The unrelated animals that
had healthy backgrounds and known pedigrees were used as samples; they were procured
through local farmers and breed societies so as to have the purebred populations. The Roche
DNA extraction kit was used to extract the genomic DNA, which was quantified in a Multiskan
Sky spectrophotometer and made to a criterion concentration of 50 ng/mL and subjected to

genotyping.

2.2 Genotyping and Quality Control

The genotyping of DNA samples was done using the high- density SNP chip which was
developed in house. SNP calling and clustering of the raw intensity files (.CEL) were done
using Affymetrix Power Tools. The quality control filtering was conducted using PLINK v1.90
which filtered out SNPs with a minor allele frequency (MAF) of less than 0.05, which had a
call rate of less than 90 percent, Hardy-Weinberg deviation of less than 10 -6 as well as SNPs
with missing genotype data greater than 5 percent. After carrying out the quality control
process, 85,627 SNPs were retained for downstream analysis. The Variant call format (VCF)
files of the three buffalo populations were combined to form a single dataset which was used
in downstream analyses to determine principal component analysis (PCA), fixation index (Fst),
and linkage disequilibrium (LD) analyses.

2.3 Principal Component Analysis (PCA)

EIGENSOFT v7.2.1 SmartPCA was used to do Principal Component Analysis (PCA) [23].
PLINK format files (bed/bim/fam) of input genotypes were used. The parameters were
Isgproject= TRUE, numeric outlier = 2 and k=10 principal components (PCs). Besides, PCA
and outliers were identified with PCAdapt (R package). The genotype data were transformed,
and top five PCs were designated. The Mahalanobis distance was used to determine the SNPs
that may be under selection, and the significance was set at q-value of < 0.05 through the
Benjamini-Hochberg correction. Scree plots have been plotted to determine the percentage of
variance accounted by the leading PCs.

2.4 Phylogenetic Analysis and Fsr Calculation
The phylogenetic tree was built with a phylogeny software called Fig Tree 1.4.4.exe [24] using
two different layouts. On per-breed allele frequencies, global FST was obtained using the

hierfstat package, and pairwise FST was obtained using the hierfstat package.

2.5 Linkage Disequilibrium and Distance Matrix
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TASSEL v5.2.54 was used in analyzing the linkage disequilibrium (LD) decay [25]. All SNP pairs of the genome
were calculated as pairwise r 2 and placed into physical distance bins (1-500 kb). A Reynolds genetic distance
heatmap was also created of all individuals and breeds and visualized as a heatmap. TASSEL parameters were
LD score calculation, LD window size = 50 and the estimation of r2 by the sliding-window technique. To create
the distance matrix, we have used the SR plot [26].

3 Results
3.1 Pairwise Fsr differentiation among three buffalo breeds

There is a very close resemblance between Chhattisgarhi and Kalahandi buffaloes (0.010), implying that they
have a common ancestor or mixed descent. Chilika demonstrates medium disjunction with both (0.044-0.049),
and it is not very clear. The three are not very distant apart genetically and as expected their pattern of overlap in

PCA matches.
Chilika buffalo Chhattisgarhi buffalo Kalahandi buffalo
Chilika buffalo NA 0.048852 0.044275
Chbhattisgarhi buffalo | 0.048852 NA 0.010372
Kalahandi buffalo 0.044275 0.010372 NA

Table 1: Pairwise genetic difference Fst among three buffalo populations (Chilika, Chhattisgarhi, and Kalahandi
buffaloes).

3.2 Principal Component Analysis
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Fig.l The grid plot displays pairwise combinations of the first three principal components; PCI vs PC2
(top-left), PC2 vs PC3 (top-right), and PC1 vs PC3 (bottom-left) illustrating the genetic structure among
Chhattisgarhi (red), Chilika (green), and Kalahandi (blue) buffaloes.

