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contributes to more than 49% of the country’s milk produc-
tion and also plays a major role in draft power. The buf-
falo germplasm diversity is very vast in India. A total of 
19 indigenous buffalo breeds have been registered till now 
(https://nbagr.icar.gov.in/en/registered-buffalo/), accounting 
for almost 57% of total buffaloes along with many lesser-
known populations of significant regional importance. 
Besides domestic consumption, India is also the largest 
exporter of buffalo meat in the world (http://apeda.gov.in/
apedawebsite/SubHead_Products/Buffalo_Meat.htm).

The Asiatic buffalo (Bubalus bubalis) or water buffalo 
can be divided into two domesticated sub-types, viz. riv-
erine (Bubalus bubalis bubalis) and swamp type (Bubalus 
bubalis carabanesis). The riverine buffaloes have vast dis-
tribution across India, and they are supposed to be domes-
ticated in the Indian subcontinent around 6300 years ago 
[1, 2]. The swamp buffaloes have been estimated to be 
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Abstract
Background India has a vast riverine and swamp buffalo diversity adapted to various agro-ecological conditions. In the 
present study, genetic diversity data for 10 different buffalo populations of India, using 20 highly polymorphic microsatel-
lite markers has been generated for the genetic diversity analysis. The buffalo populations of Eastern Odisha state, were the 
primary focus.
Methods and results The minimal spanning network based on Bruvo’s distance, PCA (Principal Component Analysis) based 
on the Fst (Fixation Index) values, and genetic admixture analysis using both the STRUCTURE and ‘snapclust’ were per-
formed. The analysis could identify the Manda population as distinct from other Odisha buffalo breeds as well as adjoining 
Chhattisgarhi buffalo breeds. The total observed number of alleles ranged between 143 (Manda) and 301 (Paralakhemundi) 
with an average of 204 alleles per breed. The Sambhalpuri buffalo population also clustered into two separate subpopula-
tions, half of the unique sub-population located geographically south-wards, displayed no admixture with any of the adjacent 
buffalo populations. The Manda buffalo population has shown sufficient allelic richness and heterozygosity under random 
mating being practiced in the field conditions.
Conclusions The study has led to the identification of the Manda as a distinct buffalo population, and the germplasm has 
been registered as a new Indian buffalo breed. Whereas, the Sambhalpuri population requires elaborate analysis to confirm 
the existence of two distinct sub-populations.
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are at the depletion due to the introduction of non-native 
high producing buffalo germplasm like Murrah [10] There-
fore, it is imperative to characterize and conserve these 
socio-economically crucial and locally adapted indigenous 
buffalo breeds. Among all the molecular markers, microsat-
ellites in combination with recent statistical methodologies 
represent a powerful tool for the identification, conserva-
tion, and management of buffalo breeds and populations 
[11–16].

The present study has aimed to characterize the Odisha 
buffalo populations (Chilika, Kalahandi, Paralakhemundi, 
Sambhalpuri, and Manda), and the adjoining Chhattisgarhi 
buffalo using 20 highly polymorphic microsatellite mark-
ers earlier used by other coworkers [15]. The objective of 
the study comprised accomplishing the identification and 
genetic characterization of the Odisha buffalo populations 
that could lead to registration as new breeds and aid their 
long-term conservation as well as improvement planning.

Materials and methods

Sample collection

Blood samples of 288 unrelated animals (N = 48 each breed, 
Chilika, Kalahandi, Paralakhemundi, Sambhalpuri, Chhat-
tisgarhi, and Manda) were collected randomly from their 
breeding tract in Odisha and Chhattisgarh states (Fig. 1). 

domesticated 3000–7000 years ago in China [3]. The sub-
types are differentiated not only based on the habitat but 
also the chromosome number, which is 50 in riverine type 
and 48 in swamp type buffaloes, whereas their hybrids pos-
sess 49 chromosomes [4]. The riverine buffaloes are reared 
mainly for dairy purposes, on the other hand, the swamp 
buffaloes have a limited distribution in the North-East part 
of the country where they are primarily used for draught and 
meat purposes and to a lesser extent for milk [5]. Besides 
India’s North-East region, the native buffaloes of China, 
Myanmar, Cambodia, Malaysia, Thailand, and Vietnam, 
down south up to Philippines and Indonesia are of swamp 
types, whereas buffaloes reared in India (except North-East 
frontiers), Pakistan, Mediterranean (Italy), Egypt are of riv-
erine type.

