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Abstract
The Indian antelope or blackbuck (Antilope cervicapra) is endemic to the Indian subcontinent, inhabiting scrublands and 
dry grasslands. Most of the blackbuck populations are small, isolated, and threatened by habitat fragmentation and degrada-
tion. Management of such disjunct populations requires genetic characterization, which is critical for assessing hazards of 
stochastic events and inbreeding. Addressing the scarcity of such information on the blackbuck, we describe a novel panel of 
microsatellite markers that could be used to monitor blackbuck demography and population genetic parameters using non-
invasive faecal sampling. We screened microsatellites (n = 40) that had been reported to amplify in bovid and cervid species 
using faecal samples of the blackbuck collected from Kaimoor Wildlife Sanctuary, Uttar Pradesh, India and its vicinities. 
We selected 12 markers for amplification using faecal DNA extracts (n = 140) in three multiplex reactions. We observed 
a mean amplification success rate of 72.4% across loci (92.1–25.7%) with high allele diversity (mean number of alleles/
locus = 8.67 ± 1.03). Mean genotyping error rates across the markers were low to moderate (allelic drop-out rate = 0.09; 
false allele rate = 0.11). The proportions of first- and second-order relatives in the study population were 0.69% and 6.21%, 
respectively. Based on amplification success, genotyping error rates and the probability of identity  (PID), we suggest (i) a 
panel of five microsatellite markers (cumulative  PID = 1.24 ×  10–5) for individual identification and population monitoring 
and (ii) seven additional markers for conservation genetics studies. This study provides essential tools capable of augmenting 
blackbuck conservation strategies at the landscape level, integral to protecting the scrubland-grassland ecosystem.
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Introduction

The primary causative factors driving extinction events in 
the Anthropocene have been human interference, introduc-
tion of invasive species, habitat fragmentation, degradation 
and inadequacy of natural habitat. Protection of the focal 
species does not always guarantee species survival due to 
extrinsic factors such as the influence of predators, patho-
gens, and natural catastrophes as well as intrinsic factors 

such as species demography, inclusive fitness and genetic 
variability [1]. Most of these factors induce departure from 
panmixia, subsequently changing the genetic characteristics 
at different scales [2]. Therefore, informing conservation 
strategies with genetic characteristics in hopes of preventing 
genetic erosion and establishing connectivity for a healthy 
population has been encouraged.

The Indian antelope or blackbuck, one of the indicator 
species of the scrub-grassland ecosystem, used to be the 
most abundant wild animal across the Indian subcontinent 
[3] and was once widespread across a vast range starting 
from the Indus River in the west and spanning across the 
Indo-Gangetic Plain and from the Deccan plateau down to 
Point Calimere of the eastern coastal plains. Due to indis-
criminate hunting during the 20th century, a sharp decline 
of the blackbuck population caused local extinctions at the 
range extremities, i.e. Pakistan and Bangladesh, causing the 
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populations to be restricted to the scrublands and dry grass-
lands of India and Nepal in the form of fragmented popula-
tions along with a small population in Pakistan reintroduced 
from Texas, USA [4–6]. Additionally, land-use changes have 
caused a 31% loss of scrub-grassland habitat in India from 
2005 to 2015 [7], affecting several species. Introduction of 
the Wild Life (Protection) Act, 1972 of India helped to curb 
blackbuck poaching to some extent. However, still at issue 
are villagers who frequent the habitat-agricultural land inter-
faces and consider the blackbuck to be an agricultural pest 
in various high-density locations.

The viability of small, isolated populations is known to 
be under constant threat from stochastic destabilizing effects 
such as inbreeding, demographic changes, and susceptibility 
to diseases [8]. Moreover, the management of smaller popu-
lations with low effective population sizes (Ne) is necessary 
to avoid the extinction vortex for the species, whereas loss of 
metapopulation dynamics hinders the long-term probability 
of survival. Information on fine-scale population status is 
essential in the drafting of such management strategies.