The Principal Component Analysis (PCA) in Fig. 1 shows the genetic relationship of Chhattisgarhi, Chilika, and
Kalahandi buffaloes based on the first three principal components. Chhattisgarhi and Chilika buffaloes show
partial proximity or overlap in their positions in the PC1 vs PC2 plot (top-left) showing moderate genetic
relatedness between the two groups. On the other hand, Kalahandi buffaloes are strictly segregated on the
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negative of PC1 indicating genetic diversity. This division is supported by the PC1 vs PC3 plot (bottom-left),
in the sense that the Kalahandi buffaloes, in addition to being pointedly distinct with respect to the other
groups, are also more variably clustered. Chhattisgarhi and Chilika buffaloes are found to be more overlapped
in the PC2 vs PC3 plot (top-right), which indicates that more differentiation between them is lower, although
Kalahandi buffaloes retain their own cluster. On the whole, the outcomes of the PCA demonstrate that
Kalahandi and Chhattisgarhi buffalos are genetically diverse, and Chilika and Kalahandi are slightly close
together along PC1 and PC2 respectively. The values PC1( 5.5%), PC2( 2.3%), and PC3( 2.2) indicate that
they are highly distinct genetically with the little or zero gene flow. . The low proportion of variance in the first
three principal components suggest us considerable unexplained genetic variation and also the complex structure of
genetic diversity in these populations. This could be also due to multiple factors such as historical gene flowadaptation
to local environments and other population specific factors that may not be captured by the first few principal

components.

The cumulative variance and variance was also done using R scripts. The circular heatmap in Fig. 2 represents the

cumulative variance and variance among the principal components.
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Fig. 2. Circular heatmap representing the cumulative Variance and variance among the ten principal
components. The inner side of the circle (light green in colour) represents the Cumulative variance and

outer ring represents the Variance of Principal Components.
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Fig. 3. shows the plots of PCAin A, B, and C

Principal Component Analysis (PCA) demonstrates that there is distinct genetic separation of the three populations
of buffalo; Chhattisgarhi, Chilika, and Kalahandi. In PC1 vs PC2 plot (A), Chhattisgarhi and Chilika buffaloes
exhibit a partially overlapping cluster, thus, revealing moderate genetic similarity, and Kalahandi buffaloes are
segregated on PC1, thus demonstrating strong genetic divergence. The PC1 vs PC3 plot

(B) again indicates the clear genetic set up of the Kalahandi buffaloes which is also more dispersed indicating
more internal genetic variation. Chhattisgarhi and Chilika showed greater inside overlapping which agrees with
reduced genetic variation among them in PC2 vs PC3 curve (C), and the Kalahandi buffaloes still maintained a
distinct cluster. All this implies that the genetics of the Kalahandi buffaloes and the Chhattisgarhi buffaloes are
similar, as the genetic relatedness of Chilika buffaloes with the former is greater.

3.3 QQ plot, Statistics distribution and Chi square analysis

Q-Q plot
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Fig. 4 shows the Q-Q plot in three buffalo breeds. The X-axis shows the expected
-log10 (p values) and the Y-axis shows the Observed -logl0 (p values).

The Q-Q plot presented in Fig. 4 represents the distribution between observed and expected -log10(p) values of
the SNP-based association results in the three buffalo populations. The majority of SNPs are aligned with the
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diagonal red reference line meaning that the test statistics observed are in agreement with the null expectation of
analysis and this shows that there is little genomic inflation or systematic bias observed in the data. Along the
distribution, we see that there is a deviation at the end most part of the tail, where there is a sub-set of SNPs with
larger than anticipated -log10(p) values. Such positive deviations raise the possibility of likely true signals of
genetic differentiation or loci selection among the three population. Generally, the plot validates good quality of
the association results as well as indicating SNPs that can reflect meaningful biological variation.

Scree Plot-K=3
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Fig. 5. shows the Scree plot at K=3. The X-axis shows the number of principal components, and the
Y-axis shows the proportion of explained variance.

The scree plot shown in Fig. 5 shows the percentage of variance accounted by the top-three principal components
(PCs) of SNP data on a genome scale. The contribution of the highest proportion of the explained variance is made
by PC1 (~5.5%), and then by PC2 (~2.3) and PC3 (~2.1). The sharp decline between PC1 and PC2 shows that the
first component is taking the most significant genetic difference among the 3 populations of buffalo, the second
component is taking less and less future. This tendency indicates the existence of a prevailing genetic design,
which is taken by PC1, and other smaller stratifications are indicated by PC2 and PC3. The post-PC1 flattening
is an indication that the initial few of the components are informative in describing the population differentiation.