The Odisha state has highly diversified buffalo landraces/
breeds. The buffalo populations identified in Odisha include 
Kalahandi, Paralakhemundi, Sambhalpuri, Chilika, and 
Manda [6, 7]. The Chilika, Kalahandi, and recently Manda 
have been registered as separate buffalo breeds (https://
nbagr.icar.gov.in/en/registered-buffalo/). The Chilika breed 
is exceptionally comprised of a few riverine-swamp hybrids 
along with pure riverine types [8]. The Odisha buffalo popu-
lation has distinct features enabling their adaptation to the 
unique eco-climatological conditions, e.g., the Chilika buf-
falo has a unique adaptation to feed on the brackish water 
weeds, and the curd made out of the buffalo’s milk has a long 
shelf life [9]. These unique local buffalo genetic resources 

Fig. 1 The PCA plot for the buffalo breeds across India including the Odisha and Chhattisgarhi population based on Fst value, X and Y axis 
show principal component 1 and principal component 2 that explain 62.5% and 15.2% of the total variance, respectively. N = 10 data points. The 
inset represents the geographical distribution of Odisha and Chhattisgarhi population (https://d-maps.com/carte.php?num_car=272235&lang=en) 
(ASW = Assamese, CG = Chhattisgarhi, CH = Chilika, KH = Kalahandi, MD = Manda, MN = Manipuri, MUR = Murrah, NR = Nili Ravi, PM = Paral-
akhemundi, SBP = Sambhalpuri)

 

https://nbagr.icar.gov.in/en/registered-buffalo/
https://nbagr.icar.gov.in/en/registered-buffalo/
https://d-maps.com/carte.php?num_car=272235&lang=en
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parameters such as evenness, Simpson Index, etc. were gen-
erated using poppr v 2.9.2 [24, 25]. BOTTLENECK soft-
ware was used for mutation drift equilibrium analysis of 
Manda buffalo to check the population status [26].

Phylogenetic analysis

The principal component analysis (PCA) was carried out 
using the Fst values for exploratory analysis of breeds’ 
distribution. The Mantel’s test was done using the Vegan v 
2.5.7 package [27] for concluding the correlation between 
geographical distance (km) and unbiased Nei’s genetic dis-
tance. The geographical distance matrix was prepared using 
the distance between the site of samplings and the GenAlEx 
6.5’s genetic distance results were used for the genetic dis-
tance matrix.

The preexisting microsatellite data were derived for 
other riverine buffaloes viz. Chilika [28], Murrah, and Nili 
Ravi. Phylogeny positioning was inferred by UPGMA 
(Unweighted Paired Group Method with Arithmetic mean) 
algorithm-based tree using POPGENE software and PHY-
LIP [29]. The minimal spanning network based on the Bruvo 
distance [30] was constructed using the poppr v 2.9.2. The 
genotypes with missing values were removed from the data 
using ‘missingno’ in Poppr package. The boxplots were 
constructed using the ' BoxPlotR’ webtool [31].

Genetic relatedness analysis

To infer the information on admixture analysis and draw 
the population structure, we used STRUCTURE software 
v 2.3.4 as well as ‘snapclust’ implemented using ADE-
GENET package in R. The STRUCTURE software v2.3.4 
was used for differentiation of different breeds based on 
allelic data at different K values [32]. The program imple-
ments a model-based clustering method to infer population 
structure, assigning individuals to populations and identi-
fying migrants and admixed individuals using multi-locus 
genotypes, like microsatellite data, independent of prior 
population information. The length of the ‘Burn-in Period’ 
set for population structure analysis was 10,000 and the 
number of MCMC replicates after burn-in was set at 50,000 
with 20 reiterations. Individuals in the sample are assigned 
probabilistically to a single population or jointly to two or 
more populations if their genotypes indicate them to be 
admixed. Maximum support K value for structure analysis 
was derived through analysis of data using Pophelper 2.2.6 
software (http://royfrancis.github.io/pophelper/).

