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Background: Cheetahs (Acinonyx jubatus) are listed as vulnerable on the International Union for Conservation of
Nature Red List of Threatened Species. Threats include loss of habitat, human-wildlife conflict and illegal wildlife
trade. In South Africa, the export of wild cheetah is a restricted activity under the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES), however, limited legal trade is permitted of animals born
to captive parents. To effectively monitor the legal and illegal trade in South Africa, it was thus essential to develop
a validated molecular test.
Methods and Results: Here, we designed a single nucleotide polymorphism (SNP) array for cheetah from Double
Digest Restriction Associated DNA sequencing data for individual identification and parentage testing. In order to
validate the array, unrelated individuals and 16 family groups consisting of both parents and one to three offspring
were genotyped using the Applied BiosystemsTM QuantStudioTM 12K Flex Real-Time PCR System. In addition,
parentage assignments were compared to microsatellite data. Cross-species amplification was tested in various felids
and cheetah sub-species in order to determine the utility of the SNP array in other species. We obtained successful
genotyping results for 218 SNPs in cheetah (A. j. jubatus) with an optimal DNA input concentration ranging from 10
to 30 ng/µl. The combination of SNPs had a higher resolving power for individual identification compared to
microsatellites and provided high assignment accuracy in known pedigrees. Cross-species amplification in other
felids was determined to be limited. However, the SNP array demonstrated a clear genetic discrimination of two
cheetah subspecies tested here.
Conclusions: We conclude that the described SNP array is suitable for accurate parentage assignment and provides
an important traceability tool for forensic investigations of cheetah trade.
Keywords: Single Nucleotide Polymorphism; Parentage; Forensics; Cheetah
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Introduction
Advances in molecular technologies have resulted in the development of DNA markers that are polymorphic,
accurate and robust for parentage analysis [1] and forensic investigations [2]. The most commonly used marker type
is microsatellites which have a high mutation rate resulting in high information content. However, these markers
have several negative characteristics including size homoplasy and analysis that may be complicated by complex
mutation patterns and/or the presence of null alleles, which can introduce ambiguity to data analysis [3-5].
Furthermore, microsatellite analysis is platform dependent, and there are often difficulties with standardization, thus
collaboration between laboratories is challenging [3]. Single Nucleotide Polymorphisms (SNPs) are rapidly
replacing microsatellites in parentage studies. In contrast to microsatellite analysis, SNPs provide much broader
genome coverage [5], they offer higher information recovery from degraded DNA samples making them useful in
forensics [4-5] and they can be automatically standardized between laboratories [3]. Due to these qualities we
selected a set of SNP markers with the aim of developing a reproducible, low cost, high throughput test that can
accurately assign parentage and can be used for individual identification of captive cheetah in order to monitor the
legal and illegal trade.
Cheetahs are listed on Appendix I of the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES), thus, export of animals obtained from the wild for commercial purposes is prohibited. Limited
annual exceptions are given to Botswana (n = 5), Namibia (n = 150) and Zimbabwe (n = 50)
(https://cites.org/eng/app/appendices.php; accessed 25th of October 2019). Current legislation in South Africa
allows for the commercial breeding of predators, including cheetahs, and export permits may be provided for trade if
an individual is bred in captivity. The Scientific Authority has been established in South Africa in terms of Section
60 of National Environmental Management: Biodiversity Act (NEMBA). The purpose of the Scientific Authority is
to assist with regulating and restricting trade in specimens of Threatened or Protected Species (TOPS) and CITESlisted species. The Scientific Authority has recommended various measures to improve the management of captivebred cheetahs and to ensure that no wild specimens are traded as “captive-bred”. These measures include: (1)
registration of captive cheetah in a studbook, (2) all cheetah in captivity must be identifiable through microchips,
photos and DNA fingerprints, (3) all specimens to be exported internationally must first be verified as offspring of
captive-bred parents through DNA analyses and (4) any facility exporting internationally must be registered with the
Management Authority in compliance with the TOPS and CITES regulations. A management system using forensic
principles has been developed in order to monitor the legal trade of cheetah to ensure that only captive bred
individuals are exported. This process involves the collection of blood samples from the potential sire, dam and
offspring that are placed in a forensic evidence bag in the presence of a conservation official. The entire process is
documented with a series of photographs. Additional information provided includes microchip and studbook
numbers of each individual and various measurements of the animal. A DNA passport is created following
microsatellite profiling using markers derived from domestic cat microsatellites [6-8] once parentage is confirmed.
The passport includes photos of the offspring, relevant identification numbers (microchip, studbook etc.) and
identifies the dam and sire. All profiles are included in a DNA cheetah trade database that is managed by South
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African National Biodiversity Institute (SANBI). In addition to parentage verification, a validated molecular test is
