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Abstract: The black-backed jackal has proven difficult to study in the wild due to 
its elusive behaviour. As a rabies vector and predator of livestock, understanding 
dispersal patterns and population structure is of importance when considering the 
management of this species in South Africa’s rural areas. We have characterised 
a suite of six cross-species microsatellite markers suitable for this purpose and 
present a method to isolate suitable quantities of host DNA from faeces in order to 
undertake endpoint PCR. Allelic dropout and null allele frequencies were shown to 
be negligible for all loci. No evidence of selection could be detected at any of the loci 
examined. The genotype frequencies of the total sampled population were tested 
for concordance with Hardy–Weinberg equilibrium. No significant deficit of hetero-
zygote individuals was detected globally when tested by locus and marker set. An 
excess of heterozygosity was recorded at three loci within a single study site. The 
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total inbreeding coefficient FST was calculated at 3% across the sampled population. 
The average DNA copy number recovered from faecal deposits was quantified using 
a qPCR-TacMan reporter probe method. The results of this study indicate that the 
quantity of DNA recovered from faeces was sufficient to undertake endpoint PCR.

Subjects: Animal Ecology; Genetics; Zoology

Keywords: microsatellite; black-backed jackal; qPCR; faeces; non-invasive genetic sampling

1. Introduction
The analysis of populations in the natural environment is a focal point for many ecological and 
conservation-based studies. The ability to describe a population in terms of genetic isolation and 
breeding structure provides biologically relevant information that can be applied to both species 
management and conservation programmes in the wild. Simple sequence repeat polymorphisms, 
also known as microsatellites, have been extensively used in this regard with previous studies aim-
ing to quantify the amount of inbreeding in endangered species (Cain et al., 2014; Coulson, Albon, 
Slate, & Pemberton, 1999; Curik et al., 2003); monitor reintroduction programs (Garcia-Moreno, 
Matocq, Roy, Geffen, & Wayne, 1996; Storfer, Mech, Reudink, & Lew, 2014; Vernesi et al., 2003),  
detect genetic bottleneck events (Jones, Paetkau, Geffen, & Moritz, 2004; Luikart, Sherwin, Steele, & 
Allendorf, 1998) and quantify absolute population sizes (Miller, Joyce, & Waits, 2005; Mowat & 
Strobeck, 2000; Petit & Valiere, 2006). However, robust and informative microsatellite marker sets 
are often species specific in their primer sequences and must often be developed and characterized 
for each new and novel species in question. Furthermore, multiple microsatellite loci are required to 
sample the genome wide effects of drift as the informative power of microsatellite markers pre-
dominantly arises from their polymorphic nature and allelic diversity (Kalinowski, 2002; Morin, 
Martien, & Taylor, 2009). Whole genome genotyping using Single Nucleotide Polymorphisms (SNPs) 
offers an attractive alternative, a microsatellite-based approach, as they provide genome-wide hap-
lotyping and are very common to both functional and non-coding regions of DNA. However, due to 
the low allelic diversity of SNPs, the experimental power of this technique is reliant on the number of 
loci examined. Therefore the total number of SNPs and associated cost required to undertake an 
analysis of population structure is often many times that of a microsatellite study (Selkoe & Toonen, 
2006). Although SNPs have been used extensively to identify population structure in a number mod-
el-species (Morin et al., 2009), their use is often limited in novel species due to the cost of develop-
ment and application.

The focal species of many ecological studies are often free-ranging, exist at low densities and can 
be challenging to capture and sample due to their cryptic life history strategies. As a result, the dif-
ficulty in attaining enough samples to undertake a microsatellite study of sufficient power can be of 
concern when attempting to infer meaningful demographic factors about populations in the wild 
(Piggott & Taylor, 2003). Genetic material acquired from indirect sources, such as hair and faeces, 
can be advantageous over direct genetic sampling as valuable information of a population’s past 
demography and diversity can be described without the effort required to capture study animals 
(Ernest, Penedo, May, Syvanen, & Boyce, 2000; Morin, Chambers, Boesch, & Vigilant, 2001; Reddy  
et al., 2012). The use of faeces as a genetic source material offers additional advantages when 
studying cryptic mammalian species as deposits are often abundant in the environment (Piggott & 
Taylor, 2003), spatially accountable and, theoretically, contain a substantial quantity of host genetic 
material (Davison, Birks, Brookes, Braithwaite, & Messenger, 2006).

Raw faecal samples recovered from the environment are often highly impure, both genetically 
and chemically, and have undergone a degree of mechanical and microbial degradation prior to col-
lection (Taberlet, Waits, & Luikart, 1999). As a result, the often poor recovery of host DNA from fae-
ces (Piggott, 2005; Taberlet et al., 1996, 1999) combined with the presence of naturally occurring 
organic PCR inhibitors (Hajkova et al., 2006; Morin et al., 2001) can result in the stochastic amplifica-
tion of alleles during PCR and lead to a biased representation of a population’s genetic diversity. This 
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PCR artefact, known as allelic dropout, has been highlighted as a specific complexity when geneti-
cally profiling a population using faeces as the frequency of miss-amplification is often not apparent 
until marker performance can be externally validated using high-quality sources of DNA (Broquet & 
Petit, 2004).

A number of steps can be taken to minimise the potential for allelic dropout during the collection 
of samples in the field. The recovery of samples promptly after deposition by the study animal and 
the fixation of samples in a biologically inert environment prior to analysis are two factors that have 
previously been used to limit environmental degradation of target DNA. For example, studies inves-
tigating the use of faeces as a genetic source material in the pine marten (Martes martes) and red 
fox (Vulpes vulpes) used a clinical transport buffer designed to reduce the microbial action within 
faecal samples prior to analysis (O’Reilly, Statham, Mullins, Turner, & O’Mahony, 2008). Subsequent 
to collection, sample processing is often used to reduce the concentration of organically derived PCR 
inhibitors in samples prior to DNA extraction (Butler, 2005; Griffiths, Whiteley, O’Donnell, & Bailey, 
2000). Previous studies have used standard DNA purification processes involving organic solvents in 
an attempt to reduce the concentration of PCR inhibitors in a range of adulterated samples from the 
environment (Griffiths et al., 2000). However, as PCR templates derived from faeces are fundamen-
tally prone to miss-amplification (Pompanon, Bonin, Bellemain, & Taberlet, 2005; Taberlet et al., 
1996, 1999), an external validation of both marker performance and DNA yield would be appropriate 
before reliable estimates of inbreeding and structure can be made.