Additionally, the snapclust (implemented in ADE-
GENET) was used to perform the clustering analysis and 
the Discriminant analysis of principal components (DAPC) 
analysis was carried out to determine to define clusters 

The blood samples were collected in EDTA-coated vacu-
tainer and transported to the lab under cold conditions for 
further processing. Necessary permission from the compe-
tent authority (Institutional Animal Ethic Committee) was 
obtained for animal handling and all the ethical guidelines 
in place were followed for blood sampling.

DNA extraction and PCR amplification

The genomic DNA was isolated from blood samples imme-
diately after receiving samples at the lab using the standard 
phenol-chloroform extraction method [17]. A set of 20 
highly polymorphic microsatellite markers reported earlier 
[16] for the genetic diversity analysis of buffaloes, were 
used in the present study (Table S1). Polymerase chain reac-
tion (PCR) amplification of microsatellite (simple tandem 
repeats, STR) loci was carried out on all DNA samples. The 
forward primer for each marker was fluorescently labeled 
with FAM, NED, VIC, and PET dyes. PCR was performed 
in a total reaction volume of 25 µl, using the thermal con-
ditions, 95 °C for 3 min, 32 cycles of 94 °C for 30 s, spe-
cific annealing temperature for 30 s, 72 °C for 30 s, and a 
final extension at 72 °C for 5 min (Table S1). The amplified 
multiplexed PCR products by agarose gel electrophoresis 
along with GS500LIZ (Applied Biosystems, USA) as inter-
nal lane control and were genotyped using an automated 
DNA sequencer (ABI 300). Allele sizing was done using 
GeneMapper™ software. The single peak artifacts were not 
detected by the software.

Genetic diversity documentation

The GenAlEx 6.5 software [18] and POPGENE software (v 
1.32) [19] were used to calculate allele frequency, observed 
number of alleles (No), effective number of alleles (Ne), 
observed heterozygosity (Hobs) and expected heterozygos-
ity (Hexp) across all buffalo populations. F-statistics param-
eters were run to acquire values in terms of ‘F’ (FIT, total 
inbreeding estimate), ‘h’ (FST, measurement of population 
differentiation), and ‘f’ (FIS, within-population inbreeding 
estimate). The Principal Component Analysis was carried 
out using Fst values generated in GenAlEx. Polymorphism 
information contents (PIC) values for each marker were cal-
culated using the observed number of alleles and allelic fre-
quency of each marker by a formula given by Botstein and 
coworkers [20]. The private alleles were presented as heat-
map generated the ‘heatmaply’ package [21]. Ewens–Wat-
terson neutrality test and departure from Hardy–Weinberg 
equilibrium based on the exact test were performed using 
POPGENE [22]. The allelic richness was calculated using 
the R package ‘PopGenReport v 3.0.4’ which implements 
the method described by Mousadik and Petit [23]. Other 

http://royfrancis.github.io/pophelper/
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indicated the highest number of private alleles per marker in 
Manda and the least in Chhattisgarhi among the 10 popula-
tions (Table 1; Fig. S1; Table S2; Table S3). Although Paral-
akhemundi has a wide distribution of private alleles across 
all the markers. The least number of private alleles were 
found in the Kalahandi population.