Statistics distribution
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Fig. 6. shows the distribution of statistics for three buffalo breeds. The x-axis shows the
chi2 values, and the Y-axis shows the density.

The chi-square statistics distribution presented in Fig. 6 indicates distribution of the chi-square test statistics
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across the three buffalo populations globally as a consequence of SNP-based differentiation analyses. The
histogram shows that the distribution is skewed to the right with most SNPs tending to assume lower chi-square
values which suggests that most loci show little deviation form neutrality or poor population differentiation. The
shrinking curve on the chi-square as the density increases to large chi-square values represents the shrinking
number of SNPs revealing strong signals. A low number of SNPs with large chi-square values are seen and these
indicate that maybe there could be loci that are undergoing some form of selection or causing major genetic
divergence of the populations. On the whole, the distribution validates the claim that the majority SNPs are neutral
but a sub-population of SNPs could portray biologically significant variation as pertains to population structure.
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Fig. 7. shows the histogram plot for three buffalo breeds. The x-axis shows the p-values, and the
Y-axis shows the Frequency.

The p-value distribution in Fig. 7 shows the occurrence of p-values throughout the genome as a result of
SNP-association or SNP-identification tests in three buffalo populations. The histogram shows the relatively
homogenous distribution of p-values along the 0-1-scale that would be expected under the null hypothesis of no
correlation between most loci. Even distribution of bars indicates that no systematic bias, inflation or deflation of
the statistical tests occurs, indicating us that the dataset used has been well-calibrated and has no significant
confounding factors like population stratification or genotyping error. A very small fraction of p-values are found
towards the lower end indicating that only a small number of SNPs can be taking the effect of differentiation or

having the possibility of selection.

Manhattan Plot
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Fig. 8. shows the Manhattan plot for three buffalo breeds. The x-axis shows the SNP with MAF=0.05
values, and the Y-axis shows the —log10 (p-values).
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The plot in Fig. 8 presents the Manhattan diagram of the distribution of all the genome-wide SNP association test
statistics of all SNPs (MAF > 0.05) analyzed in the three buffalo populations. Every point shows an individual
SNP and that is marked by genomic position (x-axis) and strength of the statistical significance/p-value in
-log10 (y-axis). Most of the SNPs are around the baseline i.e. there are weak or not significant associations which
is in line with a substantial neutral genomic background. The proportion of SNPs with -log10(p -value) values
above a moderate level is small, and indicates that an extremely small number of loci have a strong signal of
genetic differentiation or possible selection. The lack of strong peaks also confirms the fact that the populations
are very genetically similar with the relatively few SNPs being the only cause of divergence.

3.4 Phylogenetic trees, Distance matrix and LD plots
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Fig. 9. shows the Radial tree Phylogenetic tree for three buffalo breeds.

The phylogenetic trees shown in Fig. 9 and Fig. 10 shows the genetic relationship between the three native buffalo
tracts Chhattisgarhi (CG), Chilika (CL and CH), and Kalahandi (KH), using both the unrooted tree (top)
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and circular dendrogram (bottom). Under the unrooted topology, individuals are clearly divided by their
population labels as there is an obvious genetic structuring and little mixing between the two populations. The
given separation is also justified with the help of the circular dendrogram, the branching structure of which allows
seeing three distinct clades that are CG (red), KH (green) and CL (orange). The Chhattisgarhi animals are tightly
clustered, which denotes the high level of within-population similarity, whereas the Kalahandi group is tightly
clustered with the short length of the branch, which is an indication of low genetic departure among individuals.
Chilika population also has a more diffused pattern yet it is a coherent clade pointing out to moderate intra
population diversities. These phylogenetic reconstructions taken together indicate a steady pattern of population-
specific clustering consistent with the genetic difference between the three populations of buffalos as well as a
way to pin down fine variation within the groups.
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Fig. 10. shows the Circular tree Phylogenetic tree for three buffalo breeds.
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Fig. 11. shows the Distance matrix of three buftalo breeds.