required to assist in combating the illegal trade in live cheetah and their body parts. Illegal wildlife trade includes the
sale, purchase, or exchange of wildlife species or parts which is prohibited by law [9]. Historically, live cheetahs
were removed from the wild and were kept by the aristocracy as exotic pets due to their relatively docile nature or
were used in sports for the hunting of antelopes [10]. In addition, cheetahs have been traded internationally for their
skins (an estimated 3,000 to 5,000 skins were imported annually in the 1960s) to be used for clothing and ornaments
in Europe and North America [11]. Currently, live cheetahs are still illegally taken from the wild to be exploited as
pets or as tourist attractions, are illegally collected and introduced into captive breeding facilities [12], killed in
illegal trophy hunts, or their body parts sold as garments, ornaments and traditional medicines [13]. The illegal trade,
in conjunction with other pressures, is considered a threat to the survival of the remaining populations throughout
their range.
In this study, we selected a subset of SNPs from double digest restriction site associated DNA (ddRAD) sequence
data. Our aim was to genotype cheetah samples using the developed SNP array on the Applied BiosystemsTM
QuantStudioTM 12K Flex Real-Time PCR System and validate the array for parentage assignment and forensic
applications to monitor the illegal and legal trade of cheetah in South Africa. Here, we (1) compare the SNP array to
currently available microsatellite markers to assess their performance in resolving parentage, (2) assess the ability of
the SNP panel to delineate cheetah subspecies and lastly (3) determine cross-species amplification of the SNP array
in other cat species.
Materials and Methods
DNA extraction
The list of samples and species used in this study are provided in Supplementary Table 1. Samples were stored in the
SANBI Biobank at -80°C and were thawed at room temperature prior to isolation. Genomic DNA was isolated from
blood samples using the Zymo Research Quick-DNATM Miniprep Plus Kit, following the manufacturer’s
instructions. The quality (A260/A280) and quantity of DNA samples was determined using the NanoDrop
Spectrophotometer ND-1000.
SNP discovery and selection for array design
Animals were selected from a variety of localities and a subset of cheetah included animals of known parentage
(parents and offspring) to ensure that generated SNPs were informative for the purposes of parentage assignments
and forensic applications. The set of animals chosen for this work was determined on the availability of a wider
range of potentially different genetic backgrounds, in light of the constraints of sample availability, and to maximize
the chance of finding polymorphic sites with discriminatory resolution between individuals. Double Digest
Restriction Associated DNA sequencing (ddRADseq) was conducted by IGATech (Udine, Italy) on 42 samples with
minor changes to the protocol outlined in Peterson et al. [14], using the SphI and HindIII enzymes for our samples
(inferred using in silico digestion to obtain around 45,000 loci). Sequencing was carried out on the HiSeq2500
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instrument (Illumina, San Diego, CA) using V4 chemistry and paired-end 125 bp mode. The reads were then
mapped against the cheetah reference genome (GCF_001443585.1_aciJub1_genomic.fna) using BWA mem [15] and
sorted using SAMtools version 1.9 [16] using default settings and selecting only reads that map to a single place on
the reference and show a mapping quality of >40. Coverage and other mapping quality statistics were obtained using
qualimap [17]. The covered loci were filtered using gstacks and populations using Stacks v2.0 software [18]. Loci
had to be present in over 75% of all individuals. PLINK [19] was used to remove those markers with a minimum
allele frequency of 10%, as above that threshold the alleles had a uniform distribution. Filtering for loci in HardyWeinberg Equilibrium was carried out on the 6,404 SNPs that passed the previous filtering. An updated p-value
threshold of 0.0535 was applied following Narum [20] which resulted in the removal of 341 loci due to deviation
from Hardy-Weinberg Equilibrium. SNPs were sorted based of their expected heterozygosity from higher to lower,
and a random set was selected among the 400 most diverse SNPs. Furthermore, an estimation of the linkage
disequilibrium (LD) between pairs of SNPs (on the same contig and no more than 1 megabase apart from each
other) in order to remove SNPs with high LD and close proximity was carried out. Based on the LD decay curve
(Supplementary Figure 1) one SNP from each pair closer than 40Kb from each other and presenting r2 value higher
than 7% was removed. These distances and r2 thresholds were chosen as LD stabilizes around 6% from 40Kb
onwards. Identity-By-Descent (IBD) analysis was conducted and pi_hat values were examined. However, pi_hat can
be upwardly biased due to increased linkage disequilibrium (LD) due to population structure [21] and a reduced
genetic variation due to inbreeding [19]. Due to these factors likely playing a role in our dataset, we focused instead
in the measurements of sharing of alleles between individuals. Z0 (no alleles shared: IBD=0), Z1 (one allele shared:
IBD=1) and Z2 (both alleles shared: IBD=1) values were used to identify the number of shared alleles between pairs
of individuals. Related individuals were then removed. We further removed SNPs in repetitive regions of the
genome. We also validated the heterozygosity of the inferred SNPs using an independent pipeline, ANGSD [22]. To
do so, we generated major and minor allele frequency counts using the genotype likelihood method implemented in
ANGSD. We required a heterozygous position to show a p-value lower than 1 x 10-6 and a base quality (phred score)
of at least 20.