Ewens-Watterson test for neutrality

The Ewens-Watterson test for neutrality was performed for 
every locus considered in the present study (from popula-
tion set second). The 95% confidence intervals and stan-
dard errors for observed F-values were calculated using 
1000 simulated samples. The results showed that observed 
F-values of two microsatellite loci (ILSTS 19 and ILSTS 
26) did not fall within the lower and upper limits of the 95% 
confidence interval region. Moreover, all the examined loci 
except ILSTS 19 and ILSTS 26 were observed to be neutral 
when subjected to the Ewens-Watterson neutrality test sug-
gesting that reduced heterozygosity in buffaloes is unlikely 
to be the result of selection. The estimates of F-statistics 
over all the loci were population inbreeding estimate Fis 
(individual to subpopulation), population total inbreeding 

identified by snaplcust. The analyses were performed using 
the Adegenet v 2.1.3 package [33], which required import-
ing the ‘GenClone’ object using poppr v 2.9.2. The popu-
lation/breeds assigned were grouped based on K-mean, 
before which the best model of discriminant analysis (DA) 
was chosen based on Bayesian information criterion (BIC) 
values. The scatterplot based on the DAPC’s principal com-
ponents was plotted to represent clustering.

Results

The population set of 6 breeds (Chilika, Kalahandi, Paral-
akhemundi, Sambalpuri, Manda, and Chhattisgarhi) was 
analyzed and compared with other Indian riverine and 
swamp buffalo breeds (Murrah, Nili Ravi, Assamese, and 
Manipuri) to determine the status of Odisha breeds among 
other Indian buffalo breeds. Further analysis involved 
inspecting the genetic relatedness within the Odisha popu-
lation since they share their breeding tracts in geographical 
proximity.

Allelic diversity analysis

The first population set (Chilika, Kalahandi, Paralakhe-
mundi, Sambhalpuri, Manda, Chhattisgarhi, Murrah, Nili 
Ravi, Assamese, and Manipuri) was evaluated using ten 
polymorphic markers. Similarly, the second set (Chilika, 
Kalahandi, Paralakhemundi, Sambhalpuri, Manda, and 
Chhattisgarhi; n = 48) was evaluated using polymorphic 
20 markers. For the first set, the mean number of dif-
ferent alleles ranged from 13.300 ± 1.469 (CSSM47) to 
5.500 ± 0.980 (ILSTS19), the mean number of alleles per 
locus was 9.160 ± 0.754; for the second population set, it 
ranged from 15.667 ± 1.874 (CSSM47) to 6.000 ± 1.549 
(ILSTS19). The range of observed and expected hetero-
zygosity across all loci in the first and second population 
set was ranging between 0.736 ± 0.045(ILSTS28) and 
0.225 ± 0.043 (ILSTS19) and 0.818 ± 0.023 (CSSM47) to 
0.303 ± 0.067 (ILSTS19) respectively. The indices of even-
ness and Nei’s unbiased gene diversity index were highest 
for CSSM47 and HEL013 markers in the population set one 
and two respectively. The total number of alleles were found 
to be higher in Odisha and Chhattisgarhi breeds than the 
earlier reports on various breeds such as Marathwada buf-
falo [10], Banni and Murrah [34], Chilika [35], Assamese 
[36], Toda [15], and Cuban water buffalo [37]. Within the 
second population set, comprising Odisha breeds, the high-
est allelic richness, Fis, and private alleles per locus were 
observed for the Paralakhemundi population (Fig. 2, Fig. 
S1). Contrarily the least allele richness and Fis was found in 
the Manda population. The heatmap for private allele data 

Fig. 2 The boxplot of allele richness (a) and FIS (inbreeding coef-
ficient, b) across the Odisha and Chhattisgarhi buffalo populations. 
Tukey - whiskers extend to data points that are less than 1.5 x IQR 
away from 1st/3rd quartile. The notches are defined as +/-1.58*IQR/
sqrt (n) and represent the 95% confidence interval for each median
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estimate Fit (Individual to total population), and popula-
tion differentiation Fst (Sub-population to total population) 
(Table 2). The Fis ranged from 0.079 (ILSTS29) to 0.3708 
(ILSTS19) with an average of all loci 0.1673, all these loci 
contributed significantly to the within-population heterozy-
gosity deficit. The Fit results were found to be the same as 
Fis i.e., ILSTS29 had the least FIT value and the highest for 
ILSTS19 (Table 2).