The identity-by-State (IBS) heatmap in Fig. 11 shows the genomic similarity of the overall population of the
Chhattisgarhi (CG), Chilika (CL), and Kalahandi (KH) buffalo. The data is symmetrically placed in the matrix
where the diagonal is self-comparisons (IBS = 1.0), which is indicated by the lightest color. Continuous orange
color scale depicts that the rest of the cells have pairwise IBS values of about 0.20 to 0.45. It is possible to identify
a steady block-like gradient of the system with the individuals within the same population having rather bigger
IBS, as they are more genetically similar to one another. The three populations are not visually segregated by
specific color blocks with moderate inter-population relatedness yet sub-optimistic trend patterns of clusters depict
themselves Chhattisgarhi individuals have a moderately stronger concentration of increased IBS values, whereas
Chilika and Kalahandi animals have a more extensive assortment of genomic comparability. Allowing the overall
homogeneity of the heatmap indicates that the three populations are significantly genome-wide allied in spite of
the evident population structure in phylogenetic and PCA analyses. This tendency points to their similar origin
and the potential movement of the genetic material in the past though still it presupposes the existence of the
population-specific genetic patterns.

11
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Fig. 12A. shows the LD plot of three buffalo breeds. The upper triangle shows the P-values,
and the lower triangle shows the D* values.
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Fig. 12B. shows the LD plot of three buffalo breeds. The upper triangle shows the R? values,
and the lower triangle shows the P values.
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Fig. 12C. shows the LD plot of three buffalo breeds. The upper triangle shows the R? values,
and the lower triangle shows the D* values.

The upper triangle of the LD (linkage disequilibrium) heatmap in Fig. 12A shows the P values which represents the
statistical significance of pairwise LD between SNPs. The P-values shown in red colour have the high significance with
p < 0.0001, while the p values shown in green are less significant p values >0.01. The lower p-values suggests us a
stronger and more statistically significant non-random association of alleles. Fig. 12B has central diagonal squares
(black in colour) because R2 =1.0 indicates a perfect self-correlation of the same SNP pairs at each locus that is a
baseline to verify data integrity in LD analysis. The D' values in Fig.12C represents the normal correlation between SNP
pairs which ranges from 0 (no LD shown in blue colour) to 1 (which means perfect LD, shown in red colour). The
heatmap shows lowerD' values which indicates stronger recombination and weaker association, while higher D' values
shows the regions with less recombination and stronger LD values.

4 Discussion

14
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The thorough genomic studies of the three buffalo groups Chilika (CH), Chhattisgarhi (CG) and Kalahandi (KH)
have shown that there is a certain degree of genetic structuring and differentiation, which implies unique
evolutionary direction and higher or lower rates of gene flows. The PCA and Fst results demonstrate a clear
substructure of the population between Chhattisgarhi, Chilika, and Kalahandi buffaloes as found in relation to
geographic isolation patterns of the breed of Indian buffaloes. Chhattisgarhi-Kalahandi coincidence (Fst=0.010)
indicates commonalities in the world due to the separation, and the moderate divergence of Chilika
(Fst=0.045-0.049) and intermediate positioning at the PCA indicate local adaptation in Chilika, due to unique
lacustrine environment. The QQ plot showed that there was a good fit between distribution and the observed and
expected distribution and genomic inflation and data reliability were low. Minor fluctuations at the tail end
indicate that there is a small group of SNPs that may be exposed to selection pressure which are essentially
biological relevant genomic regions. Likewise, the Chi-square and p-value distributions indicate that majority of
the SNPs do not vary in any particular way, but some of them have significant variations as there are localized
selection events that cause the differentiation among the populations. The scree plot also substantiates the idea
that most genetic variation is explained by PC1, which supports the idea that most population differentiation can
be found on the first genetic axis, with the remaining variations of PC2 and PC3 being more fine-tuning, of
population-specific variations. The IBS and the phylogenetic analyses provide a macro level overview of the
population associations. The dendrogram and the circular tree explicitly separate the three groups of buffalo in
different clades, which confirms the genetic differentiation of FST and PCA. The clusters between Chhattisgarhi
and Kalahandi buffaloes were small with a short distance between the branches which tended to show low within-
group variability. The length of the branches was longer and more dispersed in agreement with high levels of
heterogeneity among the Chilika population.