SNP genotyping
SNP genotyping was performed using the Applied BiosystemsTM QuantStudioTM 12K Flex Real-Time PCR System
(Applied Biosystems, CA, USA) according to the manufacturer’s recommended operating conditions. A total of 159
samples were genotyped (Supplementary Table 1) with 240 SNPs (Supplementary Table 2). In short, equal volumes
of sample and TaqMan OpenArray MasterMix were added into a 96 well plate and centrifuged at 4,100 revolutions
per minute (rpm) and the sample locations were recorded in the OpenArray® Sample Tracker Software. Mixtures
were transferred into the 384 well plate and centrifuged at 4,100 rpm. The 384 well plate has a capacity to run 12
samples and 240 SNPs in a single run. The 384 well plate was placed in OpenArray® AccuFill™ System and the
QuantStudio™ TaqMan® OpenArray® AccuFill™ Software was set up. Once loaded, SNP arrays were sealed with
the OpenArray® Case Lid, using the QuantStudio™ 12K Flex OpenArray® Plate Press 2.0. Immersion fluid was
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poured evenly into the array and the SNP array was immediately loaded into the Applied BiosystemsTM
QuantStudioTM 12K Flex Real-Time PCR System and run. The genotype data were analyzed using the TaqMan®
Genotyper software (version 1.0.5) (Applied Biosystems, CA, USA). SNP marker genotyping data was exported
from TaqMan® Genotyper software as a comma-separated file.
Microsatellite analysis
Individual profiles were obtained for 24 microsatellites, previously confirmed as polymorphic in Southern African
cheetahs [7-8, 23], for performance comparisons between conventional microsatellites and the newly developed
SNP markers (Supplementary Table 3). Polymerase Chain Reaction (PCR) amplification was conducted in a 12.5 μl
reaction volume consisting of Ampliqon Taq DNA Polymerase Master Mix RED, forward and reverse primers (0.5
μM each), and 50 ng genomic DNA template. The conditions for PCR amplification were as follows: 5 min at 95°C
denaturation, 30 cycles for 30 sec at 95°C, 30 sec at 55-60°C (depending on the marker amplified), and 30 sec at
72°C, followed by extension at 72°C for 40 min in a T100 Thermal Cycler (Bio-Rad Laboratories, Inc.). Based on
size range and fluorescent dye of the markers, PCR products were pooled and analyzed on an ABI 3130 Genetic
Analyzer (Applied Biosystem Inc.). At each locus, allele sizes were estimated by comparison with 500-LIZ®
(Applied Biosystem Inc.). One standard individual was run in each genotyping series, in parallel with negative
controls. Data were collected and analyzed using GeneScan® 1.2.2-1 and Genotyper® 3.1 (Applied Biosystem Inc.).
Array performance
Array performance was tested using 76 A. j. jubatus samples from South Africa (Supplementary Table 1) and a
number of approaches were used to validate the set of SNPs. First, the repeatability of the marker set was assessed
by analysis of ten samples in duplicate with reactions carried out by two different technicians on different days.
Secondly, the optimal concentration range was determined by comparing the results obtained for five samples (in
duplicate) at six dilutions (40 ng/µl, 30 ng/µl, 25 ng/µl, 20 ng/µl, 10 ng/µl and 5 ng/µl). The minor allele frequency
(MAF) for each SNP was calculated and deviations from Hardy-Weinberg equilibrium (HWE) were tested using
Genepop version 4.2.2 [24] on the 76 A. j. jubatus samples with analysis calculated per population (for populations
that included more than eight individuals). Lastly, in order to evaluate the information content of each marker, the
Polymorphic Information Content (PIC) for each locus was calculated using CERVUS [25]. In addition, to
determine the discriminatory power of each marker, the Probability of Identity (PI), Probability of Identity for Sibs
(PISib) and Probability of Exclusion (Pe1, one parent known and Pe2, both parents known) was calculated in
GenALEx [26]. Mean number of alleles per locus (Na), number of effective alleles (Ne), average observed
heterozygosity (Ho), expected heterozygosity (He), unbiased heterozygosity (Hz = expected heterozygosity adjusted
for unequal sample sizes; [27]) and inbreeding coefficient (FIS) were used to estimate the level of genetic diversity
and heterozygote deficit or excess (GenAlEx 6.5; [26]) in cheetah using microsatellite (number of samples = 78) and
SNP data (number of samples = 76). The PI of the overall marker sets was assessed in GenAlEx 6.5 to calculate the
minimum number of microsatellite or SNP markers necessary to achieve a reliable individual genotyping for
unrelated (PI) and related samples (PISib).
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Parentage assignment
To validate the SNP array for parentage assignment and to determine the general resolving power of SNPs and