The black-backed jackal is considered a major conflict species within the livestock-producing are-
as of South Africa. As a significant disease vector (Loveridge & Macdonald, 2001) and accomplished 
predator of game and livestock (Klare, Kamler, Stenkewitz, & Macdonald, 2010), understanding the 
dispersal and breeding patterns of the black-backed jackal is fundamental in the successful man-
agement of this species. To date, many studies have attempted to glean information on dispersal, 
disease transmission and depredation rates using both direct observations and population sampling 
methods (e.g. Ferguson, Nel, & Wet, 1983; Hiscocks & Perrin, 1988; Jenner, Groombridge, & Funk, 
2011). However, very few studies have attempted to estimate the population parameters of free 
ranging black-backed jackals using a microsatellite-based approach. Six microsatellite loci were  
developed and characterised for the black-backed jackal in this investigation in order to provide a 
stable platform from which further analysis of population structure can be undertaken. Due to the 
cryptic and territorial behaviour of the black-backed jackal, faecal deposits were assessed for their 
suitability in providing non-invasive genetic source material for a microsatellite-based analysis of 
population structure. Due to the known complexities involved with isolating DNA from faecal sam-
ples and the variability of success across differing species, the feasibility of using DNA recovered 
from faecal samples was first ascertained before any meaningful demographic information was 
gleaned from the population. This study aimed to define a suitable and robust non-invasive faecal 
sampling method, capable of recovering adequate concentrations of host DNA in order to amplify a 
suite of polymorphic microsatellite markers originally developed for the domestic dog (Canis 
familiaris).

2. Methods and materials

2.1. Collection and storage of DNA source material

2.1.1. Tissue
A total of 18 black-backed jackals were directly sampled for genetic material by taking tissue biop-
sies of the ear lobe. All tissue samples were collected from recently deceased individuals within the 
North West Province of South Africa. Tissue samples were collected over an 18-month period and 
primarily originated from animal–traffic collisions. All tissue samples originate from individuals posi-
tively identified as C. mesomelas and spatially referenced with GPS data upon collection. Tissue sam-
ples were placed in absolute ethanol (EtOH) upon collection and stored at −20°C prior to transport to 
the UK for analysis.
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2.1.2. Faeces
Seventy-five faecal samples were collected from six separate locations within the North West 
Province of South Africa. The minimum, maximum and average distance between sampling sites 
was 27, 110.4 and 66.1 km respectively. All samples were geographically referenced upon collection 
using a Garmin GPS 62S. Collected samples showed little to no signs of environmental degradation 
and retained an undesiccated mucosal coat. Stool Transport and Recovery (S.T.A.R.) buffer (Roche 
diagnostics: 03335208001) was used to minimise microbial degradation post collection and prevent 
sample desiccation during transport and storage. Upon collection, approximately 1 g of faecal mat-
ter was removed from the outermost layer of the faecal pellet using a sterile razor blade, and subse-
quently deposited into 5 ml of S.T.A.R. buffer. The outermost layer of the faecal pellet was targeted 
to maximise the number of shed host cells recovered from the mucosal coat. Samples were shaken 
until a homogeneous solution was formed. Variation in stool consistency required additional S.T.A.R. 
buffer to be used to ensure homogenization of some samples. Samples were stored at −20°C prior to 
transport to the UK for further extraction and analysis.

2.2. DNA recovery and extraction

2.2.1. Tissue
Host DNA was extracted from 25 mg of ear lobe tissue fixed in absolute EtOH using the DNeasy Blood 
and Tissue Kit (Qiagen cat No: 69504) and the manufacturer’s protocol for tissue extraction. 
Cartilaginous tissue was removed from epidermal skin cells prior to proteinase K digestion at 56°C. 
DNA was recovered in 150 μl of manufacturer-supplied PCR-compatible elution buffer.

2.2.2. Faeces
Template DNA was extracted from faecal samples using a Qiagen DNeasy spin column modified with 
a chloroform DNA extraction procedure. Raw samples stored in S.T.A.R. buffer were defrosted in 
batches of 10 at 4°C for 2 h prior to extraction. Samples were again homogenised by vortexing, then 
10 ml of each sample was pipetted into a clean and sterile 15 ml collection tube. One ml of ≥99.8% 
chloroform + ethanol (GC) was added to the 10 ml of S.T.A.R. buffer/faecal solution and mixed gently 
until emulsified. Samples were then centrifuged at 1,000 × g for 3 min. The supernatant was then 
carefully removed and stored in a clean 15 ml collection tube for subsequent DNA extraction.

In order to extract DNA from the supernatant, a Qiagen tissue extraction protocol was followed. 
Columns were centrifuged at 1400 × g for 3 min and allowed to dry at room temperature for 5 min 
prior to DNA elution. DNA was eluted using 75 μl of warmed Qiagen elution buffer at 54°C. The elu-
tion buffer was added to the membrane and allowed to stand at room temperature for 5  min. 
Samples were then centrifuged at 6,100 × g and the DNA eluted into a 1.5 ml micro-centrifuge tube.

2.3. DNA template quantification
The average absolute copy number of host-specific DNA recovered from faecal samples was ascer-
tained to ensure reliable DNA template quantity for accurate genotyping analysis. A real-time quan-
titative PCR assay was used to quantify the absolute DNA copy number in a subsample of four tissue 
and ten faecal extracts. The TaqMan probe used in this study had been designed for the quantifica-
tion of cellular copy number in the domestic dog by targeting a highly conserved 287 bp fragment of 
the β-actin housekeeping gene (Table 1).

The conservation of the β-actin gene is expected to be high within the Canid genus due to its func-
tional importance in cellular structural maintenance and thus suitable for quantifying the DNA copy 
number in C. mesomelas. However, to ensure the cross-species compatibility of this probe in  
C. mesomelas, the fragment of the β-actin gene containing the TaqMan probe binding site was first 
isolated and sequenced to insure homology in the black-backed jackal.
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2.4. β-actin probe homology
To validate the homology of the TaqMan probe binding site in C. mesomelas, the probe primers were 
used to amplify the homologous locus in two high-quality jackal tissue extracts using a gradient PCR 
protocol (n = 27). The gradient PCR protocol consisted of an initial denaturation of 94°C for 5 min fol-
lowed by 35 cycles of 94°C for 1 min, 53, 53.2, 53.7, 54.5, 55.5, 56.7, 57.8, 59.0 and 60°C for 1 min and 
72°C for 30 s. A final extension stage was used at a temperature of 72°C for 5 min. PCR conditions 
consisted of 25 μl reactions comprised of 1 × Promega environmental PCR mastermix, 0.4 pmol/μl 
β-actin fragment primer mix and 2 μl of 1:10 dilution template DNA. Positive amplicons were visual-
ised under UV light on a 2% agarose gel stained with ethidium bromide.