These findings are also supported by the IBS heatmap, where genetic similarity varies between groups and is
moderate and high but there is overall similarity in populations in terms of shared background, which indicates
the existence of a common pool of gene and historical introgression. The studies referenced in [16] and [21]
proivde us the valuable insights that relate our findings on the genetic diversity of buffaloes. Lastly, the LD
analysis showed moderate-to-great linkage disequilibrium blocks in each and every population particularly in the
genomic regions of 0.75-0.88 Mb indicating genomic regions with low recombination or hotspots of selection.
The consequent pattern of LD decay also implies differences in recombination rates and history of population
with Chhattisgarhi and Kalahandi buffaloes possessing tighter LD owing to the fact that they are lower in number
or occur more recently in their lineages and Chilika buffaloes having a more diffused LD pattern owing to more
varied ancestries. The overall findings present a consistent image of Chilika buffaloes as more genetically
intermediate and diverse population (possibly, as a result of ecological and geographical isolation issues along the
coastal region). Chhattisgarhi and Kalahandi buffaloes do not seem as genetically distant, on the contrary, they
are tightly clustered into a sub-cluster that probably represents recent divergence rather than further migration
aided by the closeness of geographical location. The small total differentiation and specific clustering is an
indication that although the three populations of buffalos may have the same origin, they have adapted locally,
are breeding under isolation, and are under environmental selection pressure that has led to the present genetic
variations. This type of observation is crucial in designing successful breed conservation and genetic enhancement
programs to maintain the special adaptive merit and also distribute the common genetic heritage of these native
buffaloes.

5 Conclusion

The present study used high density SNP genotyping in analyzing the genetic composition of three buffalo
populations as found in Chhattisgarhi (CG), Chilika (CH), and Kalahandi (KH). The findings indicate low to mid
genetic variation in general. The pair-wise FST data indicate that there is a moderate separation between Chilika
and other two (FST 0.044-0.049) whereas Chhattisgarhi and Kalahandi buffalo are very similar (FST 0.010). This
trend correlates with the results of PCA scatter plots where Kalahandi buffaloes has a very narrow range on one
side of PC1, Chilika has a scattered range on PC2 which means it has internal diversity and Chhattisgarhi buffaloes
slightly overlaps with Chilika buffaloes. Three distinct groups of population sharing genetic backgrounds as
demonstrated by phylogenetic trees and IBS heatmaps have diagonal blocks of high similarity within each group
and moderate orange tones between groups, which is indicative of past genetic flow and shared origin. The quality
of data is checked by QQ-plots, chi-square distributions, p-value histograms, and Manhattan plots, where most
SNPs are when the tail is insignificant. Scree plots emphasize the role PC1 plays that captures the key genetic
divide (5.5% variance), with PC2 (2.3%) and PC3 (2.2%) having smaller roles. LD heatmaps indicate moderate-
to-high blocks (R2 0.75-0.88) and decay patterns, which indicate big historical values of effective population size
but recent decreases that require intervention. With the isolation and adaption of the coast, Chilika buffalo is more
diverse. Chhattisgarhi and Kalahandi buffalo exist in a tight cluster, which could be the result of the inland
close location of the two and thus the aspect of exchange of genes, as
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Chhattisgarhi buffaloes are more ancestral or rather wild-like as evidenced in its phylogenetic location. These
buffaloes are also evolutionary relatives but locally adapted to local environments Chilika buffalo to wetlands,
Chhattisgarhi and Kalahandi buffaloes to various inland environments. To preserve a more integrated approach is
appropriate since they are closely related, and specific strategies are critical: preserve the unique spread of Chilika,
keep a check on the ancestral character of Chhattisgarhi buffaloes, and keep a track of the homogeneity of
Kalahandi buffaloes. These breeds are the source of milk and sustainability to the dairy industry in India. It is
important to create a balance between increasing productivity and maintaining diversity during times of climate
change, disease, and market changes. These genomic tools and knowledge provide a pathway to genomic
selection, breeding initiatives, and more studies on the genes of adaptation. We can preserve these worthy
resources to enable buffalo farming to be sustainable in future by the combination of modern science and the
preservation of traditional farming knowledge and community activities.
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