Genetic bottleneck analysis

A highly 20 polymorphic microsatellite markers were used 
in Manda buffalo to know the change in effective popula-
tion size which affects the heterozygosity of the population 
results in effect on bottleneck of a population. Under the 
IAM, sign test revealed significant deviations from muta-
tion drift equilibrium (Table S4). The heterozygous excess 
was found in Manda shown to be non-significant. Similarly, 
standardized differences test and Wilcoxon signed-rank test 
also revealed no significant heterozygosity excess in Manda 
buffalo population under IAM of mutation (Table S5; Table 
S6). Under stepwise mutation model (SMM), the allele 
moves either one step in the positive direction or one step in 
the negative direction in the allele space [38]. The heterozy-
gosity deficit was found to be high in Manda buffalo popula-
tion. The T2 values are found to be negative indicates tilting 
towards heterozygosity deficiency [39]. Wilcoxon signed-
rank test showed positive values that reveal absence of any 
significant heterozygosity excess under stepwise mutation 
model.

IAM and SMM are two extreme models of mutation, and 
the results are not appropriate if loci evolved through TPM 
[39, 40]. Hence the TPM better fit for microsatellite data 
than SMM or IAM (39). The sign test under the TPM model 
found the number of loci with observed heterozygosity 
excess was lower than expected. The T2 values were found 
to be positive in Manda buffaloes. Wilcoxon signed-rank 
test which revealed non-significant P values for the one-tail 
test of heterozygosity excess. Thus rejects the null hypoth-
esis and confirms the absence of any bottleneck.

An influential assessment of qualitative graphical method 
which is based on mode-shift distortion was also used in 
this study to visualize the allele frequency distribution as 
an indicator for genetic bottleneck. The qualitative test for 
mode shift was performed in Manda buffalo populations 
using the allelic frequency. The absence of low frequency 
alleles indicates the cause of bottleneck, due to increas-
ing the inbreeding and along with selective breeding that 
decreases the fitness of a particular breed. Thus for mode 
shift analysis Manda displayed as normal L-shaped curve 
which are indicative of absence of any recent past bottle-
neck in Manda buffalo populations (Fig. S2). The normal 
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spanning network also indicated the Manda population as 
distinct from all other populations (Fig. S5).

Discriminant analysis

To understand the population admixture, the microsatel-
lite genotype data comprising the allele frequencies at each 
locus for all five Odisha breeds/populations including the 
data on Chhattisgarhi was analyzed. The DAPC (Discrimi-
nant Analysis of Principal Components) analysis was done 
using the adegenet package in R. The DAPC approach iden-
tifies the clusters or groups within a given set of the popula-
tion using the discriminant analysis of principal components 
while ignoring the allele frequency-based similarities and 
dissimilarities. The best K value (a clustering algorithm) 
was predicted by running multiple Ks, the one with the least 
BIC value (~ 620) was chosen as the optimal K value (k = 5). 
The BIC (Bayesian Information Criterion) vs. the number of 
clusters plot indicated a hierarchical island model. The sub-
sequent scree plot indicated Eigenvalues (n = 4) for the dis-
criminant analysis at k = 5, all were retained. A scatterplot 
based on the chosen number of clusters was constructed. 
Five clusters were obtained for the set of 6 populations 
(Fig. 3; Table S7). The ‘snapclust’ analysis was performed 
to find genetic clusters. The analysis revealed the admixture 
in every population except for Manda and a distinct cluster 
was identified within the Sambhalpuri population (Fig. 4 C).

L-shaped curve are also reported in several other Indian buf-
faloes [15, 16, 34, 37, 5].

Phylogenetic and genetic relatedness

The UPGMA tree was constructed for all 10 breeds, the 
Odisha buffalo populations along with Chhattisgarhi formed 
a separate branch (Fig. S3). A principal component analysis 
based on the Fst values of the population set first, clearly 
indicated separate clustering of the Odisha buffalo breeds 
along with the Chhattisgarhi breed (Fig. 1). All the Odisha 
buffalo breeds and Chhattisgarhi aggregated into a single 
sub-cluster. The Manda occupied a distant position in the 
cluster. Based on the phylogenetic clustering the Manda 
population could be designated as a distinct breed.

Further, Mantel’s test was performed to find the cor-
relation between the genetic distance (Nei’s unbiased 
genetic distance) and geographic distance. The popula-
tion set second comprising the Odisha and Chhattisgarhi 
breeds displayed a non-significant correlation. Whereas, the 
population set, comprising all the ten breeds show a sig-
nificantly strong correlation between the genetic distance 
(Nei’s unbiased) and the geographical distance. Therefore 
the populations within the set first became more genetically 
dissimilar as they were more geographically distant but the 
population set second doesn’t necessarily become geneti-
cally dissimilar with geographic distance (Fig. S4) or the 
genetic admixture exists in the population set. The minimal 

Table 2 Estimates of Ewens-Watterson test for neutrality and F-statistics at each locus across six buffalo breeds
Locus Obs. F SE L95 U95 Fis Fit Fst
ILSTS89 0.1467 0.0115 0.1431 0.5645 0.1383 0.2416 0.1199
CSSM47 0.0926 0.0021 0.0754 0.2617 0.134 0.187 0.0612
ILSTS33 0.2639 0.0097 0.1386 0.5225 0.2827 0.314 0.0437
ILSTS60 0.1775 0.0021 0.0768 0.238 0.1154 0.2494 0.1515
ILSTS19 0.6723 0.0063 0.1148 0.4241 0.3708 0.4137 0.0681
ILSTS25 0.2059 0.0048 0.1088 0.3724 0.1286 0.2275 0.1135
ILSTS56 0.1691 0.0028 0.0865 0.2909 0.1334 0.2168 0.0963
HEL013 0.0884 0.0031 0.0831 0.2922 0.1385 0.2678 0.15
ILSTS28 0.1271 0.0024 0.0818 0.271 0.1185 0.2028 0.0957
ILSTS058 0.0967 0.0012 0.0647 0.2007 0.0334 0.0977 0.0666
ILSTS61 0.1224 0.0021 0.0783 0.2526 0.2387 0.3374 0.1296
CSSM19 0.1808 0.0026 0.0836 0.2844 0.151 0.2836 0.1562
CSSM57 0.1043 0.0019 0.0741 0.2407 0.2293 0.3741 0.188
ILSTS52 0.1169 0.0023 0.0804 0.2616 0.1645 0.2854 0.1447
CSSM45 0.231 0.0045 0.1063 0.362 0.374 0.3967 0.0362
CSSM66 0.1415 0.0035 0.0921 0.3294 0.1972 0.269 0.0895
ILSTS26 0.4207 0.0053 0.102 0.3729 0.1216 0.2096 0.1003
ILSTS29 0.235 0.005 0.1082 0.3909 0.079 0.1413 0.0676
ILSTS_30 0.1886 0.0031 0.0919 0.3051 0.1723 0.2555 0.1005
CSSM33 0.3376 0.0044 0.0982 0.3687 0.1512 0.1936 0.05
Mean 0.1673 0.254 0.1042
Abbreviations: F: observed homozygosity; SE: Standard Error; U95/L95: upper/lower limits of expected F values at 95% confidence level; Fis: 
inbreeding coefficient; Fst: fixation index; Fit: total genetic variability
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and improvement program. The study deals with the genetic 
diversity, phylogenetics, genetic relatedness, and genetic 
admixture analysis in two sets of the population (P1 and P2; 
Table S3). The spatial genetic variation and sub-population 
clustering within and between the two population sets could 
determine the status of Odisha breed in population set one 
and the status of the recently registered Manda population 
in population set two.

Genetic differentiation of Odisha and Chhattisgarhi 
buffaloes

The mean number of alleles for Chilika was observed higher 
than the earlier reports for Chilika [34]. The overall mean 
allelic values for all the Odisha buffaloes and Chhattisgarhi 
buffalo were higher than reported in previous studies con-
ducted on Indian buffalo breeds such as Jaffarabadi, Banni, 
Toda, and Assamese [5, 15, 33, 41, 42, 43]. The mean num-
ber of alleles Manda was still higher than other geographi-
cally isolated buffalo breed such as Toda [15]. This conveys 
the presence of high allelic diversity in Odisha buffalo 
breeds than other Indian buffalo populations.

