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Abstract

Mobile elements are powerful agents of genomic evolution and can be exceptionally informative markers for investigating species
and population-level evolutionary history. While several studies have utilized retrotransposon-based insertional polymorphisms to
resolve phylogenies, few population studies exist outside of humans. Endogenous retroviruses are LTR-retrotransposons derived
from retroviruses that have become stably integrated in the host genome during past infections and transmitted vertically to subse-
quent generations. They offer valuable insight into host-virus co-evolution and a unique perspective on host evolutionary history
because they integrate into the genome at a discrete point in time. We examined the evolutionary history of a cervid endogenous
gammaretrovirus (CrERVYy) in mule deer (Odocoilens hemionus). We sequenced 14 CrERV proviruses (CtERV-i1 to -in14), and
examined the prevalence and distribution of 13 proviruses in 262 deer among 15 populations from Montana, Wyoming, and Utah.
CrERV absence in white-tailed deer (O. virginianns), identical 5' and 3' long terminal repeat (LTR) sequences, insertional polymor-
phism, and CrERV divergence time estimates indicated that most endogenization events occurred within the last 200000 years.
Population structure inferred from CrERVs (Fgp = 0.008) and microsatellites (¢ = 0.01) was low, but significant, with Utah,
northwestern Montana, and a Helena herd being particularly differentiated. Clustering analyses indicated regional structuring, and
non-contiguous clustering could often be explained by known translocations. Cluster ensemble results indicated spatial localization
of viruses, specifically in deer from northeastern and western Montana. This study demonstrates the utility of endogenous retrovi-
ruses to elucidate and provide novel insight into both ERV evolutionary history and the history of contemporary host populations.
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Genetic variation observed among populations and species is
commonly used to reconstruct ancient and contemporaty his-
tories of demography and migration. Molecular markers most
commonly used to assess genetic vatiation include polymorphic
sequence data (e.g, single nucleotide polymorphisms [SNPs],
mitochondrial DNA) and simple sequence repeats (e.g;, micro-
satellites). As genomic resources become increasingly available,
structural genomic variation and polymorphic insertions of
mobile elements offer promising possibilities for population
and phylogenetic analyses in both model (Bamshad et al. 2003;
Watkins et al. 2003; Witherspoon et al. 2006, 2013; Handsaker
etal. 2011; Zichner et al. 2013) and non-model organisms (Sasaki
et al. 2006; Xing et al. 2007; Li et al. 2009; Meyer et al. 2012).

Retrotransposons are discrete DNA sequences capa-
ble of moving within genomes through RNA intermedi-
ates and are the most prevalent class of mobile elements,
accounting for just more than 40% of the human genome
(Lander et al. 2001). Following genome integration, these
elements are insertionally polymorphic and may increase in
frequency over time, ultimately becoming fixed in a popu-
lation or species. Insertional polymorphisms generated
by retrotransposons have been regarded as being ‘nearly
ideal’ genetic markers (Ray 2007). Retrotransposons have
been used extensively to resolve the ancestral relationships
between various primate groups (Xing et al. 2007; Li et al.
2009; McLain et al. 2012; Meyer et al. 2012), most notably
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the human—chimpanzee—gorilla trichotomy (Salem et al.
2003). They have also been applied to more reliably deter-
mine phylogenies of non-primate groups such as whales
(Nikaido et al. 2007; Chen et al. 2011), turtles (Sasaki et al.
20006), and bats (Kawai et al. 2002), and have helped to
discern ancient radiations of African cichlid fishes that
were obscured by mutational saturation in sequence data
(Takahashi et al. 1998). While retrotransposons have proved
to be especially useful for phylogenetic reconstruction, their
application to population genetics has been limited. This
is due to the fact that they are typically fixed within, but
polymorphic among species, a property that is useful for
resolving phylogenies around the timing of activity for the
particular insertion. Outside of human studies (Watkins
et al. 2003; Witherspoon et al. 2006), few examples of ret-
rotransposon-based insertional polymorphisms within spe-
cies exist (but see Tatlinton et al. 20006; Liggins et al. 2008;
Avila-Arcos et al. 2013).

Endogenous retroviruses (ERVs) atre retrotransponsons
derived from retroviruses that have become stably inte-
grated in the host genome through colonization of the host
germline DNA during an infection. Once integrated, the
proviruses are frequently transcriptionally silenced by the
host and, after generations of vertical inheritance, can accu-
mulate mutations due to host replication errors or through
recombination that renders them unable to produce viral
proteins (Taruscio and Mantovani 2004). The acquired
provirus may ultimately be fixed in the host over time,
becoming a fossilized record of past viral infections. These
genomic “fossils” are abundant and ubiquitously present in
all vertebrate species; for example, in humans, ERVs com-
prise at least 8% of the genome (Lander et al. 2001) and in
mice approximately 10% of the genome (Waterston et al.
2002).

Endogenous retroviruses have provided valuable insight
into the evolutionary history of modern viruses, host-
viral ecology and co-evolution, and have been utilized for
resolving uncertainties in host phylogenies (Shih et al. 1991;
Johnson and Coffin 1999; Gifford et al. 2008; Keckesova
et al. 2009; Gilbert and Feschotte 2010; Feschotte and
Gilbert 2012). They can provide a discrete time stamp to
investigate the history of viral epidemics and host demogra-
phy. For example, the presence of endogenous lentiviruses
in lemurs (Gifford et al. 2008) and related lagomorph spe-
cies (van der Loo et al. 2008; Keckesova et al. 2009) indicate
lentiviruses have been present in various mammalian orders
for at least 12 million years. ERVs have also been used as
host demographic markers to examine the history of sheep
domestication (Chessa et al. 2009), revealing two independ-
ent migrations of domestic sheep and providing evidence
for the origin of less common sheep breeds. However,
because colonization events of most vertebrate hosts by
ERVs are ancient events, the use of ERVs has been limited
to establishing speciation events and viral ancestry, but they
have not been used to investigate population history.

Mule deer (Odocoilens hemionns) exhibit low levels of popu-
lation divergence (Cullingham et al. 2011; Powell et al. 2013),
except over large geographic scales that follow subspecies
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designations along the US western coastline (Latch et al. 2009;
Pease et al. 2009). This may be attributed to large population
sizes, long generation times, and high mobility, supported by
estimates of long distance movement from radiotelemetry
studies (Anderson and Wallmo 1984; Mackie et al. 2003).
Mule deer have been successful in a wide diversity of habitats
through the species’ history, persisting in large populations
throughout their vast range, which currently extends across
western North America, from northern Mexico to Canada
(Latch et al. 2009). In Montana (MT), overharvesting drasti-
cally reduced populations by the early 1900s, particularly in
the eastern part of the state, prompting translocation efforts
from western to eastern populations in an attempt to restore
deer throughout their historic range (Picton and Lonner
2008). Across the state, population densities have been found
to vary spatially based on presence of high-quality reproduc-
tive habitat and established populations tend to have annual
fluctuations that vary independently among localities due to
differences in population—habitat relationships, environmen-
tal variation and management (Mackie et al. 1998). Because
deer populations tend to have local fluctuations, under-
standing gene flow across the landscape is necessary for the
management of the species—in defining how animals have
historically dispersed, developing management units for har-
vest and in establishing effective control strategies for infec-
tious disease.

A recent meta-transcriptomic study of microbial biota
in lymph node tissue reported on a novel cervid endoge-
nous gammaretrovirus (CtERVY) in mule deer (Wittekindt
et al. 2010). Elleder et al. (2012) further discovered that
the CrERV was polymorphic in integration profiles among
deer, demonstrating that mule deer have undergone
repeated germline invasion by the gammaretrovirus and
that integration has occurred continually since the diver-
gence of mule deer from its sister species, white-tailed deer
(O. virginianns).

In this study, we demonstrate the unique value of CtrERV
data for examining both viral evolutionary history and the
population history of its wildlife host. Because CtERV's are
insertionally polymorphic in mule deer populations, they
may reveal features of population structure that could com-
plement traditional genetic approaches. Animals that share
a CrERV integration site are related by ancestry back to
the individual experiencing the original germline coloniza-
tion event. Unlike microsatellites or SNP data, ERVs have
a phylogenetic history that can be used to obtain estimates
of the time of integration. We investigate the evolutionary
history of several newly identified CrERVs in mule deer and
examine how they explain the population history of their
host. Our study is based on 13 CrERVs that were identi-
fied in a random screen of viral integration sites and which
were evaluated for prevalence in mule deer populations from
MT, Wyoming (WY), and Utah (UT). We use a variety of
well-recognized and novel methods for evaluating structure
connectivity and ancestral history among CrERVs and their
mule deer hosts, and integrate results obtained using micro-
satellite data with that based on the presence or absence of
CrERYV loci.



Materials and Methods
Sample Collection and DNA Extraction

Retropharyngeal lymph node samples were acquired from
harvested mule deer (O. hemionus) brought through hunter
check stations from 2007 to 2008, with the exception of
samples from Helena (HLN), which were obtained through
an urban deer removal project. Approximated geographic
coordinates were recorded for all samples by asking hunt-
ets to pinpoint locations using a 1:250000 gazetteet and/ot
report hydrological unit, township and range where the ani-
mal was obtained. Therefore, error in location estimates was
expected to be within 1-5 km. Overall, we obtained samples
from 13 localities within MT and one locality in northeast
WY, herein referred to as “populations” (Figure 1A; # = 357;
13-34 individuals per population). Populations ranged in area
from 3614275 km? (Supplementary Figure S1). Additional
samples were acquired from localities distributed throughout
UT (7 = 30), to enable assessment of mule deer connectiv-
ity in a more broad scale geographic context. Samples were
also obtained from white-tailed deer across MT to assess
CrERV presence or absence in this species (7 = 24). Tissue
samples were preserved in RNA later (Ambion) and genomic
DNA was extracted from lymph node tissue using a phenol/
chloroform extraction method, following the manufacturer’s
protocol.

Microsatellite Genotyping and Selection

Genotyping of 16 microsatellite (usat) loci (Bishop etal. 1994,
DeWoody etal. 1995; Wilson et al. 1997; Jones et al. 2000) was
conducted following protocols previously reported in a study
investigating mule deer population structure in MT (Powell
et al. 2013). We tested for departures from Hardy—Weinberg
(H-W) equilibrium at individual loci (Supplementary Table
S1) using a Markov chain exact test (Guo and Thompson
1992) and linkage disequilibrium between loci using the
log-likelihood ratio statistic as implemented in GENEPOP
on the web (Raymond and Rousset 1995; Rousset 2008).
Significance was tested based on 1000 iterations and after
applying a Bonferroni correction to account for multiple
comparisons (o = 0.05). The 15 predefined populations were
tested independently to account for the potential effects of
population structure on the results.

Hardy—Weinberg probability tests by population revealed
similar results to that which were previously reported (Pease
et al. 2009). The O and Q loci indicated significant heterozy-
gote deficiency (Supplementary Table S1) in 7 out of 15
populations each. Given this and previous suspicion of null
alleles, we dropped these loci from further analyses. