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Abstract
Snow leopards (Panthera uncia) are an enigmatic, high-altitude species whose challenging habitat, low population densities and patchy distribution have presented challenges for scientists studying its biology, population structure, and genetics.
Molecular scatology brings a new hope for conservation efforts by providing valuable insights about snow leopards, including
their distribution, population densities, connectivity, habitat use, and population structure for assigning conservation units.
However, traditional amplification of microsatellites from non-invasive sources of DNA are accompanied by significant
genotyping errors due to low DNA yield and poor quality. These errors can lead to incorrect inferences in the number of
individuals and estimates of genetic diversity. Next generation technologies have revolutionized the depth of information
we can get from a species’ genome. Here we used double digest restriction-site associated DNA sequencing (ddRAD-seq),
a well-established technique for studying non-model organisms, to develop a reference sequence library for snow leopards
using blood samples from five Mongolian individuals. Our final data set reveals 4504 loci with a median size range of 221 bp.
We identified 697 SNPs and low nucleotide diversity (0.00032) within these loci. However, the probability that two random
individuals will share identical genotypes is about 10−168. We developed probes for DNA capture using this sequence library
which can now be used for genotyping individuals from scat samples. Genetic data from ddRAD-seq will be invaluable for
conducting population and landscape scale studies that can inform snow leopard conservation strategies.
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Introduction
Despite being a high profile and charismatic carnivore,
information on snow leopard ecology, population structure,
and genetics lags behind most other large carnivores (Caragiulo et al. 2016 and Fox and Chundawat 2016). This lack
of information is largely because of the animal’s cryptic
nature and remote habitat. Therefore, it is difficult to obtain
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sufficient data on numbers, locations of peripheral and core
populations, and areas where the snow leopard populations
are in decline. Such information is critical for the conservation of this apex predator.
Efforts are underway to determine the status of the species across its extensive (approximately 1.6 million km2) but
highly fragmented range (McCarthy et al. 2016). One such
effort is the genomic analysis of DNA, extracted from noninvasively collected samples. This can benefit conservation
efforts by providing information about population densities,
connectivity, source/sink dynamics, and habitat use, among
others, as well as how to define distinct conservation units
upon which to focus specific conservation efforts.
Several studies have genotyped non-invasively collected
snow leopard DNA samples (Waits et al. 2007; Janečka et al.
2008; Karmacharya et al. 2011; Aryal et al. 2014). However, a common problem associated with these studies is
that the genetic markers used were either not snow leopard
specific or had to be modified to improve their specificity.
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The methods used are also challenged by genotyping errors
(McKelvey and Schwartz 2004) due to the inherent low yield
and poor quality of DNA from such samples. These errors
can lead to incorrect inferences, including the misidentification of individuals (Waits and Paetkau 2005), which in
turn can lead to incorrect estimates of population size and
patterns of genetic diversity. Janecka et al. (2017) attempted
to overcome these limitations by designing 33 snow leopardspecific microsatellite markers and using them to evaluate
snow leopard populations across its range. This is the most
detailed genetic study of this cat to date. However, it still
has conventional limitations associated with microsatellites,
such as amplification failure, allele dropouts, and the appearance of false alleles. Hence, the issues remained unresolved.
Today, cutting-edge technologies, like next generation
sequencing (NGS), have revolutionized the depth of information we can get from a species’ genome by providing
sequence information from thousands of loci. Thus, NGS
enables scientists to supplement and further refine existing
research by thoroughly analyzing the genomes of organisms
to better evaluate evolutionary patterns and signatures that
can be beneficial for conservation efforts. Additionally, NGS
amplifies short stretches of DNA, making it well-suited for
analyzing non-invasive samples, where collected DNA tends
to already be fragmented (Waits and Paetkau 2005).
Double digest restriction-site associated DNA sequencing (ddRAD-seq) is a well-established NGS technique used
to study non-model organisms (Peterson et al. 2012). This
method involves pseudorandom sampling of whole genomes
of organisms (Miller et al. 2007; Baird et al. 2008; Lavretsky et al. 2015) and subsequent discovery of SNPs from
sequenced genomes (Peterson et al. 2012). We developed
ddRAD-seq libraries for snow leopard and identified a SNP
panel for studying their population genetics. Given the need
for high quality snow leopard genetic data and the limitations associated with existing methods, the primary objectives of this study were:
i.	Genome-wide SNP discovery in snow leopards;
ii.	Determine the utility of this SNP panel for identifying
individuals; and
iii.	
Compare the resolution between SNPs and
microsatellites.

Methods
Sampling and DNA extraction
We used five blood samples of wild Mongolian snow leopards, archived at the American Museum of Natural History,
which were collected as part of another project (Johansson
et al. 2013; sample IDs used in this study are: M1, M9, M10,
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F8, F9; details of samples can be found in the supplementary material). DNA from blood samples was extracted by
using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA).
The DNA extractions were quantified using a NanoDrop
(Thermo Scientific).

ddRAD‑seq library
The extracted DNA was used to generate ddRAD-seq
libraries following DaCosta and Sorenson (2014). Briefly,
0.5–1 µg of genomic DNA was digested using 20 U of the
restriction enzymes EcoRI and SbfI, producing fragments
with sticky ends. Uniquely barcoded adapters were ligated to
the digestion products. DNA in the size range of 300–450 bp
was excised from a 2% low melt agarose gel and purified
using a MinElute Gel Extraction Kit (Qiagen, Valencia, CA).
This size-selected DNA was then amplified using standard
PCR with Phusion high fidelity DNA polymerase (Thermo
Scientific, Pittsburgh, PA), and the products were purified
using magnetic SPRI beads (Company). We used real-time
PCR to quantify PCR products using an Illumina library
quantification kit (KAPA Biosystems, Wilmington, MA)
and an ABI 7900HT SDS (Applied Biosystems, Foster City,
CA). Equimolar concentrations of libraries with unique barcodes were pooled and sequenced (single-end, 150 bp reads)
on an Illumina HiSeq 2000 at Tufts University.

Data processing
DaCosta and Sorenson (2014) computational pipeline
was used to process the raw data obtained from Illumina
sequence reads (Python scripts available at http://githu
b.com/BU-RAD-seq/ddRAD-seqPipeline). For each individual, identical reads were collapsed while retaining read
counts and the highest quality score for each position.
Individual reads that were > 10% divergent from all others (using the UCLUST function in USEARCH v. 5; Edgar
2010) and/or those with an average Phred score < 20 were
removed. We then clustered the filtered reads from all
individuals into putative loci using UCLUST (-id setting
of 0.85). The highest quality read from each cluster (i.e.,
putative locus) was localized in the tiger (Panthera tigris)
genome (GCA_000464555.1 PanTig1.0), using BLASTN
v. 2 (Altschul et al. 1990). Clusters that did not generate a
BLAST hit were carried through the pipeline as anonymous
loci. After combining clusters that had the same BLAST
hits, we aligned reads from each cluster using MUSCLE v.
3 (Edgar 2004).
The final alignments were used to genotype individuals at
each locus using the RADGenotypes.py script. Individuals
were scored as homozygous at a locus if ≥ 93% of reads were
consistent with a single haplotype across polymorphic sites,
and heterozygous if a second haplotype was represented by
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at least 29% of reads (DaCosta and Sorenson 2014). We
also scored individuals as heterozygous if a second allele
was represented by as few as 20% of reads, but only if the
second allele was known from other individuals in the sample. Individual genotypes that did not meet either of these
criteria, or had evidence of more than two haplotypes, were
flagged (0.001% of all genotypes in the final data set); for
these samples, we retained only the allele represented by
the majority of reads and scored the second allele as missing data. Similarly, the second allele was scored as missing
for apparently homozygous genotypes based on 1–5 reads,
which were considered “low depth” (1.1% of all genotypes).
We retained for analysis all loci that had complete genotypes
for at least four of our five individuals.

Estimates of genetic diversity
Standard estimates of genetic diversity were calculated
using the R package—PopGenome (Pfeifer et al. 2014)
and Structure 2.2.3 (Pritchard et al. 2000). Observed heterozygosity (Hobs), expected heterozygosity (He), nucleotide
diversity, and inbreeding coefficient (FIS) were calculated.
Probability of Identity (PID), which is the probability that
two random individuals will have identical genotypes, was
calculated using Paetkau
�2and Strobeck (1994) equation:
∑
∑ �
PID = Pi 4 +
2Pi Pj , where Pi is the frequency of
the ith allele and Pj is the frequency of jth allele.