One optimal PCR product from each of the two individuals examined on a 2% agarose gel was then 
reclaimed using a Qiagen QIAquick gel purification kit (cat No: 28704 and 28706). Purified PCR prod-
ucts were then cloned into chemically competent E. coli using a TOPO TA Cloning kit, PCR2.1-TOPO TA 
vector and manufacturer-based chemical cloning protocol. E. coli was then spread onto ampicillin 
selective plates to identify positive uptake of the plasmid. Lac-Z gene expression was upregulated 
using 100 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside) to aid in x-gal blue-white colony screen-
ing for successful insert uptake. E. coli were then grown for 24 h at 37°C.

Ten positively screened colonies were selected at random and removed from the agar plate using 
sterile pipette tips. Colony PCR was undertaken on each colony stab using the vector-based M13 
primers in order to ensure successful insertion of the β-actin fragment within the recovered plasmid. 
PCR conditions consisted of an initial denaturation stage of 94°C for 10 min followed by 30 cycles of 
94°C for 1 min, 55°C for 1 min and 72°C for 1 min. A final extension stage of 72°C for 10 min was used. 
The final concentration used in a PCR consisted of 1 × Promega environmental master mix, 0.25 pmol/
μl β-actin forward and reverse primer, 0.5 μM BSA and up to 25 μl DI H2O with 1 colony stab as DNA 
template. Ten millilitres of amoxicillin selective nutrient broth was subsequently inoculated with 
each colony stab pipette tip and incubated on a mechanical shaker at 37°C for 24 h. Colony PCR 
amplicons were visualised under UV light on a 2% agarose gel stained with ethidium bromide.

Ten millilitres of amoxicillin selective nutrient broth was subsequently inoculated with each colony 
stab pipette tip and incubated on a mechanical shaker at 37°C for 24 h. Two nutrient broth inocula-
tions were selected due to the success of their corresponding colony PCR. Plasmids were recovered 
from E. coli in the nutrient broth solutions using a Qiagen mini prep recovery kit. Plasmid recovery 
was screened on a 1.2% agarose gel stained with ethidium bromide under UV light. To insure the 
homology of the β-actin primers and to accurately quantify the length and composition of the insert 
sequence recovered from the black-backed jackal, 5 μl of a 1:5 dilution of mini prep solution was sent 
for commercial Sanger sequencing. Both forward and reverse strands of the plasmid were sequenced 
using the M13 insert flanking primers by the commercial sequencing company GATC bioscience. 
Sanger sequencing was undertaken on an ABI 3730xl. Forward and reverse consensus sequences 
were compiled, trimmed and analysed using CLC Genomics Workbench v. 6.8.

2.5. Synthesis of DNA copy number standards for qPCR
To accurately estimate the absolute copy number of host DNA within the extracted tissue and faecal 
samples, a set of DNA template standards of known copy numbers were created. DNA plasmids 
containing the β-actin fragment insert were recovered from the selected E. coli using a Qiagen DNA 

Table 1. β-actin forward and reverse primer sequences and custom TaqMan probe design for 
Canis familiaris
Oligonucleotide Sequence Tm
β-actin forward 5′-cctgcggcatccatgaaa 54

β-actin reverse 5′-ggggtgcgatgatcttgatctt 55

TaqMan probe FAM-aggacctctatgccaacacagtgctgt-TAMRA 61
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mini prep plasmid recovery kit. The average DNA concentration of the mini prep elution was esti-
mated using a NanoDrop 2000 spectrophotometer and five replicate samples. The total plasmid 
copy number per μl of mini prep elution was calculated from the combined molecular mass of the 
recovered plasmid and insert based on an average nucleotide mass of 650 Daltons and a total plas-
mid length of 3908 bp. The plasmid copy number was then standardised to 1 × 107 copies/μl by  
diluting 4.13 μl of mini prep elution in 495.87 μl of DI H2O. To reduce a qPCR bias from pipetting error, 
no less than 5 μl of DNA template was pipetted during the qPCR. A 1:5 dilution of the standard was 
created by pipetting 100 μl of standard at 1 × 107 copies/ μl into 400 μl of DI H2O. From this, six 1:10 
serial dilutions were created from 2 × 106 to 2 × 10−1 by diluting 50 μl of stock into 450 μl of DI H2O.

2.6. Absolute quantification of DNA template concentration via qPCR
Ten faecal sample extracts and four tissue sample extracts were used in the quantification of DNA 
template copy number by qPCR using a Canid specific reporter probe. Each extract was run in triplicate 
with a negative and positive control. qPCR was performed on an ABI Fast 7,000 real-time thermal  
cycler. Copy number quantification and analysis was undertaken using ABI software 7000 v. 2.0.5.

Seven standards of known fragment copy number were used to calculate sample template copy 
number and cycle threshold (Ct). Each standard was run in triplicate to ensure copy number accu-
racy. A total of 96 reactions were run with the following PCR conditions: 50°C for 2 min followed by 
95°C for 10 min then 40 cycles of 95°C for 15 s and 60°C for 1 min. The detection of TaqMan probe 
dissociation and subsequent fluorescence took place at the end of each annealing cycle. The follow-
ing PCR reagents were used in 25 μl reactions with a final reaction concentration of 1 × Promega 
environmental master mix 900 μM β-actin forward primers, 900 μM β-actin reverse primer, 0.25 μM 
probe, and 5 μl of DNA template and up to a 25 μl reaction volume with RNA-free DI H2O.

2.7. Microsatellite characterisation, allelic dropout and null allele frequencies in tissue 
and faecal-derived DNA templates
A total of six microsatellite loci were selected for homology testing within C. mesomelas (Table 2) 
from those originally described for pedigree analysis in the domestic dog (Ostrander, Mapa, Yee, & 
Rine, 1995; Ostrander, Sprague, & Rine, 1993; Wayne & Ostrander, 1999; Wictum et al., 2013). All 
primers used were synthesised by Eurofins MWG Operon and purified by HPLC. The primer pairs for 
all six markers were selected as they had previously shown the potential for cross-species homology 
within the Canid genus (Magory Cohen et al., 2013; Zachos et al., 2009). Careful consideration was 
given to maintaining consistent PCR annealing temperatures across all selected primers in order to 
facilitate their use in batch processing of large sample sizes. Individual PCR reactions were under-
taken in 25 μl volumes containing approximately 40 ng of DNA template, 1 × Invitrogen PCR buffer, 
1.5 mM MgCl2, 1 unit of Invitrogen hot start PlatinumTaq DNA polymerase (Invitrogen), 1 unit of 
Qiagen Q-solution, 0.5 μl/ng BSA, 0.2 mM dNTP mix and 0.2 μM primer mix. Amplification conditions 
used on a Techne TC-4000 thermal cycler consisted of: initial denaturation at 94°C for 2 min, fol-
lowed by 35 cycles of 94°C for 1 min, 55°C for 45 s and 72°C for 1 min finishing with a final extension 
stage of 72°C for 5 min.

Table 2. Microsatellite loci, forward (F) and reverse (R) primer sequences (5′-3′), repeat type 
and NCBI accession numbers (AN) where available
Locus F Primer R Primer Repeat type AN
DogP109 aactttaagccacacttctgca acttgcctctggcttttaagc (CA)n L15666

DogP123 aactggccaaacataaacacg ttcattaaccctttgccctg (CA)n L15700

DogP204 cgagagcaacataggcatga caaagtgctgtggcaggtc (CA)n L15664

DogP374 aggaggacagaaagacagaagg atggatgtattgtgagggtgg (CA)n L24264

VGL1541 gagctcctgatggaagagctta catcctgtccgtgacttcaa (CTTT)n NA

DogPa622 cttgtgcaatcatcatcttga cccgaggtacctatggct (CA)n L27184
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2.8. Microsatellite repeat motif characterisation
To characterise the basic repeat motif at each microsatellite locus, two PCR amplicons from 14 inde-
pendent homozygote individual samples were sequenced. Direct Sanger sequencing was undertak-
en on both of the DNA strands for each locus to ensure accurate motif characterisation. Commercial 
sequencing companies Source Bioscience: Life Science and GATC Bioscience were used to undertake 
high-quality Sanger sequencing analysis on an ABI 3730xl. Consensus sequences were aligned and 
compiled using BIOEDIT v. 1.0 (Hall, 1999). Sequence repeat motifs were visually inspected and 
quantified using BIOEDIT v. 1.0 (Hall, 1999).

2.9. Allelic dropout and null alleles
Allelic diversity at each locus was examined by scoring a sample of 18 tissue samples and 65 faecal 
samples that showed positive amplification at one or more loci. PCR products were visualised under 
UV light using 10 μl of PCR product on a 2% agarose gel. Subsequently, 6 μl of PCR product was then 
sent for direct commercial genotyping (Source Biosciences: Life Sciences, UK). Forward primers were 
fluorescently labelled at the 5′ end with either FAM or HEX and amplicons were separated using 
capillary electrophoresis using an ABI Prism 3730. PCR fragment size was determined using the  
internal size standard Rox 500 (ABI Dye Set-30) and GENEMARKER v. 2.1.2.

All PCR products were single loaded to ensure accurate characterisation of allele polymorphisms 
and identification of potential PCR artefacts. Allelic dropout estimates were calculated using CERVUS 
v. 3.0 (Kalinowski, Taper, & Marshall, 2007), null allele estimates were undertaken using the program 
MICROCHECKER v. 2.2.3 (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004). Fishers combined prob-
ability test is performed for all homozygote classes and significant differences in H-W proportions 
are identified between the observed and randomized genotypes (Van Oosterhout et al., 2004). This 
approach was used as it encompasses both a measure of overall heterozygosity and repeat length 
consistency. This permits the differentiation of null alleles and genotyping errors as a causative fac-
tor for excess heterozygosity in the observed genotypes.

2.10. Identification of neutrality on individual microsatellite loci
Identifying neutrality at microsatellite loci is based on the assumption that the effect of inbreeding 
at different loci should be consistent across loci, given the demographic history of the population in 
question, as inbreeding has a genome wide effect. As inbreeding and differentiation are strongly 
linked to the heterozygosity at each locus, outlying FST values can be identified by plotting locus FST 
values against the heterozygote frequency of the total population using a null distribution generated 
from the data. Expected FST is estimated from the data using the mean FST between loci, weighted by 
heterozygosity at individual locus. Heterozygosity is estimated from the average pairwise difference 
in FST between all gene combinations. FST is estimated using the method of Cockerham and Weir 
(1993). Loci outside the expected FST distribution are assumed to be subject to selection.

The program Lositan (Antao, Lopes, Lopes, Beja-Pereira, & Luikart, 2008) is an open source pro-
gram used to detect selection in a range of molecular markers based on the FST outlier method 
(Beaumont & Nichols, 1996). All 65 individual genetic profiles were used in the analysis collected 
from the six study sites. The program was run with the default settings using the infinite alleles 
model with 50,000 iterations at a confidence interval of 0.99.

2.11. Probability of identity
The ability to resolve population substructuring and individual identities using the novel microsatel-
lite data-set was assessed using API-CALC v. 1.0 (Ayres & Overall, 2004). The probability that two 
identical copies of a constructed genotype from a population are from distinct individuals is the  
average probability of identity (PIave), and was calculated using all microsatellite genotype profiles 
generated in this study. As little is yet known about the potential for population substructuring, and 
the degree of relatedness between C. mesomelas individuals within a population, PIave was estimat-
ed for a range of FST values. The probability of identity sibs (P(ID)sib) (Evett & Weir, 1998) was also 
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calculated using the program GENECAP (Wilberg & Dreher, 2004) as it provides a conservative esti-
mate of PI and can remain informative when used on data from inbred populations.

2.12. Weir and Cockerham fixation statistics and pairwise genetic distances between 
samples
To assess the quality of microsatellite marker performance in estimating the population parameters 
in the black-backed jackal, the total population fixation index (FST) and allele frequency correlation 
estimates between all six sampled subpopulations (Weir & Cockerham, 1984) were calculated using 
the program GENEPOP v. 4.2.1. Evidence for genetic isolation by distance was also assessed by plot-
ting a pairwise genetic distance matrix and a pairwise spatial distance matrix. Tissue samples were 
used in the latter analysis as they provided the highest quality and quantity of host DNA. Pairwise FST, 
significance values and Bonferroni corrections were undertaken using the program FSTAT v. 2.9.3.2 
(Goudet, 1995). A Mantel test for dissimilarity was performed between the two matrices using the 
program R v. 3.0.2 (permutation = 999 model = strata). Population differentiation between localities 
was tested using the exact G test and tested for significance using the Markov chain algorithm 
(Dememorisation = 1,000, batches = 100, iterations/batch = 1000).

