Conserv Genet (2017) 18:977-982
DOI 10.1007/s10592-017-0939-5

CrossMark

@

SHORT COMMUNICATION

Conservation implications of limited genetic diversity
and population structure in Tasmanian devils (Sarcophilus

harrisii)

Sarah Hendricks!

- Brendan Epstein’ - Barbara Schonfeld® - Cody Wiench' -

Rodrigo Hamede® - Menna Jones® - Andrew Storfer? - Paul Hohenlohe'

Received: 10 June 2016 / Accepted: 31 January 2017 / Published online: 7 February 2017

© Springer Science+Business Media Dordrecht 2017

Abstract Tasmanian devils face a combination of threats
to persistence, including devil facial tumor disease (DFTD),
an epidemic transmissible cancer. We used RAD sequenc-
ing to investigate genome-wide patterns of genetic diversity
and geographic population structure. Consistent with previ-
ous results, we found very low genetic diversity in the spe-
cies as a whole, and we detected two broad genetic clusters
occupying the northwestern portion of the range, and the
central and eastern portions. However, these two groups
overlap across a broad geographic area, and differentiation
between them is modest (Fgr=0.1081). Our results refine
the geographic extent of the zone of mixed ancestry and
substructure within it, potentially informing management
of genetic variation that existed in pre-diseased popula-
tions of the species. DFTD has spread across both genetic
clusters, but recent evidence points to a genomic response
to selection imposed by DFTD. Any allelic variation for
resistance to DFTD may be able to spread across the devil
population under selection by DFTD, and/or be present as
standing variation in both genetic regions.
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Introduction

Species of conservation concern often face a combination
of threats, such as loss of habitat, population fragmenta-
tion, environmental change, and disease. Genetic diversity
is critical to persistence in the face of these threats to main-
tain population fitness and adaptive potential, including the
ability to evolve resistance to emerging infectious diseases
(Frankham 2005). Tasmanian devils (Sarcophilus harrisii),
marsupial carnivores whose geographic range is restricted
to the island of Tasmania, exhibit exceedingly low levels of
species-wide genetic diversity as a result of several histori-
cal factors (Jones et al. 2004; Miller et al. 2011; Briiniche-
Olsen et al. 2014). These factors include bottlenecks in the
devil population at the end of the last glacial maximum and
during the Mid-Holocene, which likely resulted from cli-
matic fluctuations that limited food availability, and Euro-
pean settlement and bounty hunting (Briiniche-Olsen et al.
2014).

More recently, devils have experienced a dramatic popu-
lation decline due to an emerging infectious disease, devil
facial tumor disease (DFTD). This clonally transmissible
cancer has led to a decrease in the total devil population
of more than 85% in the last two decades, including local
declines of more than 90% (Lachish et al. 2007; McCallum
et al. 2007; Jones et al. 2008). First recorded in the north-
eastern corner of Tasmania in 1996, the disease has spread
across most of the island with only a few known popula-
tions yet unaffected along the northwestern and south-
western coasts. Extinction has been predicted as a possible
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outcome (McCallum et al. 2009); however, most local
populations have not completely disappeared. In fact, some
populations have recently shown an increase in numbers
for the first time since DFTD arrival, and there is evidence
for a genomic response by the devil to selection imposed
by the disease (Epstein et al. 2016). These results suggest
the presence of genetic variation in devils for tolerance or
resistance to DFTD, despite overall low levels of genetic
diversity.

Understanding patterns of genetic diversity and identify-
ing barriers to gene flow in devils are important for sev-
eral reasons. Genetic patterns may inform epidemiological
models of disease spread among devil populations, and may
help predict how disease resistance alleles could respond
to selection across the species range. An understanding
of phylogeographic patterns of genetic diversity may also
inform management actions, such as translocations or rein-
troductions, which may be warranted in response to DFTD,
in addition to management of captive populations. Genetic
diversity and population connectivity will strongly influ-
ence the ability of devils to adapt to other threats such as
environmental change and anthropogenic disturbances.