microsatellites, we used the genotype data of 16 captive-bred cheetah families (n = 53), which included both parents
and one to three offspring, as well as 20 unrelated samples. The logarithm of the odds (LOD) score of the marker set
was evaluated using the cheetah samples of known parentage to assess the ability of the marker set to correctly
determine the true sire/dam and to estimate the impact of allowing a range of mismatches. Parentage of known
pedigrees was confirmed using the likelihood-based approach in CERVUS version 3.0.7 [25]. Allele frequency data
were used to run the simulations and to calculate the mean proportion of loci typed and the mean PIC. The mean
proportion of loci typed was used as an input value for the simulation of parentage analysis. To simulate parentage
analysis, we needed to estimate which proportion of the candidate parents were sampled, as well as the proportion of
loci that were mistyped. Parentage was simulated assuming 1% of loci were mistyped due to genotyping errors and
that only 50% of the candidate parents had been sampled. For the simulation and subsequent parentage analysis, it
was assumed that the gender of the parents was known. This was conducted for both the microsatellite and SNP
data. Further, we conducted Discriminant Analysis of PCs (DAPC) [28] using the adegenet package [29] in R to
assign individuals to family groups. To reduce over- or under-discrimination, we selected the number of retained
PCs by predicting the maximum α-score with the optim.a.score function (20 replicate α-scores were calculated),
following Jombart et al [28]. Lastly, the number of SNPs required to determine parentage accurately using actual
data was assessed. In order to do this randomly, a custom python code was written that uses the built-in randint
function. The accuracy of parentage assignments was determined using the following percentages of missing data:
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%.
Cross-species and subspecies amplification
Cross-(sub)species amplification of the developed SNP array was assessed by genotyping two subspecies of cheetah:
76 samples of A. j. jubatus and 21 samples of A. j. soemmeringii, as well as nine lion (Panthera leo), eight leopards
(P. pardus), seven domestic cats (Felis catus) and seven African wildcats (F. silvestris lybica). We further
investigated the marker set’s ability to accurately assign samples to their respective species/sub-species applying
Principal Component Analysis (PCA). To do so, we first carried out an in silico PCA by extracting the 240 SNPs
from the data set of Prost et al. [30] and running ANGSD and PCangsd [31]. This data set includes individuals of all
five classically described subspecies (A. j. jubatus, A. j. raineyi, A. j. soemmeringii, A. j. hecki and A. j. venaticus).
Next, we validated the discrimination in vitro using the 76 samples of A. j. jubatus and 21 samples of A. j.
soemmeringii and subsequent PCA analysis using the R stats package (R Core Team, 2013).
Results
SNP discovery
Samples submitted for ddRADseq had an average A260/A280 of 1.7 and were 50 ng/µl. Sequencing on the
HiSeq2500 instrument yielded a total of 110,142,763 reads across the 42 samples. A total of 13,053 SNPs were
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identified in 1,196 contigs. Removal of markers with a minimum allele frequency of 10% resulted in 6,404 SNPs
and a further 341 loci were removed due to deviations from Hardy-Weinberg Equilibrium. A total of 400 diverse
SNPs were selected based on expected heterozygosity. Lastly, further markers were removed due to high LD or
those that occurred in repetitive regions in the genome. Based on these parameters, we selected 240 SNP for the SNP
array development.
Array performance
To obtain a robust SNP marker set for reliable identification and parentage testing in cheetahs, we excluded a total of
22 SNPs that were monomorphic (Supplementary Figure 2a), produced diffuse clusters that could not be accurately
genotyped (Supplementary Figure 2b) or were heterozygous for all samples in cheetah (Supplementary Figure 2c).
Thus, the final dataset consisted of 219 polymorphic loci that could successfully be amplified (Supplementary
Figure 2d). We generated SNP data for 83 cheetah samples of which seven samples failed to amplify and were thus
excluded from further analysis. In the remaining 76 samples, 92% of the samples had a genotyping success rate
between 91-100% while the remaining 8% had a genotyping success rate between 77-90% (Supplementary Figure
3). The analysis of the 10 samples in duplicate resulted in identical genotypes for each individual. In addition, the