To obtain demographic information on wild species, 
identifying unique individuals using non-invasive genetic 
samples, e.g. excrements, hair, etc., has been one of the 
most widely used tools, especially for unmarked species [9]. 
Resultant information unveils parameters (e.g. relative abun-
dance, habitat use patterns, etc.) essential for management of 
species. On the other hand, understanding genetic variation 
is fundamental to understanding biological diversity, which 
affects the variability in a species at both the population 
and ecosystem levels [10]. Additionally, abiotic extrinsic 
variables can modify demographic and genetic traits in the 
form of selection pressure, thereby influencing the species’ 
persistence. The most versatile and cost-effective tool for 
addressing ecological questions like gene-flow, migration 
rates, effective population size, recent and past bottlenecks 
and relatedness is the use of neutral nuclear markers such as 
microsatellites [11, 12]. However, developing novel micros-
atellite markers for numerous species of conservation impor-
tance is resource- and time-intensive. Cross-amplification of 
microsatellite markers developed for closely related species 
is a popular alternative for resource-intensive development 
of species-specific markers. However, mutation-driven pro-
cesses often give rise to homoplasy of allele sizes, amplifi-
cation of non-orthologues, and ascertainment bias [13–15]. 
In spite of these limitations, cross-amplification of markers 
developed for closely related species have widely been used 
to characterize population genetic parameters [16–19].

The majority of the blackbuck populations in India are 
small and fragmented, requiring insights into their popula-
tion genetic status to plan effective conservation measures. 
In the absence of species-specific markers, such information 
on the blackbuck could be obtained from potentially cross-
amplifying microsatellites developed for other ungulate 

species. The available literature indicates successful ampli-
fication of bovid microsatellites in cervid species and vice-
versa [20, 21]. Therefore, we document for the first time a 
thorough screening of bovid and cervid cross-amplifying 
microsatellites and propose a panel of markers for the iden-
tification of unique blackbuck individuals and for further 
investigation into their population genetic parameters across 
their patchy distribution along the scrublands and dry grass-
lands of India.

Material and methods

Study area

The study was conducted in Kaimoor Wildlife Sanctuary 
(KWLS), which is situated across the Mirzapur and Sonb-
hadra districts of the state of Uttar Pradesh (UP), India, and 
adjoining blackbuck habitats in the neighbouring areas. We 
performed extensive sampling in the KWLS and the territo-
rial forest ranges of the Robertsganj, Ghurma, Ghorawal and 
Halia lying between 24° 27′ 36.93″ N, 83° 09′ 37.44″ E and 
24° 54′ 25.46″ N, 82° 15′ 54.23″ E (Fig. 1). The forest type 
in the area is mixed and dry deciduous, with primary tree 
vegetation consisting of Bakli (Anogeissus latifolia), Mahua 
(Madhuca longifolia), and Dhaak (Butea monosperma). The 
mammalian wildlife comprises the blackbuck (Antilope cer-
vicapra), chinkara (Gazella bennettii), nilgai (Boselaphus 
tragocamelus), sloth bear (Melursus ursinus), leopard (Pan-
thera pardus), golden jackal (Canis aureus), and Bengal fox 
(Vulpes bengalensis).

Collection of blackbuck faecal pellets

During the study period (October to December 2018), we 
conducted an intensive search for blackbuck pellets in the 
scrublands and adjoining agricultural fields throughout the 
study area by vehicle survey and on foot. We collected black-
buck faecal pellets, identified by characteristic morphology 
that differs from the other ungulates commonly found in 
the study area (chinkara, domestic sheep and goat), from 
spatially segregated pellet groups. We stored the pellets in 
labelled resealable pouches in the field before transferring 
to 50 ml sterile containers with silica gel as a desiccant for 
preservation at room temperature until further processing.

DNA extraction

We scraped the outer surfaces of 5–6 pellets from each 
pellet group containing sloughed off intestinal epithelial 
cells into 2 ml polypropylene centrifuge tubes using sterile 
blades. We isolated genomic DNA from the sampled pellet 
groups (n = 140) using QIAamp Fast DNA Stool Mini Kits 
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employing a silica membrane column-based purification of 
faecal DNA according to the manufacturer specified pro-
tocol. We used a dedicated faecal DNA isolation facility 
while having negative controls (i.e. blanks) for each DNA 
extraction batch to account for possible contamination. 
We stored the DNA eluates at – 20 °C for later analysis.