Previous characterizations of genetic diversity and popu-
lation structure in devils have focused on relatively few
(<12) microsatellite loci (Jones et al. 2004; Briiniche-Olsen
et al. 2014), MHC loci (Siddle et al. 2010), mitochondrial
genomes (Miller et al. 2011), SNPs (Miller et al. 2011;
Wright et al. 2015; Morris et al. 2015), or whole-genome
sequencing of two individuals (Miller et al. 2011). Here
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Fig.1 a Map of Tasmania with localities of sampling sites. Each
number represents a sampling site for one or two individuals (listed
in Table S1). b Neighbor-net consensus tree. Cluster assignment per
individual based on STRUCTURE results is indicated by blue for the
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we use restriction-site-associated DNA sequencing (RAD-
seq) (Andrews et al. 2016) to identify and genotype a large
number of polymorphic nuclear loci at 38 localities across
the species range to assess genome-wide patterns of genetic
diversity and population structure. Our findings largely
agree with previous results showing low overall genetic
diversity and two broad-scale genetic clusters, but we fur-
ther refine the geographic patterns of genetic diversity
within the broad zone of overlap between these clusters.

Materials and methods

Ear tissue biopsies were collected at 38 locations (1-2 indi-
viduals per site) between 1998 and 2009 (Fig. 1, Table S1).
IRB approval was obtained for tissue collection (Wash-
ington State University Institutional Animal Care and Use
Committee protocol ASAF #04392; see Hawkins et al.
(2006) for trapping protocols). With the exception of a few
sites close to the first DFTD appearance in the northeast,
sites were free of disease or no longer than 4 years after
disease discovery at that location at the time of sampling.
DNA was extracted using Qiagen DNA extraction kits. We
constructed single-digest RADseq libraries (Baird et al.
2008; Etter et al. 2011) for 72 individuals, with pstl as
the restriction enzyme to target a relatively large number
of loci. Twenty-four individuals were barcoded and multi-
plexed per lane, in three lanes of paired-end 150 bp reads
using an Illumina HiSeq2500.
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northwestern cluster and red for the central plateau and eastern coast
cluster (see Fig. 2a). Scale bar represents uncorrected P distance.
Numbers correspond to the map (Fig. 1a)
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We de-multiplexed and filtered the reads with process_
radtags from Stacks v1.20 (Catchen et al. 2013) using the
default settings of the -q and -r options, which filter by read
quality using a sliding window and rescue barcodes with
up to two errors, respectively. We removed PCR duplicates
with clone_filter, also from Stacks. Read pairs were aligned
to the reference genome (Murchison et al. 2012) using bow-
tie2 (Langmead and Salzberg 2012) with the sensitive, end-
to-end, and -X 900 options. Alignment files were processed
using samtools (Langmead and Salzberg 2012) and we
removed reads with a mapping quality <40. To minimize
variance in sequence coverage, from this point we retained
only the forward reads (containing the restriction enzyme
cut sites). We identified and genotyped single-nucleotide
polymorphisms (SNPs) using the Stacks reference-aligned
pipeline (pstacks, cstacks, sstacks, and populations). The
default settings were used except for a minimum stack
depth of 3 and the bounded error model with an upper
bound of 0.1, to increase sensitivity to minor alleles when
PCR duplicates have been removed (Catchen et al. 2013).
We dropped two individuals with more than 95% missing
data, and we further removed SNPs on the X chromosome,
those with an observed heterozygosity greater than 0.5 (to
eliminate confounded paralogs), those genotyped in less
than one-half of the samples (35 samples), or those with
alleles present in only one or two copies. We kept only one
SNP per RAD locus to reduce linkage disequilibrium.

For individuals that passed quality filtering (N=70), we
calculated the number of segregating sites, mean coverage,
Watterson’s 0 (Watterson 1975) and Tajima’s D (Tajima
1989) using a custom python script. F-statistics were cal-
culated using Genepop (Raymond and Rousset 1995). We
tested for isolation by distance (IBD) with a Mantel test in
the Vegan package (v.2.0-10; Oksanen et al. 2015) with
1000 permutations (alpha=0.05), using log10-transformed
geographic distances and genetic distances, which were
calculated in Genepop.