five samples that were analyzed at various concentrations displayed identical genotypes. Sample concentrations as
low as 5 ng/µl and as high as 40 ng/µl still produced usable results. Low concentration samples (5 ng/µl) resulted in
an average loss of 4.5 SNPs whereas at higher concentrations (40 ng/µl) an average loss of 6.5 SNPs was observed.
Thus, the optimal DNA concentration for successful amplification was determined to be 10-30 ng/µl
(Supplementary Figure 4).The PI of the SNPs varied from 0.375 to 0.634 (average = 0.383), PISib values varied
from 0.594 to 0.799 (average = 0.603), PIC values varied from 0.195 to 0.375 (average = 0.368), and Pe1 and Pe2
varied from 0.024 to 0.125 (average = 0.119) and 0.167 to 0.281 (average = 0.277) respectively. The MAF for SNPs
varied from 0.125 to 0.5 (mean = 0.44, Supplementary Table 4). Only one SNP (2648128-2648228) had a MAF
below 0.25 and was excluded from further analysis. Among the 218 selected SNPs, 42 SNPs had Ho values below
0.1 or above 0.9 which may results in an excess of heterozygotes or homozygotes. A total of 37 of the 42 markers
deviated from HWE (p<0.001) when significance levels were adjusted using the False Discovery Rate (FDR). In
addition, five of the 42 markers deviated from HWE with lower significance values (p<0.01, p<0.05). Further
downstream analysis was conducted where the above SNPs were excluded (n = 176 SNPs) and included (n = 218
SNPs) and results obtained were similar.
To examine the effectiveness of the SNP array, samples analyzed using SNPs were re-genotyped using
microsatellites. Population summary statistics using a subset of individuals obtained from SNPs and microsatellites
were compared (Table 1). The mean Ho and He per locus for SNPs was 0.57 and 0.49 respectively whereas the mean
Ho and He per locus for microsatellites was 0.60 and 0.74 respectively. SNPs indicated slightly too moderately
outbred populations (-0.166 to -0.001) while microsatellites indicated that populations were slightly inbred (0.20).
The combination of 218 SNPs (PI = 1.9 x 10-91 and PISib = 1.2 x 10-48 for full siblings and non-relatives
respectively) and the combination of 176 SNPs (PI = 5.6 x 10-74 and PISib = 2.2 x 10-39) had a higher resolving
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power for individual identification in comparison to a panel of 24 microsatellites (PI = 4.0 x 10-27 and PISib = 2.5 x
10-10 for full siblings and non-relatives respectively). A PI cutoff of 0.0001 was selected as it is considered
sufficiently low for most application in natural populations [32]. Based on these criteria, our results indicate that, in
cheetah, approximately 10 SNPs (PI = 6.5 × 10−5) provide a resolution in identifying individuals comparable to that
provided by approximately four microsatellites (PI = 1.9 × 10−4). The more conservative estimate PISib indicate that
in cheetah, approximately 18 SNPs (PISib = 1.1 × 10−4) provide a resolution in identifying individuals comparable to
that provided by approximately 10 microsatellites (PISib = 6.9 × 10−5) (Figure 1).
Parentage assignments
As an initial application of the generated data, we examined the utility of the developed SNP array in comparison to
microsatellites for parentage analyses. When both the dam and sire SNP genotypes were included in the analysis, the
average LOD score was 46.95. In this case, all 22 offspring (100%) were assigned to the correct parent pair. When
paternity was assigned to the progeny using only the sire information the average LOD score was reduced to an
average of 22.61. Here, one offspring failed to be assigned to its known sire (LOD score = -5.65). In addition, when
all known parents were removed from the analysis, no parent pairs were assigned to any offspring at 95%
confidence (Figure 2). Further, DAPC analysis identified 16 groups corresponding to the 16 families analyzed here
with 21 out of 22 offspring being correctly assigned (Figure 3). Contrastingly, using the microsatellites marker test,
when both known parents were included, the average LOD score was 27.68 and 18 offspring (81%) were assigned to
the correct parent pair. A total of four offspring were not assigned to their known parents with high confidence due
to mismatches at four to six loci (average LOD = -7.78). When paternity was assigned to the progeny using only the
sire information the average LOD score was reduced to an average of 11.34. Here, five offspring failed to be
assigned to its known sire (average LOD = -5.22) (Figure 2). The number of SNPs required to determine parentage
accurately using actual data was assessed (Supplementary Figure 5). Parentage was assigned correctly for all 22
offspring when 10 to 50% of the SNPs were missing. A total of 19 to 20 offspring were correctly assigned when 60