Comparison with microsatellites
The individual snow leopards used in this study were also
genotyped by Caragiulo et al. (unpublished) using 12 microsatellite loci (Caragiulo et al. 2015). We calculated Hobs, He,
FIS, and PID values for the microsatellite data as we did for
ddRAD-seq loci for comparisons.

Results and discussion
Given significant knowledge gaps on the genetics of snow
leopards, and the importance of this information for conservation, we used ddRAD-seq for a high resolution and
low cost development of a reference sequence library. This
method is widely becoming an important component of
ecological and evolutionary studies (Andrews et al. 2018;
Ba et al. 2017; Peters et al. 2016), especially for organisms like snow leopards where little is known about their
genome. We obtained an average of ~ 4,000,000 high quality sequence reads per individual. After assembling these
reads, we retained 4504 loci that were recovered from a
minimum of 80% of individuals and contained no flagged
genotypes. Among these reads median fragment size was
221 bp. The final data set comprised 511 loci with one or

more polymorphic sites plus 3993 constant loci and a total of
7,428,063 aligned nucleotides and 697 SNPs. Overall nucleotide diversity in the five Mongolian samples was 0.00032
with nucleotide diversity ranging from 0.00081 to 0.07935
among the variable loci.
To evaluate the utility of these SNPs, we estimated different descriptive statistics important in population genetics,
comparing them between traditional microsatellites and our
SNP panel. The average expected heterozygosity (He) was
0.042, which was slightly lower than the observed heterozygosity (Ho) of 0.047 for ddRAD-sEq. However, He and Ho
did not differ significantly (p = 0.07). In contrast, He was
slightly higher than Ho for microsatellites but the difference is statically insignificant (p = 0.341) (Table 1). Fixation index (F) for both microsatellites and ddRAD-seq was
negative. However, these values were calculated for only five
samples from Mongolia and are not necessarily representative of the total genetic diversity within the population.
To evaluate the power of ddRAD-seq loci for individual
identification, we calculated PID. This is the probability that
two individuals drawn at random from a population will have
the same genotype at multiple loci (Waits et al. 2001, Valiëre
2002). The PID is widely used to assess the statistical confidence for individual identification, for non-invasive sampling (Reed et al. 1997; Kohn et al. 1999; Mills et al. 2000;
Waits and Leberg 2000). It is therefore useful for estimating
the number of individuals with higher confidence (Ernest
et al. 2000). The value for PID for ddRAD-seq is very low
(i.e. 1.55 × 10−168) compared to the value for microsatellite
loci (i.e. 2.35 × 10−7), Therefore the power of ddRAD-seq
loci to identify individuals is over 100 orders of magnitude
higher than that of microsatellites.
As the role of genomic methods (e.g. SNPs) has evolved
in conservation practice, the transition from, and juxtaposition with, traditional conservation genetics methods (Ouburg
et al. 2010) has brought to light advantages and challenges
(Allendorf et al. 2010). For snow leopards, the advantages
are particularly critical. Microsatellites are notoriously difficult to standardize across different labs. In the case of noninvasive samples, there is the added challenge of genotyping

Table 1  The mean genetic diversity estimated in five snow leopards
genotyped using 12 microsatellites and ddRAD-seq loci

N
Na
Ho
He
F

Microsatellites

ddRAD-seq loci

4.333
2.917
0.536
0.544
− 0.023

4.973
1.118
0.047
0.042
− 0.113

N average sample size, Na average number of different alleles, Ho
observed heterozygosity, He expected heterozygosity, F fixation index
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error due to allelic drop-out and false alleles. Specifically in
snow leopards, microsatellites appear to have generally low
variability (Caragiulo et al. 2016). These challenges limit the
utility of microsatellites as a universal maker to use across
labs and research groups. In addition, an often overlooked
obstacle is that given the species’ legal status and the political sensitivities in many of its range countries, it is sometimes impossible to transport DNA samples across borders,
further precluding work being done in a single, standardized
lab. Instead, lab work must occur within the country where
the samples were collected. A hypervariable SNP panel
for snow leopards, such as done here, circumvents all of
the challenges of microsatellites. The next step is to design
probes from our ddRAD-seq libraries for a targeted DNA
capture method that is well suited for non-invasive samples
(Perry et al. 2010). This work is ongoing and will provide
a crucial new tool for conducting conservation genetic
research on this imperiled species.
Funding The funding was provided by Panthera.
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