To identify genetic clusters, we used three different
analyses. First, we inferred a phylogenetic network with
the neighbor-net method in SplitsTree4 (v4.13.1; Huson
and Bryant 2006), using uncorrected P distance. Second,
we conducted a Bayesian model-based clustering using
STRUCTURE v2.3.4 (Pritchard et al. 2000). We used the
general admixture model without a priori assumptions
about sample locations, and tested K=1-10. Each K was
run with 20 independent iterations, each with 500,000
Markov chain Monte Carlo (MCMC) repetitions following
a burn-in of 50,000. We estimated LnP(K) and AK using
the Evanno method (Evanno et al. 2005) implemented in
STRUCTURE HARVESTER (Earl and vonHoldt 2012) to
obtain the most likely value of K. To combine the multi-
ple iterations for each K, we used CLUMPAK (Kopelman
et al. 2015). Third, we incorporated spatial information to

inform individual ancestry estimates using TESS3 (Caye
et al. 2016), which is useful in determining genetic barriers
or genetic discontinuities in continuous populations. The
default values of the program were implemented and each
run was replicated five times. The optimal value of K cor-
responded to the minimum of the cross-entropy criterion,
across the range K=1-38.

Results

There were 175,274 putative RAD loci in the final filtered
set, which resulted in 523,386 unfiltered putative SNPs.
After all quality filters, RAD sequencing provided 6,362
SNPs. These SNPs were randomly distributed across the
genome (Table S2), with 1,311 SNPs in genic regions
based on the annotated reference genome (Ensembl Devil_
ref v7.0). Mean coverage across individuals at genotyped
loci was ~4.7X. Mean Watterson’s 8 was 0.00013. The
dataset did not deviate significantly from neutrality with
a mean Tajima’s D value of 0.00019 across loci. Differ-
entiation among all populations was relatively low, with
Fy4r=0.1313 (95% CI: 0.1212-0.1392). We did not find
a significant correlation between geographic and genetic
distance across all individuals (Fig. S1; Mantel statistic 1:
0.002719; p=0.48052).

Our analyses were generally consistent with two major
genetic clusters of Tasmanian devils, but with a broad geo-
graphically structured zone of admixture between them.
The neighbor-net consensus tree grouped the northwestern
populations together, and the Central Plateau and east coast
populations together (Fig. 1b). However, there appear to
be several sites intermediate to these two clusters, includ-
ing those in the central-west region around Macquarie
Harbor (sites 35-38 in Fig. 1), as well as broad-scale geo-
graphic structuring within each region. Similarly, STRUC-
TURE analysis showed populations in the northwest cor-
ner of the island are differentiated from the Central Plateau
and east coast populations (Fig. 2a). K=2 received the
strongest support (Ln P(K)=-220483.4, AK=1910.5;
Table S3), and differentiation between these two clusters
was Fqp=0.1081 (95% CI: 0.1074-0.1082). However, there
is a large degree of uncertainty in determining the optimal
value of K (Pritchard et al. 2000; Evanno et al. 2005), and
different values of K may reflect different demographic pro-
cesses, so considering all K values with a biological inter-
pretation is recommended (Meirmans 2015). Here, K=3
and K=4 (Fig. 2b—c) revealed a broad zone of admixture
between the two groups. The TESS3 analysis did not sup-
port a best value of K, indicating fine population struc-
ture (the cross-entropy curve generated did not exhibit
a clear plateau or change in curvature; Caye et al. 2016).
The results show similar clustering as the STRUCTURE
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Fig. 2 Population structure estimated using a—¢ STRUCTURE or
d-f TESS3, based on 70 Tasmanian devil individuals across 38 sites
with one to two individuals per site. a—c¢ Pie charts indicate propor-
tion of ancestry per individual; sites with two individuals appear as

results when K=2 with populations in the northwestern
corner differentiated from all other populations (Fig. 2d).
At higher values of K, south and central-west populations
cluster together in K=3 (Fig. 2e) and an additional Central
Plateau cluster forms at K=4 (Fig. 2f).

Discussion

We found low genetic diversity throughout the devil geo-
graphic range, based on our estimate of Watterson’s 0,
consistent with previous results (Jones et al. 2004; Lachish
et al. 2010; Siddle et al. 2010; Miller et al. 2011; Briiniche-
Olsen et al. 2014; Morris et al. 2015). Major periods of
loss of genetic diversity resulting from population declines
occurred at the last glacial maximum (~20 k years before
present (YBP)) and during El Nifio-Southern Oscillation
climate cycles during the mid-Holocene (3-5 k YBP).
Low genetic diversity predates the isolation of Tasmania
from mainland Australia ~13 k YBP (Briiniche-Olsen et al.
2014). Low genetic diversity may be a contributing factor

@ Springer

vertical pairs. d—fColors indicate ancestry coefficients, and black dots
show sampling localities. STRUCTURE showed maximum support
for K=2, while TESS3 did not support a best value of K, so here we
show a, dK=2, b, eK=3, and ¢, fK=4

to the rapid spread of DFTD and decline of devil popula-
tions (Morris et al. 2015).