to 80% of the data was missing and at 90% missing data, the number of offspring correctly assigned was further
reduced to only 10 offspring correctly assigned.
Cross-species and subspecies amplification
The SNP array was applied to closely related cheetah sub-species. In A. j. jubatus, 100% of the SNPs amplified of
which 91% were polymorphic and in A. j. Soemmeringii, 91% of the SNPs amplified and 82% were polymorphic
(Supplementary Figure 6). In lion, 90% of the SNPs amplified of which 35% were polymorphic and in domestic cat,
88% of the SNPs amplified of which 30% were polymorphic. Lastly, in African wildcat, 92% of SNPs amplified
with 34% being polymorphic and in leopard, 81% of the SNPs amplified with 30% of the genotyped SNPs being
identified as polymorphic (Supplementary Figure 6). Genetic differentiation among the five different species was
further resolved via PCA (Figure 4a). The cheetah (A. jubatus) samples were distinct and clustered separately
whereas African wildcat and domestic cat grouped together and lion and leopard were in a single cluster. For the
subspecies distinction, the in silico analysis using the full 240 SNPs extracted from the data of Prost et al. [30]
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showed a clear distinction between the five classically recognized subspecies (A. j. jubatus, A. j. raineyi, A. j.
soemmeringii, A. j. hecki and A. j. venaticus; Supplementary Figure 7). Overall, the clustering was highly similar to
that obtained with 3,743 SNPs in Prost et al. 2020. The in vivo test applying the array using available samples of A.
j. jubatus and A. j. soemmeringii also showed a strong discrimination between the two cheetah subspecies (Figure
4b).
Discussion
The aim of this study was to develop an accurate, reproducible and cost effective genetic test that can be
implemented for parentage assignments in cheetah in order to monitor the South African legal trade. Due to the
advantages SNPs have over other molecular markers [4], they are becoming the marker of choice for parentage.
Here, the novel SNP array for cheetah (A. jubatus) was developed using a subset of 218 SNP loci identified from
ddRADseq data. This method has been successfully used previously to identify a panel of SNPs in order to
characterize African forest elephant [33]. In order to validate the assay, cheetah DNA was analysed using Taqman®
genotyping on the Applied BiosystemsTM QuantStudioTM 12K Flex Real-Time PCR System. This system was
selected as it has high throughput, reduced hands-on time and is cost effective ($23 per sample in order to genotype
240 SNPs). Taqman® assays have been successfully used to determine parentage in steelhead (Oncorhynchus mykiss)
[34] and Pacific lamprey (Entosphenus tridentatus) [35].
In this study, 218 (91%) out of 240 SNPs genotyped were identified as being polymorphic in A. jubatus. Similarly,
Roques et al [36] reported homozygosity in 10% of SNPs genotyped by MassArray technology following the
selection of polymorphic SNPs from ddRADseq data. The authors attributed this discrepancy to low ddRADseq
coverage. Increasing the coverage threshold (5x to 30x) is reported to decrease genotyping errors and genomic
breadth of coverage [37]. A total of 20 SNPs deviated from Mendelian expectations which may be attributed to low
number of samples, genotyping errors, duplicated genomic regions, deleterious allelic variants or unusual meiotic
segregation distortions [38]. The percentage of SNPs (10%) that deviated from Mendelian patterns is considered low
in comparison to 22% reported in turbot [39] or 15% identified in Atlantic cod [38]. Here, insufficient samples may
be responsible for the observed deviations. All analysis was conducted using both the full set of markers (218) and
the subset of markers (176) that did not deviate from HWE and similar results were obtained. The array was
determined to be both reproducible and reliable with duplicate samples providing identical results. Further, the SNP
array demonstrated the ability to amplify samples with low DNA concentrations (sample concentrations as low as 5
ng/µl), a requirement for forensic investigations.
Here, we compared microsatellite and SNP data and identified that genetic diversity was lower in samples analyzed
via the SNP array (Ho = 0.57, He = 0.49) in comparison to microsatellite markers (Ho = 0.60, He = 0.74). This finding
can be attributed to the biallelic nature of SNPs resulting in lower information content in comparison to
microsatellites which have multiple alleles [40]. However, the average level of SNP heterozygosity observed here is
considered satisfactory for future genetic monitoring of cheetah populations as they are similar to those previously