Confirmation of species identity

To confirm whether the samples collected belonged to black-
buck, we amplified a partial fragment of the Cytochrome 
b gene of the mtDNA genome using the primer pair 
H15149-L14841 [22] from a subset (n = 19) of the faecal 

Fig. 1  Geographic locations of the blackbuck faecal samples (n = 140) collected from and around Kaimoor Wildlife Sanctuary, Uttar Pradesh, 
India from October to December 2018. The distribution range of the blackbuck is adapted from Meena and Saran [6] and Shukla et al. [50]
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extracts. Amplification was carried out with Maxima Hot 
Start Green 2X PCR Master Mix (Thermo Scientific); 15 µg 
bovine serum albumin (BSA); 3 pmol each of forward and 
reverse primers; 2.0 µl genomic DNA (gDNA) of variable 
concentrations; and nuclease-free water to bring the total 
reaction volume to 15 µl. A negative control and a positive 
control were also set up along with the reaction mixture 
to cross-check for contamination. The cycling conditions 
for the Cytochrome b fragment amplification were: initial 
denaturation at 94 °C for 5 min; 35 cycles of denaturation 
at 94 °C for 40 s; annealing temperature of 53 °C for 45 s; 
and extension at 72 °C for 40 s with a final extension step 
at 72 °C for 10 min. Amplicons were visualized under a 
UV transilluminator after being run through 2% agarose 
gels stained with ethidium bromide (EtBr). We performed 
enzymatic clean-up of the amplicons to remove unincorpo-
rated primers and dNTPs using Exonuclease I and Shrimp 
Alkaline Phosphatase (Thermo Scientific Inc.) following 
a cycling condition of 37 °C and 85 °C each for 15 min. 
Purified products were then sequenced from both direc-
tions using BigDye Terminator v3.1 Cycle Sequencing 
Kit (Applied Biosystems, CA). The fragments were then 
dissolved in Hi-Di Formamide (Applied Biosystems, CA) 
and directly electrophoresed on an ABI 3500XL Genetic 
Analyzer. The sequences generated were examined manually 
to eliminate ambiguity in base-calling. We compared the 
sequences with blackbuck mtDNA Cytochrome b data based 
on the internal database of the Wildlife Institute of India 
and the public domain (National Center for Biotechnology 
Information—GenBank) to ascertain the species from the 
faecal DNA samples under study.

Screening of microsatellite markers

As there is no published literature on the use of microsat-
ellites in the blackbuck, we decided to screen a subset of 
markers known to amplify in bovids (n = 33) and cervids 
(n = 7) (Supplementary Table S1) [21, 23–25]. Despite hav-
ing access to reference tissue samples, we chose to use con-
firmed faecal DNA of the blackbuck for standardization as 
we aimed to generate good quality data from low concen-
tration gDNA templates. Initially, we used four faecal DNA 
samples, confirmed to be of blackbuck through sequence 
similarity, in a temperature gradient of 51 to 61 °C with 
each of the 40 microsatellites tested. For the amplification, 
we used Qiagen Multiplex PCR Master Mix (2X), 10 µg 
BSA, 0.25 µM each of forward and reverse primers, 2 µl 
of gDNA having variable DNA quantity, and nuclease-free 
water to bring the volume up to 10 µl. The thermocycler 
conditions included an initial denaturation step at 95 °C for 
15 min followed by 40 cycles of denaturation at 95 °C for 
30 s, annealing along the temperature gradient for 60 s, and 
extension at 72 °C for 40 s. The final extension step was 

at 60 °C for 30 min, followed by a hold at 4 °C. We ran 
the products on an agarose gel with a 100 bp-sized marker, 
and EtBr intercalated products were visualized using a UV 
transilluminator. We identified the optimal temperatures 
for individual markers in case there were visible bands and 
confirmed the annealing conditions by running a second 
experiment with specific temperatures along with negative 
and positive controls.