3. Results

3.1. DNA template quantification

3.1.1. β-Actin probe homology
All 27 PCRs from the two tissue samples produced positive amplicons using the β-actin primers. All 
amplicons were within the expected size range of 500 bp when analysed on an agarose gel. Gradient 
PCR provided the optimum annealing temperature as 55°C for the use of the β-actin primer pairs on 
the DNA templates originating from C. mesomelas. Following plasmid recovery, the insert fragment 
in the vector was sequenced using the flanking M13 primer pair to ensure the correct sequence  
insert and accurate characterisation of the primer and probe annealing sites. Both the primer-bind-
ing sites and TaqMan probe target site remained conserved and intact within C. mesomelas. In order 
to ensure the correct amplification of the DNA fragment in C. mesomelas using the β-actin primers 
designed for C. familiaris, the NCBI nucleotide database was queried with the NCBI nucleotide BLAST 
algorithm for a corresponding fragment sequence to reveal a 94% coverage similarity with the 
β-actin DNA sequence within C. familiaris. In addition, a 1 bp deletion and an 8 bp mismatch are  
apparent within the sequence acquired from amplicons originating in C. mesomelas when compared 
with the original sequence from C. familiaris (NCBI Reference Sequence: NM 001195845.1).

3.1.2. Absolute quantification of DNA template concentration via qPCR
During the qPCR, no amplification was seen within the three negative controls. All four DNA extracts 
from tissue source material showed positive amplification in all three repeats. Of the ten faecal 
samples run in triplicate, six samples showed clear and positive amplification in all three repeats 
(Figure 1). After removing the failed reactions from the analysis, the qPCR efficiency was calculated 
at 103.461% with a R2 value of 0.935. Approximately 3.7 cycles separated the cycle threshold (Ct) 
value for each of the tenfold standard dilutions. The average number of copies of host DNA recov-
ered from tissue source material was significantly greater than the average DNA copy number  
recovered from faecal source material (Figure 2).

The difference in detection cycle threshold (Ct) was examined between the two source material 
extracts. Amplification of the β-actin target fragment was seen consistently to have lower Ct values 
than the amplification of target DNA in faecal extracts, by a maximum range of eight cycles.
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3.2. Microsatellite characterisation and allelic dropout in tissue and faecal-derived 
DNA templates

3.2.1. Microsatellite repeat motif characterisation
All DNA extracts from C. mesomelas tissue provided good-quality DNA templates of >50 ng/μl; suita-
ble for PCR analysis. All DNA templates derived from tissue produced positive PCR amplicons for all six 
sets of primers screened for cross-species amplification. Successful amplification of domesticated 
dog control templates was also seen for all loci. Direct Sanger sequencing of PCR amplicons was used 
to determine the basic microsatellite repeat motif at each locus. Repeat sequence motifs for each 
allele sequenced are shown in Table 3. All repeat length variations were consistent with allele size 

Figure 1. Real time qPCR-
TaqMan amplification plot of 
the β-actin fragment and cycle 
threshold (Ct = 0.024003) from 
faecal and tissue DNA template 
source material isolated from  
C. mesomelas.

Notes: Red is the known 
plasmid DNA concentrations; 
pink is the unknown DNA 
concentration from tissue 
sources; yellow, purple, blue, 
orange and lilac are the 
unknown DNA concentration 
from faecal sources.

Figure 2. The total number of 
copies of host DNA recovered 
and isolated from faecal and 
tissue DNA source material.

Note: Significantly more DNA 
is recovered from tissue when 
compared with the faecal DNA 
recovery using the extraction 
protocol in this investigation.
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variation within each locus examined. The number of repeated nucleotide subunits ranged between 
6 and 13 across all loci. Four of the five di-nucleotide microsatellite loci sequenced were comprised of 
pure and uninterrupted (CA)n based simple sequence repeats. Locus DogP374 was found to repeat-
edly produce uninterrupted compound repeat motifs (GC)m (CA)n for all three alleles sequenced. The 
single tetra-nucleotide marker VGL1541 comprised an uninterrupted variable (CTTT)n repeat  
sequence for three separately genotyped individuals.

3.2.2. Allelic dropout in tissue and faeces
All six loci gave repeatable and scorable allele sizes from a total sample size of 18 tissue samples 
(Table 4).

Accumulative PCR and fragment analysis success rate for all microsatellite loci amplified from tis-
sue was calculated at 98.15% (n = 108). All microsatellite markers were seen to be polymorphic in  
C. mesomelas with between 6 and 13 alleles detected per locus. No significant allelic dropout could be 
detected and the estimated frequency of null alleles was low within the sampled population (Table 4).

Sixty-five out of 72 faecal extracts gave positive amplification of one or more microsatellite loci 
using end-modified fluorescently labelled primers when visualised on a 2% agarose gel. PCR ampli-
con size was then estimated using capillary electrophoresis for the successful samples. Null allele 

Table 3. Locus name; microsatellite composition; sequenced allele size and repeat 
characterisation for microsatellites amplified from 14 individual Canis mesomelas samples
Locus Composition Allele size (bp) Repeat motif
DogP109 Pure 144 (CA)14

DogP109 Pure 136 (CA)12

DogP123 Pure 138 (CA)18

DogP123 Pure 136 (CA)17

DogP204 Pure 214 (CA)16

DogP204 Pure 204 (CA)11

DogP374 Uninterrupted compound 196 (CG)8 (CA)9

DogP374 Uninterrupted compound 196 (CG)8 (CA)9

DogP374 Uninterrupted compound 196 (CG)8 (CA)9

VGL1541 Pure 193 (CTTT)16

VGL1541 Pure 193 (CTTT)16

VGL1541 Pure 185 (CTTT)14

DogP622 Pure 216 (CA)8

DogP622 Pure 210 (CA)5

Table 4. Number of allelic length variations in each microsatellite locus; PCR success rate and 
null allele estimate calculated by Cervus v. 3.0 and MICROCHECKER v. 2.2.3 (n = 18)
Locus Allele number Size range  

(bp)
Positive PCR (%) 

(n = 18)
Null allele 
frequency 
estimate

DogP109 13 126–192 100 −0.0539

DogP123 10 134–152 100 −0.0459

DogP204 11 198–222 100 −0.0073

DogP374 7 170–206 94.5 0.0231

VGL1541 7 181–227 100 −0.0079

DogP622 6 210–220 100 0.0334
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estimates and allelic diversity for each locus are summarised in Table 5. No significant false allele 
calling, due to stutter, was detected via MICROCHECKER v. 2.2.3 (Van Oosterhout et al., 2004). The 
expected and observed allele frequencies were highly similar for all loci examined. However, the 
total observed heterozygosity at locus DOGP123 was much lower than expected under the assump-
tion of random assortment, given the number of alleles present within the sampled population.

No significant evidence for large allelic dropout or null alleles was detected within the sampled 
population by analysis either via MICROCHECKER or CERVUS.