Here, we confirmed previous evidence that northwest-
ern populations are differentiated from the eastern popu-
lations (Miller et al. 2011; Briiniche-Olsen et al. 2014),
potentially due to limited dispersal across unsuitable habi-
tat, such as tall wet forest and alpine regions that separate
the two areas. Miller et al. (2011) found differentiation
between northwestern, central, and eastern coastal popu-
lations based on mitochondrial sequence data. Contrary
to this clustering, Bruniche-Olsen et al. (2014) found that
individuals from Macquarie Heads (western coast) differ-
entiated from northwest populations with Central Plateau
and east coast populations being admixed. Similarly, our
analysis identified the Macquarie Heads individuals as the
only pure representatives of a third population cluster when
K=3 (Fig. 2b).

While our data are consistent with two major genetic
clusters, and K=2 was best supported in STRUCTURE,
our results from both STRUCTURE and the neighbor-
net and TESS3 analyses also highlight the presence of
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finer-scale genetic structure that may be biologically
important (Meirmans 2015). Finer-scale patterns of dif-
ferentiation and admixture may reflect historical patterns
of gene flow. Long distance dispersal (~110 km) has been
recorded in devils (Lachish et al. 2010), and our results
suggest dispersal that has produced broad areas of admix-
ture among genetic clusters. For instance, one individual
from Lake Rowallan (site 19) genetically clusters with the
eastern population (Figs. 1, 2), suggesting the possibility
of recent long-distance migration. Nonetheless, areas of
admixture appear to be geographically well-defined, which
would not be expected from frequent long-distance disper-
sal. It is worth noting that while the central-west and Cen-
tral Plateau populations may be viewed as zones of admix-
ture given our STRUCTURE results, that is not to say that
they do not contain genetic variation that may be unique
and important to adaptation (Carvalho et al. 2010).

Implications for conservation and management

Assessing levels of genetic differentiation in future stud-
ies will continue to be important in managing both wild
and captive populations. Despite genetic differentia-
tion between eastern and western populations, DFTD has
spread across this genetic boundary, indicating widespread
genetic susceptibility. However, given decreased popula-
tion density and dispersal distances due to disease (Lachish
et al. 2010), population structure may increase in the future
due to neutral processes. Our data largely reflect patterns
of genetic diversity before the effects of disease on popula-
tion genetic structure could occur, so they are informative
to historic patterns of gene flow and pre-disease distribu-
tion of standing genetic variation. A recent study suggests
that devils are experiencing a rapid evolutionary response
to strong selection imposed by DFTD, likely acting on
pre-disease standing variation, with the potential for evo-
lution of resistance to the disease (Epstein et al. 2016). If
variation for resistance is not lost due to decreased density
and dispersal, resistance alleles may either already occur
or spread throughout the population, allowing for range-
wide evolution of resistance of DFTD. However, if disease
resistance is linked to phylogeographic clusters and cannot
spread across the range, artificial movements of animals
among genetic clusters should be considered carefully to
increase disease resistance, as well as overall genetic diver-
sity across all loci (Frankham 2016).

Currently, the Tasmanian devil captive insurance popu-
lation has individuals from the western side of the island
and the north central coast (Hogg et al. 2015). To preserve
all potential pre-bottleneck diversity detected in this study,
future management practices may consider including indi-
viduals from the admixture zones of the central-west and
Central Plateau (Fig. 2c, ). Given that our dataset provides

a random sample of the genome, it integrates both neu-
tral and adaptive variation. Including individuals from the
admixture zones may maximize genetic diversity and pre-
serve adaptive potential of devils to endure climate fluc-
tuations or future disease epidemics, such as the recently
discovered DFT2, a second appearance of transmissible
cancer in devils (Pye et al. 2016). Such adaptive potential
may rely not only on unique genetic variants, but also on
unique multi-locus genotypes that can occur in admixed
populations. As recent population declines from DFTD
reduce overall genetic diversity and potentially affect pop-
ulation structure, they will likely maintain, if not amplify,
the genetic differentiation among geographic areas we have
identified here.
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