The observed and expected heterozygosity for this set of 
buffalo population was higher than earlier reports [10, 16, 
34, 37, 38]. The Bhadawari, Nagpuri, Surati, Murrah, and 

Admixture analysis

We genetic clustering was also performed using the 
STRUCTURE software. Analysis was carried out at K1 
to K8 values and as there was an increase in K (where K 
may be unknown) from K1 to K8, the level of differentia-
tion between the populations also increased (Fig. S6). The 
best K value was indicated by the DeltaK value indicating 
two clusters. At K = 2 all the populations were distinguished 
into major divisions (Fig. 5 A; Fig. 5B). The Manda popula-
tion was clustered separately. The admixture interference at 
K = 5 and K = 6 also depicted a realistic grouping and was 
concomitant with DAPC and snapclust results (Fig. 5B). 
Most distinct was grouping of Sambhalpuri into two distinct 
sub clusters.

Discussion

The Indian buffalo breeds are profoundly distributed over 
diverse eco-climatological conditions. Particularly, the Odi-
sha region has distinct buffalo breeds in closer geographic 
proximity. Therefore, it is important to analyze the genetic 
diversity and document the clustering and admixture of the 
populations for planning their breeding policy, conservation 

Fig. 3 The clustering analysis using Discriminant Analysis of Principal Components (DAPC) function of adegenet package. The scatter plot rep-
resents the individual samples plotted against two principal components. The number of principal components retained during the analysis were 
five and eigenvalues retained were four (inset)
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and Chhattisgarhi were higher than that reported for Nag-
puri breed, Bhadawari and Murrah, Marathwada, Assamese 
buffalo [5, 10, 15].

The estimates of F-statistics over all the loci included 
population inbreeding estimate Fis (individual to subpopu-
lation), population total inbreeding estimate Fit (Individual 
to total population), and population differentiation Fst (Sub-
population to total population) (Table 2). The range of Fis 
from 0.079 (ILSTS29) to 0.3708 (ILSTS19) with an aver-
age of all loci 0.1673, these all the loci contributed signifi-
cantly to the within-population heterozygosity deficit. The 
higher of Fis values than average Fis has been reported in 
buffaloes in Murrah and Nili Ravi whereas in the case of 
Marathwada buffalo, Toda, and Assamese buffaloes the con-
trasting results have been reported for the Fis [5, 10, 16, 35].

Genetic distinctiveness of Manda buffalo

The mean F (Fixation index) and Fis (inbreeding coefficient) 
for the Manda population within-population set two was 
− 0.051 ± 0.062 and − 0.0237 ± 0.0627 respectively (Table 1; 
Fig. 2b). On the other hand, the allelic richness was also the 
least for the Manda population (Fig. 2a). The negative Fis is 
indicative of an excess of heterozygosity in the population, 

Jaffarabadi buffaloes have earlier shown higher observed 
heterozygosity than Odisha and Chhattisgarhi buffaloes 
[43]. Toda and Mehsana showed higher observed heterozy-
gosity except for Chilika buffalo, whereas lesser observed 
heterozygosity has been reported in Pandharpuri buffalo 
than Sambhalpuri and Manda buffaloes. The expected het-
erozygosity was higher in Kanarese buffaloes than Chilika 
and Chhattisgarhi buffaloes as reported previously [44]. 
In this study, the observed heterozygosity was found to 
be higher in Assamese buffaloes than Kalahandi, Chilika, 
and Chhattisgarh buffaloes. The expected heterozygos-
ity was found to be lower than observed in all the Odisha 
and Chhattisgarhi buffaloes except Manda buffaloes [5]. 
The occurrence of lesser observed heterozygosity than the 
expected heterozygosity in the present data indicates either 
reduction in the population size or inadvertent sampling 
of related individuals. The PIC values represent the poly-
morphism of used markers, where 0.5 indicates the aver-
age polymorphism of used markers, below 0.5 indicates 
lower polymorphic, and above 0.5 represents the markers 
as highly polymorphic. In the present study, the PIC values 
were more than 0.629 which indicates that the used markers 
were highly polymorphic in all buffaloes and suitable for 
diversity analysis. The PIC values for Odisha buffalo breeds 