Optimization of multiplex reaction

Once the annealing temperatures were standardized, we 
optimized primers, indicating positive results for co-ampli-
fication in groups of four markers. We considered annealing 
temperatures, amplicon sizes and dye labels (G5 dye set; 
Applied Biosystems, CA) to design such multiplex reactions. 
We employed a similar reaction composition and thermal 
profile used during the microsatellite screening, except that 
we used a total pool of 1 µM of primers constituting the mul-
tiplex. We amplified three such multiplex panels (Table 1) 
with blackbuck faecal DNA (n = 140). We amplified a sub-
set (n = 16) of the faecal DNA extracts for five additional 
replicates each across the three multiplex panels to com-
pute genotyping error rates using a multi-tube genotyping 
approach [26]. All amplicons were run for fragment analysis 
in an ABI 3500XL Genetic Analyzer with GeneScan 500 
LIZ (Applied Biosystems, CA) as a size standard.

Table 1  Details of the multiplexed markers amplified from faecal 
DNA (n = 140) of the blackbuck

Tail sequences used: NED: TTT CCC AGT CAC GAC GTT G, VIC: 
TAA TAC GAC TCA CTA TAG GG [42]
*Markers suitable for individual identification of the blackbuck

Marker Dye Amplicon 
size rage 
(bp)

Multiplex Annealing 
temperature 
(°C)

OarFCB226* PET 104–122 1 57
ETH10 6-FAM 213–229
TGLA122* VIC 121–135
OarCP34 NED 100–108
SRCRSP06* FAM 144–164 2 51
MAF209 NED (Tailed) 101–131
BM8125 VIC (Tailed) 128–140
SPS115 FAM 232–244
MAF65* VIC 101–129 3 55
ETH152 FAM 186–212
BM415* FAM 121–159
INRA005 VIC (Tailed) 136–166
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Microsatellite data analysis

We used GENEMAPPER v5.0 (Applied Biosystems) to 
manually verify and score alleles from the fragment analysis 
electropherograms. In order to characterize the profiles of 
each marker for consistent allele calling, we also recorded 
intensities of ‘stutter’ [27] and ‘+ A’ [28] peaks in terms of 
relative fluorescence unit (RFU), caused by slipped strand 
mispairing and addition of nucleotide residues during PCR, 
respectively [29]. We used the AUTOBIN v0.9 macro [30] 
for binning the raw allele scores into fragment sizes. We 
used GenAlEx v6.5.0.1 [31] for calculation of observed het-
erozygosity (Ho), expected heterozygosity (He), probability 
of misidentifying two unrelated individuals as a single indi-
vidual  (PID) and the probability of misidentifying two sib-
lings as a single individual  (PIDsibs). Null allele frequencies 
were calculated using the software FREENA [32]. We used 
GIMLET v1.3.3 [33] to compute allelic drop-out (ADO) 
and false allele (FA) rates per heterozygote and homozy-
gote genotypes, respectively, based on six multi-tube repeat 
genotypes each for a subset of the DNA extracts (n = 16). 
We report the mean rates of ADO and FA along with the 
standard error across four different thresholds (two, three, 
four and five recurrences of an allele) to construct consensus 
genotype following Hansen et al. [34]. We computed the 
estimates of kinship amongst the genotypes using a full like-
lihood approach and accounting for genotyping errors [35]. 
We used the software COLONY v2.0.6.6 [36] to determine 
kinship with assumptions of polygamy and the possibility 
of inbreeding while implementing a weak sibship prior and 
three independent medium-length runs. A matrix of pairwise 
kinship was constructed based on the full-likelihood compu-
tations. Additionally, we calculated the Cavalli-Sforza and 
Edwards measure of pairwise genetic distances (Dc) [37], 
which can accommodate null alleles [32, 38], between the 
samples to construct a neighbour-joining dendrogram using 
the software POPULATIONS v1.2.32 [39] and subsequently 
visualized using FigTree v1.4.2 [40].

Results

Confirmation of species identity

Based on the Cytochrome b sequence data generated 
(~ 330 bp fragments), 100% (n = 19) of the samples were 
assigned to the blackbuck, based on matches with sequences 
from the GenBank database as well as our sequence reposi-
tory at the species level. Hence, we presume all other sam-
ples collected, having similar pellet morphology to those 
confirmed by the sequence data, were of blackbuck origin.