9

reported. Other studies based on microsatellite analysis reported heterozygosity values from 0.46 [6] to 0.52 [41].
Subsequent studies where more polymorphic markers with more alleles per marker were selected reported higher
diversity values [41, 8, 7]. In this study, SNPs did not detect inbreeding that was apparent with microsatellites (Table
1). However, this observation may be due to sample selection of unrelated individuals to validate the SNP data
which would result in the inbreeding estimates being more consistent with outbreeding compared to the
microsatellite dataset. Currently, cheetah parentage testing relies on the use of microsatellite markers. However, it
has been reported that microsatellite markers have a lower ability to assign parentage with high confidence in
comparison to SNPs, when a sufficient number of SNPs are used [42]. Due to lower PIC values reported for SNPs,
theoretically more SNPs are required than microsatellites to obtain the same power of exclusion (10 microsatellites
versus 16 SNPs). In this study, the overall combination of 218 SNPs had a higher resolving power for individual
identification and the SNP array had a greater ability to correctly assign known parent-offspring trios. The observed
difference in the power of the markers for parentage reconstruction may be attributed to genotyping errors.
Microsatellites have been reported to have a higher genotyping error (1 to 5%) and a higher frequency of null alleles
in comparisons to SNPs [43-44] resulting in errors in parentage assignments. Lastly, we empirically demonstrate that
accurate parentage (>95%) can be achieved with as few as 109 SNPs (Supplementary Figure 5). The number of
SNPs required for accurate parentage assignment depends on the MAF of the markers. Anderson & Garza [45]
determined that fewer loci with higher MAFs have a similar power to more loci with lower MAFs. Here, our panel
of 218 SNPs had relatively high MAFs ranging from 0.125 to 0.5 (Supplementary Table 4).
The SNP assay in this study was validated for parentage determination in South African cheetah (Acinonyx jubatus).
However, cross-species amplification observed in A. j. Soemmeringii provides support that this panel may be
successful internationally on all sub-species of cheetah for parentage verification. In addition, the potential of the
SNP assay to assign cheetah sub-species is supported by the in silico analysis which showed a clear distinction
between the five classically recognized subspecies. However, this would have to be further investigated using a
larger dataset which includes cheetah sub-species throughout their distibution range. Potential further applications
for this assay include identification of the source of cheetah, population genetic analysis and individual
identification.
In conclusion, we identified and developed a panel of SNP markers that can be used for accurate individual
identification and parentage verification for monitoring of legal and illegal trade in cheetahs. The developed tool
will greatly aid efforts to create passports for all captive cheetahs that are traded and thus aid efforts to fight illegal
trafficking of the species. In addition, the array can be used in the future to address several management,
conservation and research questions in cheetahs. This method could be used in routine monitoring to assess genetic
diversity and differentiation in cheetah population. A larger dataset would be needed in order to determine the ability
of the SNP marker to differentiate clearly between wild and captive South African populations. Here, we
demonstrate the potential use of the SNP array to distinguish between cheetah sub-species. However, additional
sampling would be required in order to validate this method in sub-species identification.
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Tables
Table 1: Characterization of microsatellites and single nucleotide polymorphisms (SNPs) in cheetah. N = number of
samples; Nm = number of markers; Na = number of alleles; Ne = number of effective alleles; Ho = observed
heterozygosity; He = expected heterozygosity; Hz = unbiased expected heterozygosity and Fis = inbreeding
coefficient.
N