Fig. 4  A. The Bayesian information criterion (BIC) values plotted against the clusters (K1 to K40). B. The maximum-likelihood based genetic 
clustering done using the snapclust function in adegenet package. C. The geographical distributions of the DAPC clusters, the pie represents the 
proportions of clusters occurring at the particular geographical location (https://d-maps.com/carte.php?num_car=272235&lang=en). The colors 
in pie (n = 48) corresponds to the clusters presented in Fig. 5 A and in snapclust clustering (CG = Chhattisgarhi, CH = Chilika, KH = Kalahandi, 
MD = Manda, PM = Paralakhemundi, SBP = Sambhalpuri)
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distance also revealed the distinct clustering of Manda pop-
ulation clearly from other population (Fig. S5). The DAPC 
analysis conveyed the clustering of the 5 populations into 
clusters (Figs. 3 and 4B). Cluster five was most heteroge-
neous composing the Chilika, Paralakhemundi, Sambhal-
puri, and Kalahandi populations. Whereas the cluster 3 was 
exclusively composed of all the Manda population. The 
higher Fst values in Manda and Chhattisgarhi populations 
further supported the genetic admixture analysis, where 
these two buffalo breeds emerged as unique breeds with 
high degree of genetic differentiation. The STRUCTURE 
results (at K = 5 and K = 6) also coincided with the snapclust 
and DAPC results, where Manda displayed no admixture 
with any other (Fig. 5B). Other workers have also been able 
to define the riverine and swamp buffaloes based on their 
clustering analysis using neutral microsatellite as well as 
functional markers [36, 45].

Additionally, the 50% of the Sambhalpuri population 
formed a separate cluster, cluster four. The animals belong-
ing to cluster four are located geographically south ward in 
Sambhalpur district (Maneswar, Naktideul, and Kuchinda 
blocks) (Fig. 4 C, Fig. 5 C, Fig. S7), therefore, delineating 
into two different sub-clusters coinciding with their different 

either due to higher mutation rates at the locus or due to 
randomized mating taking place and diverse areas from 
which the sampling carried out in the breeding tract of the 
population. The highest number of private alleles per locus 
were observed in the Paralakhemundi population. Further, 
observed number of private alleles for markers ILSTS52, 
HEL013, and CSSM19 were very higher for Manda popula-
tion than other populations (Fig. S1). The hierarchical island 
model (Fig. 4 A) suggested by the DAPC analysis also 
emphasizes the high rate of migration or genetic exchange 
within the cluster 1, cluster 2, and cluster 5. The cluster 3 
(comprising Manda) and cluster 4 (comprising Sambhal-
puri) has very less or negligible genetic exchange/migra-
tion with other Odisha buffalo populations. Therefore, the 
negative inbreeding coefficient for Manda population indi-
cates the higher level of outbreeding with distant breeds and 
possibly the population is located in several pockets in the 
Koraput district, and the random sampling may have led to 
a less diverse collection.

These Manda buffaloes did not show significant hetero-
zygosity excess under any of the three models of microsatel-
lite evolution, thus indicating absence of any recent genetic 
bottleneck. The minimal spanning network based on Bruvo 

Fig. 5 Genetic admixture analysis done using STRUCTURE software. (A) The maximum number of delta K was observed at K = 2. (B) STRUC-
TURE plots at three different Ks (K = 2, 5, and 6). (C) The geographical distributions of the STRUCTURE clusters, the pie represents the propor-
tions of clusters occurring at the particular geographical location (https://d-maps.com/carte.php?num_car=272235&lang=en). The colors in pie 
(n = 48) corresponds to the clusters presented in Fig. 5 C
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in sample collection and generating field information on populations 
studied.

Availability of data and material The data that support the find-
ings will be available in Dryad at doi:https://doi.org/10.5061/dryad.
s4mw6m97q following an embargo from the date of publication to 
allow for commercialization of research findings.
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