Screening and optimization of microsatellite 
amplification

We found positive amplification visible on agarose gel in 
12 out of the 40 markers tested (Supplementary Table S1). 
The optimal annealing temperature range for these mark-
ers varied from 51 to 57 °C (Table 1, Supplementary Fig. 
S1). We did not observe any amplification of the six cervid 
markers with blackbuck faecal DNA [21]. Markers yield-
ing positive amplification (n = 12) contained directly dye-
labelled forward primers (n = 9) and tailed forward prim-
ers with unique M13-analogue sequences corresponding 
to dye-labelled oligonucleotides (n = 3, Table 1) [41, 42]. 
The electropherograms of all 12 markers produced discrete 
peaks with low to moderate stuttering (Supplementary Fig. 
S2), facilitating unambiguous allele calling, a pre-requisite 
of high-quality data with minimal scoring errors. The mean 
ratio of the peak heights of the − 2 bp ‘stutter’ (S1) and the 
first allele (A1) varied between 0.06 ± 0.01 (MAF209) and 
0.49 ± 0.12 (INRA005) while the second (A2) to first allele 
(A1) ratio was between 0.38 ± 0.03 (BM415) and 0.88 ± 0.03 
(TGLA122) for heterozygous genotypes (Table 2). We did 
not observe any significant occurrence of ‘+ A’ peaks in any 
of the loci. The mean amplification success rate was 72.4%, 
varying between 92.1% in TGLA122 and 25.7% in MAF209 
(Table 2).

Microsatellite marker characteristics

The genotyping error rates varied considerably across loci. 
We did not find any ADO or FA at the loci BM8125 or 
OarCP34, whereas the ADO rate was minimal (≤ 0.05) for 
MAF65, INRA005 and MAF209 (Table 2). Low FA rates 
(≤ 0.5) were observed at OarFCB226, SPS115 and BM415, 
while ETH10 had high error rates (ADO = 0.18 ± 0.03, 
FA = 0.17 ± 0.03). Null allele frequencies varied 
between 0.09 and 0.38 for the loci with a mean value of 
 Hnull = 0.18 ± 0.03.

The number of alleles was lowest in OarCP34 (n = 4) and 
highest in BM415 (n = 16). Observed heterozygosity (Ho) 
varied between 0.02 (SPS115) and 0.65 (ETH10) (Table 2). 
Expected heterozygosity (He) ranged from 0.14 (BM8125) 
to 0.83 (INRA005) (Table 2). We found low observed het-
erozygosity (Ho = 0.34 ± 0.07) across the markers for the 
study population. Cumulative  PID and  PIDsib for the 12 mark-
ers were 1.67 ×  10–10 and 1.53 ×  10–4, respectively, corre-
sponding to a < 0.001% probability of two individuals being 
considered as one and a 0.015% chance of full siblings misi-
dentified as a single individual.
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Kinship and genetic distance among genotypes

We used a subset of the samples (n = 112) with a 10.2% 
gap in the genotype data to compute kinship and pairwise 
genetic distances. Out of the possible 6216 pairs of sam-
ples, we identified 43 (0.69%) dyads of first-order and 386 
(6.21%) dyads of second-order kin (Supplementary Fig. 
S3). The NJ dendrogram depicting pairwise genetic dis-
tances (Dc) across the 112 samples revealed the presence 
of three major genetic clusters, two major and one minor in 
terms of numbers, in the study area (Supplementary Figure 
S4). Two sub-clusters each were observed within both of 
the major genetic clusters.

Panel for individual identification

We identified five markers (BM415, MAF65, OarFCB226, 
SRCRSP06 and TGLA122) that had low to moderate rates 
of ADO and FA as well as low cumulative misidentifica-
tion rates of one in > 80,000 individuals  (PID = 1.24 ×  10–5; 
 PIDsib = 1.14 ×  10–2) (Figs. 2 and 3) as a panel to identify 
blackbuck individuals. 

Discussion

This study is the first to test cross-amplified microsatellite 
markers of cervid and bovid origin for amplification success, 
variability, and error rates for identifying and characteriz-
ing the blackbuck population in India. The resulting set of 
markers prescribed in this study would support the use of a 
non-invasive, cost-effective strategy for genetic analysis of 
this species, augmenting conservation policies.