Nm

Na

Ne

Ho

He

Hz

Fis

Microsatellites

78

24

11.08

4.72

0.60

0.74

0.75

0.20

SNPs

76

218

2.00

1.95

0.57

0.49

0.49

-0.166

SNPs

76

176

2.00

1.94

0.48

0.49

0.49

-0.001
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Figures
Figure 1: Relationship between probability of identity, probability of identity between siblings (PIDsib) and the
number of STR and SNPs genotyped.
Figure 2: Trio Logarithm of the odds (LOD) scores per cheetah offspring obtained for microsatellite and single
nucleotide polymorphisms (SNPs). Blue bars indicate LOD scores obtained for SNPs and orange bars indicated
LOD scores obtained for microsatellites.
Figure 3: Discriminant analysis of principal components (DAPC) clusters for (A) 218 SNPs and (B) 176 SNPs with
individual assignment probabilities for each cheetah family displayed in a bar graph.
Figure 4: Genetic relationships among (A) felid species and (B) cheetah sub-species, based on the first two
principal components (PC1, PC2) derived from a multivariate analysis (PCA).
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Supplementary material
Supplementary Table 1: List containing all samples used for this study, what they were used for and where samples
were from. 1 = samples with more than 50 missing genotypes. 2 = Samples that did not amplify. * indicates samples
repeated in duplicate. # indicates samples repeated at various concentrations.
Supplementary Table 2: Primer and probe sequences for SNPs used in cheetah.
Supplementary Table 3: Primer sequences of cross species microsatellites used in cheetah.
Supplementary Table 4: Details of single nucleotide polymorphisms used in the study. The SNP identified to have
a MAF value below 0.25 is indicated in blue. The 42 SNPs with Ho values below 0.1 or above 0.9 are indicated in
red.
Supplementary Figure 1: Linkage disequilibrium (LD) decay curve.
Supplementary Figure 2: Examples of genotype plots. The fluorescence of the two alleles are plotted along the xand y- axis. Blue and red dots represent homozygous genotypes whereas green dots indicate heterozygous
genotypes. Yellow dots indicate no amplification and black dots indicate genotypes that could not be assigned. (a)
Genotype plot with monomorphic SNPs, (b) genotype plot with diffuse clusters, (c) genotype plot with one genotype
(heterozygous) for all samples and (d) genotype plot of a polymorphic marker.

Supplementary Figure 3: Assessment of genotyping call success rate of the SNP array.
Supplementary Figure 4: Average number of missing SNPs as DNA concentration (ng/ul) is increased.
Supplementary 5: Relationship between the number of SNPs genotyped and the number of offspring that could be
successfully assigned to the correct parents.
Supplementary Figure 6: Bar chart indicating genotyping success across species using the full 240 set of SNPS.
Blue bars indicate percentage of polymorphic loci, maroon bars indicate percentage of monomorphic loci and green
bars indicate percentage of SNP markers with no amplification.
Supplementary Figure 7: In silico PCA analysis using the full 240 SNPs extracted from the data of Prost et al.
(2020). Purple: A. j. jubatus, orange: A. j. raineyi, gray: A. j. soemmeringii, green: A. j. hecki and blue: A. j.
venaticus.
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