Sampling effort was plotted as a function of accumulative allelic diversity to ensure an adequate 
detection of allelic variation was achieved within the sampled population (Figure 3).

3.2.3. Identification of selection on individual microsatellite loci
No significant evidence for selection could be identified for any microsatellite marker when exam-
ined using the program Lositan (Figure 4). No significant outlier values (Simulated FST  −  Sample 
FST > 0.95) could be ascertained after 50,000 simulations. All markers were identified as being void of 
significant selection relative to the marker set. FST/HE simulations placed candidate markers within 
the bounds of neutral selection (grey) at the 99% significance interval. Marker DogP204 showed a 
level of heterozygosity and FST value that places it on the boundary of acceptability. However, an 
extension of the simulation run could find no additional signal placing this marker as an outlier.

3.2.4. Average probability of identity (PIave and P(ID)sib)
Individual locus heterozygosity, expected average probability of identity for each locus, and total 
accumulative observed and expected PIave, across all loci were estimated using API-CALC v. 1.0 
across a range of FST values. The microsatellite markers examined in this study are seen to be highly 
informative of identity in non-inbred subpopulations under simulated FST values of <0.75. As inbreed-
ing is known to reduce the probability of identity through the duplication of alleles resulting from 
mating between related individuals with common ancestors, a range of FIS values were plotted 
against PIave at an FST value of 3%. The FST value of 3% was chosen as this was the average FST value 
across all loci. Cumulative and individual observed and expected PIave for a population with assumed 
FIS and FST values of 0 are shown in Table 6.

Probability of identity (sib) (Evett & Weir, 1998) was calculated across all six loci using GENECAP. 
This method was chosen as it provides a conservative estimate of PI as the effects of linkage and 

Table 5. Allelic variation and estimated null allele frequency calculated for all loci examined 
using a recovered DNA template from faeces

Notes: Null allele frequency, HOBS and HEXP was estimated using CERVUS v. 3.1.2. No significant evidence for allelic 
dropout or null alleles was detected by MICROCHECKER v. 2.2.3 and repeat type specific analysis at 95% (n = 65).

HOBS is the observed heterozygote frequency; HEXP is the expected heterozygote frequency; HO is the total number of 
observed heterozygotes; HE is the total number of expected heterozygotes.

Locus Allele number Null allele frequency estimate HOBS HEXP Total HO Total 
HE

DogP109 12 −0.0160 0.824 0.818 11 7.854

DogP123 14 −0.1038 0.971 0.824 2 10.254

DogP204 11 0.0409 0.727 0.800 10 7.302

DogP374 9 −0.0221 0.667 0.675 21 19.877

VGL1541 10 −0.0509 0.818 0.759 12 10.489

DogP622 6 −0.0653 0.727 0.663 17 21.211

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
B

ri
gh

to
n]

 a
t 0

9:
27

 1
1 

N
ov

em
be

r 
20

15
 



Page 13 of 21

James et al., Cogent Biology (2015), 1: 1108479
http://dx.doi.org/10.1080/23312025.2015.1108479

structure are considered in this analysis. P(ID)sib for the total sampled population was 1.03 × 10−3. 
Locus-specific P(ID)sib and accumulative P(ID)sib are shown in Table 7.

3.3. Weir and Cockerham fixation statistics and pairwise genetic distances between 
samples
A high degree of allelic variation was seen at the six microsatellite loci examined. Between 6 and 15 
alleles were recorded for each locus within the entire sampled population. When the sampled indi-
viduals from all six sites were clustered into one data population, a significant deviation from the 
Hardy–Weinberg equilibrium was apparent (X2) = Infinity, df = 12, p < 0.01). The Hardy–Weinberg 
probability test for each locus within the total sampled population showed a high degree of 

Figure 3. Allele detection 
frequency as a function of 
sampling effort for each of the 
six loci examined.

Note: The partial detection of 
all alleles at locus DogP374 
is probably due to the highly 
polymorphic nature of this 
locus.
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variability, with both positive and negative FIS values calculated as being significantly different from 
zero (Table 8).

The Hardy–Weinberg exact test and a multi-locus test for heterozygote frequency revealed five of 
the six sampled populations did not deviate from Hardy–Weinberg expectations at the 5% signifi-
cance level. A single locality showed a significant deviation from Hardy–Weinberg expectations 
(X2 = 33.4919, df = 12, p = 0.0008) and multi-locus excess of heterozygote individuals (p = 0.016, 
S.E. = 0.0022).

Figure 4. Output from the 
program Lositan plotting FST 
against heterozygosity for each 
locus.

Notes: Black is the candidate 
markers; yellow is the 
candidate under balancing 
selection; red is the candidate 
under positive selection; 
grey is the neutral selection. 
n = 65, markers = 6, Pop = 2, 
significance level = 0.95, 
number of simulations = 50, 
000, False Disc. Rate = 0.1, 
Data-set FST = 0.033119, 
Simulated FST = 0.016917.

Table 6. Probability of identity for each locus examined calculated using API-CALC v. 1.0

Notes: All loci are suitably informative to estimate inbreeding and relatedness at the population level. Total 
accumulative probability of identity = 1.96E-08.

Locus Expected PI Observed PI Cumulative expected PIave Observed multilocus 
PIave

DogP204 0.0125 0.0216 1.25E-02 0.0811

DogP109 0.0235 0.0306 2.94E-04 0.0126

VGL1541 0.0400 0.0436 1 17E-05 0.0029

DogP123 0.0847 0.1373 9.94E-07 0.0011

DogP622 0.1302 0.1578 1.29E-07 0.0011

DogP374 0.1517 0.1362 1.96E-08 0.0011

Table 7. The individual and accumulative probability of identity (Sibs) for each locus

Note: Total accumulative P(ID)sib = 1.38E-03.

Locus Locus P(ID)sib Accumulative P(ID)sib

DogP109 0.31859 0.26149

DogP123 0.28569 0.08215

DogP204 0.29319 0.02335

DogP374 0.40351 0.00841

VGL1541 0.34646 0.00290

DogP622 0.28002 0.00104
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The total proportion of variation in allele frequency explained by sample site isolation (FST) is  
approximately 3% (Table 9); however, a large degree of variation is apparent when each locus is 
examined independently.

Table 8. Weir and Cockerham’s FIS estimates calculated for each locus for the total population

*Significant at 5% level.