Available literature indicates that the majority of the 
microsatellite markers screened during the course of this 
study were polymorphic in wild bovid and cervid species, 
having up to 13 alleles (mean 4.3 alleles per locus) (Supple-
mentary Table S1). However, non-amplification of a large 
proportion (70%) of the screened markers in the blackbuck 
indicated that the primer binding flanking sequences for the 
microsatellites were not conserved and might have under-
gone mutation in the species. Hindrance of proper annealing 
due to the low amount of template DNA as well as the pres-
ence of PCR inhibitors could not be ruled out. Therefore, 
we suggest a similar screening of a large number of markers 
before the inception of a microsatellite-based study on any 
species that does not have a successful panel described for 
non-invasive samples by any earlier study.

Successful amplification of microsatellites from excre-
mental DNA are often governed by climatic conditions, 

Fig. 2  Comparison of genotyping error rates and probability of iden-
tity  (PID) for microsatellite loci (n = 12) amplified from faecal DNA 
of the blackbuck. The diameters of the bubbles are proportional to the 
amplification success rate

Fig. 3  Cumulative probability 
of identity of unrelated indi-
viduals  (PID) and sibling prob-
ability of identity  (PIDsib) for 
increasing combination of loci 
(n = 5) suggested for identifying 
blackbuck individuals
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method of preservation and time elapsed between deposi-
tion and collection of samples [43]. Our rate of successful 
amplification (72.4%) was comparable to the observed rates 
(58–100%) in other tropical wild bovid species using dry 
storage over silica gel at ambient temperature [44]. Accu-
rate and reproducible allele scoring from faecal samples has 
been a significant limitation in getting reliable data using 
non-invasive samples [26]. Therefore, characterizing each 
observed allele across loci using stutter-to-peak and first-
to-second allele ratios would aid consistent allele scoring.

The low Ho observed in this study could either be driven 
by the characteristic erosion of small isolated populations or 
by the presence of null alleles. It is possible to overestimate 
the null allele frequencies due to the effects of inbreeding 
[45]. Therefore, range-wide genetic characterization of similar 
populations is required to determine the factors driving low 
heterozygosity conclusively. However, the presence of only 
0.69% first-order relatives in the study population indicates 
that severe inbreeding might be unlikely. In addition, the uni-
form branch distribution in the genetic distance dendrogram 
(Supplementary Fig. S4) indicates a long-term stable effective 
population size as postulated by Spong et al. [46].

Genotyping errors are inherent properties of microsatellite 
markers, often incurring positive bias, directly proportional to 
the number of markers used, while enumerating unique individ-
uals from non-invasive DNA sources [47]. With a speculated 
abundance of > 50,000 blackbucks across India [48] and most 
of the populations having < 7000 individuals [6], the panel of 
five microsatellites (BM415, MAF65, OarFCB226, SRCRSP06 
and TGLA122) provided sufficient resolution while incurring 
low ADO and FA. The effect of genotyping errors on popula-
tion genetics parameters and diversity statistics based on allele 
frequencies are lower than those errors on individual identifi-
cation [49]. Therefore, we recommend using data for an addi-
tional seven markers (BM8125, ETH10, ETH152, INRA005, 
OarCP34, SPS115 and MAF209) in conjunction with the indi-
vidual identification panel for population and landscape genetic 
characterization of the blackbuck. A suggested workflow for 
the projects related to conservation genetics of the blackbuck 
is provided in Supplementary Fig. S5.

Conclusion

With the waning of scrublands and dry grasslands across India 
to provide for the increasing human population and agro-
economic development encompassing agriculture and plan-
tation forestry, the conservation of species specialized for such 
habitat has become a necessity. The blackbuck’s remaining 
distribution across India is in several isolated habitat patches, 
demanding immediate intervention as a flagship species of 
the scrub-grassland ecosystem. Most of the blackbuck popu-
lations are severely understudied, and our data indicate low 

observed heterozygosity with high allele diversity for one 
such population. Therefore, there is a need to initiate a pan-
India study for understanding genetic variability, inbreeding 
status and functional connectivity of the blackbuck popula-
tions. We present markers with low to moderate error rates, 
low  PID and higher success rates, which can produce reliable 
genotypes from blackbuck faecal DNA samples using the few-
est possible loci for individual identification with sufficient 
resolution. Hence, our panel of standardized microsatellites 
could supplement future studies on population and landscape 
genetics of the blackbuck, ideally leading to the conservation 
of the scrub-grassland ecosystem.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11033- 021- 06514-7.
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