Locus p-Value S.E. FIS

DogP109 0.0069 0.0033 0.0215*

DogP123 0.0001 0.0001 −0.0791*

DogP204 0.0814 0.0169 0.0740

DogP374 0.8060 0.2250 0.0448

VGL1541 0.5325 0.0208 0.0189

DogP622 0.2391 0.0091 −0.0156

Table 9. Weir and Cockerham fixation statistics for each locus and combined across six loci 
between all localities
Locus FIS FST FIT

DogP109 0.0835 −0.0070 0.0771

DogP123 −0.1788 0.0074 −0.1701

DogP204 −0.0024 0.0834 0.0812

DogP374 0.1005 −0.0015 0.0991

VGL1541 0.0223 0.0062 0.0284

DogP622 −0.1823 0.1146 −0.0468

All −0.0253 0.0307 0.0062

Figure 5. Pairwise FST distances 
as a function of spatial 
distance.

Note: Mantel statistic = 0.1017, 
p = 0.336.
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Significant genetic differentiation was apparent between sample sites when examining the varia-
tion in allele frequencies between sites using the exact G test (X = 53.768, df = 12, p = 3 × 10−7).

Pairwise (FST) estimates were calculated for each possible population pair and summarised across 
all loci to examine isolation by distance to test for evidence of a continuous population. Pairwise (FST) 
estimates were plotted against site distance matrix and tested for correlation by estimating a man-
tel statistic (Figure 5).

Pairwise (FST) gave no indication of population structuring due to isolation by distance alone as no 
significant correlation between pairwise FST distance estimates and site distance was apparent 
(Mantel statistic r = −0.1017, p = 0.336, based on 999 permutations).

4. Discussion
Both the β-actin primer annealing sites and Taqman probe annealing site within C. mesomelas were 
shown to be homologous to that of C. familiaris by plasmid sequence analysis. A single base pair 
deletion and 8 sequence mismatches were seen within the amplified β-actin fragment from  
C. mesomelas when compared with the amplified fragment from C. familiaris. The 1 bp deletion and 
8 independent bp substitutions detected in the jackal template seems to have little effect on the 
probe and primer efficiency as no mutations were detected within the probe and primer annealing 
sites. The presence of such genotypic inconsistencies between C. mesomelas and C. familiaris is not 
unexpected, given the 3–7 million years of evolutionary divergence separating these species 
(Lindblad-Toh et al., 2005; Vila, Maldonado, & Wayne, 1999; Wayne & Ostrander, 1999).

The cumulative efficiency of the qPCR assay across all reactions was 103.5% which lies within the 
acceptable reaction efficiency of 95–105% for detection of fragment amplification. The predictive 
power of the standard dilutions for estimating the DNA copy number in unknown samples was suf-
ficient with an R2 value of 0.935. The recovery, quantification and serial dilution of the purified plas-
mid standard was efficient and thus accurate estimates of unknown DNA template copy number can 
be ascertained with sufficient statistical power.

Four of the six faecal samples examined via qPCR failed to indicate significant amplification of the 
β-actin target fragment in any of the three repeats examined. The failure of amplification in these 
samples may be due to inadequate initial DNA template concentration or a failure of the assay itself. 
The sensitivity of qPCR to reaction inhibition by chemical adulterants is significantly greater than 
that of standard endpoint PCR due to the additional requirement of successful probe annealing and 
dissociation. In addition, the total length of the β-actin amplicon is approximately 80 bp longer than 
the largest microsatellite examined, thus the success rate of qPCR should be considered a conserva-
tive estimate when compared with amplification of smaller microsatellite loci from faecal templates 
using standard endpoint PCR protocols.

The amplification of the six remaining faecal samples showed positive amplification with Ct detec-
tion values of <34 cycles. The average DNA copy number recovered from the faecal template was 
81.1 copies/μl with a standard deviation of 96.6 copies/μl. This indicates that recovery of significant 
quantities of host-specific DNA from faecal source material is possible; however, it is clear that the 
absolute quantity of DNA recovered was highly variable. The large difference in initial template copy 
number between faeces and tissue is undoubtedly due to the indirect nature of the faecal sample 
collection and the associated low quantity and quality of host DNA. Microbial and mechanical deg-
radation of host DNA will also play a factor in low initial DNA template concentration.

This analysis of absolute template quantification using a highly specific reporter probe method, 
combined with the statistical analysis for allelic anomalies arising from faecal-derived DNA tem-
plates, strongly supports the use of jackal faecal samples as a source of genetic material in popula-
tion studies. While the average concentration of host DNA recovered from faeces is theoretically 
suitable for undertaking genome-wide SNP analysis and is arguably more suitable for degraded 
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templates when using plate technology. However, the initial cost and labour required to identify 
thousands of SNPs for a genome-wide coverage would be many times higher than a microsatellite-
based study of similar resolution. Therefore, while extensive SNP genotyping remains unavailable for 
this species, microsatellites offer a viable and effective method of estimating the population param-
eters of the black-backed jackal. The variability in template quantity recovered from faecal samples 
may be a hindrance in a subset of samples collected in the field. Therefore, it is advised that a crude 
visual screening process as proposed by Hogan, Cooke, Burridge, and Norman (2008) is undertaken 
prior to fragment analysis to avoid the use of poor-quality DNA templates (Hogan et al., 2008).

The complete consensus genotype data from all DNA source material was required to maximise 
the sample size needed to accurately characterise the microsatellite set developed for C. mesomelas 
in this investigation. Again, the full consensus data-set of 65 individuals indicated no significant 
presence of null alleles or allelic dropout in the sampled population or misidentification of allele 
sizes due to inconsistent stutter patterns in the electrophoretogram. The cross-species amplification 
of these microsatellite loci, which have been specifically refined for pedigree analysis in the domestic 
dog, has proven consistent in both faecal and tissue-derived DNA templates from C. mesomelas. The 
genetic homology of primer-binding sites between C. familiaris and C. mesomelas must therefore be 
highly conserved over an estimated 3–5 my evolutionary divergence separating these two species 
from their common ancestor (Lindblad-Toh et al., 2005; Vila et al., 1999; Wayne, Benveniste, 
Janczewski, & O’Brien, 1989). The effort invested in the development and characterisation of micro-
satellite loci required to undertake accurate pedigree analysis in the domestic dog is substantial and 
has driven the creation of highly informative, polymorphic and unlinked markers (Ostrander et al., 
1993). The consistency in amplicon size and lack of erroneous stutter patterns in amplicons  
observed from samples taken from C. mesomelas may again be in part due to the stringent screen-
ing process originally undertaken to characterise these markers in the domestic dog (Ostrander  
et al., 1993).

No significant effect of selection could be found acting on the marker set chosen in this investiga-
tion. However, locus DogP204 did show a high level of genetic differentiation in the populations 
studied compared with the remaining five markers (Figure 4). The FST outlier method was chosen as 
the comparison of pairwise variation in locus. FST across a population captures the effect of inde-
pendent genealogy and thus is less susceptible to sampling artefacts arising from small sample 
sizes. While this method remains a reliable estimate of selection at multiple loci in sample sizes >25 
(Beaumont & Nichols, 1996) and across a range of inbreeding and structured populations (Beaumont 
& Nichols, 1996), calculation of the null distribution of FST is reliant on variation between loci. Previous 
studies have used Lositan to successfully identify selection within marker sets with between 9 and 
12 loci (Thaler et al., 2010; Zelnio et al., 2010), however relatively few studies have attempted to 
estimate a null distribution of FST using only six loci, (e.g. An, Lee, & Dong, 2012). As such in order to 
get an accurate estimate of FST, additional loci may be required to produce a more informative esti-
mate of expected heterozygosity (Beaumont & Nichols, 1996), and further investigate the potential 
for selective neutrality in the marker set examined in this study. Despite this shortcoming, it is pro-
posed that the cross-species marker set, characterised to investigate the population parameters of 
the black-backed jackal in this study, meet the assumption of neutral Mendelian inheritance and are 
suited to investigating the population parameters of this species.

The total probability of identity, PIave, across all loci was used to quantify the ability of the micros-
atellites to uniquely identify individuals using both non-invasive faecal and tissue samples. The total 
PIave indicates a low probability of shared genotype profiles occurring within the sample population 
based on the assumption of a random sampling of a non-structured population (Table 6). The least 
informative single locus marker was identified as locus DogP622 with an observed PIave of 0.1578. 
This result is concurrent with the low allelic diversity associated at this marker when compared with 
the rest of the marker set. The most informative marker was DogP204 with a PIave of 0.0216, closely 
followed by DogP109 with an observed PIave value of 0.0306. These two microsatellite markers were 
the most polymorphic of the analysed marker set with 14 and 15 alleles respectively. However, 
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although Locus DogP123 was also seen to be highly polymorphic with an allelic number of 13, the 
large proportion of heterozygote individuals recorded at this locus was thought to increase the  
expected PIave to 0.13828 when FST and FIS were set at 0. The comparatively high PIave value, com-
bined with the unexplained deficit in expected number of homozygote individuals at this marker, is 
of potential concern with respect to the validity and reliability of this marker when used with  
C. mesomelas. However, the full six-locus microsatellite profile is estimated to have a cumulative 
PIave of 1.96 × 10−8 (Table 6). This means that the probability that two profiles matching at all six 
markers originating from two distinct individuals is less than 1 in 51 million.

As population substructuring can have a significant effect on the probability of shared genotypes 
within a sample, cumulative probability of identity was calculated for a range of FST values. A sharp 
increase in the cumulative probability of identity for the six microsatellite loci examined was seen 
when simulated FST values were greater than 0.75. As values of FST are rarely greater than 0.2 in wild 
populations (Allendorf, Luikart, & Aitken, 2012; Pritchard, Stephens, & Donnelly, 2000), it is therefore 
apparent that the microsatellite set developed in this investigation consists of informative molecular 
markers capable of accurately differentiating individuals in populations subject to partially reduced 
gene flow and migration. However, in populations that are highly inbred, the ability for these mark-
ers to resolve individuals can be substantially reduced in inbred populations with FIS > 0.6.

When using these microsatellite markers to investigate the population parameters of the black-
backed jackal, this study found that the observed genotype frequencies deviated significantly from 
those expected under the Hardy–Weinberg equilibrium, given the observed allele frequencies within 
the total population (X2 = Infinity, df = 12, p < 0.01). This indicated that the total sampled population 
cannot be described as one large randomly mating population. An excess of heterozygosity at the 
individual level (FIS = −0.0253) indicated potential outbreeding. Black-backed jackal subpopulations 
at five of the six sample localities were shown to be in Hardy–Weinberg equilibrium. The variation in 
allele frequencies between subpopulations gives rise to a deviation from the expected Hardy–
Weinberg proportions when examined at the total population level, indicating barriers to gene flow 
and the non-random association of gametes within the population. The analysis of allele frequen-
cies within the sampled subpopulations relative to the total sampled population indicates popula-
tion structuring with an FST value of 0.0307. Significant subpopulation differentiation was also 
calculated within the total sampled population (X2 = 53.768, df = 12, p = 3.0 × 10−7). No evidence of 
spatial correlation with genetic isolation by distance could be ascertained using the mantel test 
within the total population when examining the variation in allele frequencies within and between 
subpopulations. The fixation statistic for the total population (FST), the significant level of subpopula-
tion differentiation expected through genetic isolation by distance (Mantel test, Figure 5), are indica-
tive of a population that is not continuous across its range and thus is subject to barriers to gene flow 
across the study area.

It is assumed that in a genetically homogeneous population where dispersal is not spatially lim-
ited, gene flow reduces as the distance between individuals increases. The isolation by distance 
model (Wright, 1946) is a modification of the island model which considers short distance dispersal 
as opposed to assuming random and equal migration between any given island. The IBD model is 
therefore used to infer population parameters by comparing genetic distance with liner geographic 
distance under the assumptions of equal and unimpeded dispersal in all directions from a point of 
origin. This approach provides the null model to which departures arising from barriers to gene flow 
can be tested. It is not possible to infer what form of barrier to gene flow is in action from this analy-
sis, nor identify which sampling sites are isolated from the rest, yet it does provide evidence that a 
barrier to gene flow is in effect. While this study makes no attempt to identify the ecological factors 
that are responsible for the apparent population identified in this investigation, future studies are 
required to clarify the causative factors associated with the significant FST values in this population.

This study presents a robust and reliable suite of six polymorphic microsatellite loci suitable for 
use in population studies of the black-backed jackal. Furthermore, this study includes a verified 
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method for the collection, purification and extraction of host-specific DNA templates from noninva-
sively collected faecal source material. Although the quantity of DNA recovered from non-invasive 
sampled faecal source material is lower than that of directly sampled tissue-derived source mate-
rial, the mean absolute quantity of genetic material was adequate to undertake efficient PCR. 
However, the organically derived PCR inhibitor compounds inherent to faecal samples were seen to 
be of potential concern to the progression of the qPCR reaction.

Due to the stringent examination of microsatellite behaviour, the quantification of template quan-
tity and the successful application of this marker suite to a real-world population, it can be said with 
reasonable confidence that non-invasive sampling of faecal-derived DNA templates presents a fea-
sible and accurate method to facilitate the estimation of population parameters of the black-backed 
jackal using the novel marker set developed in this investigation.
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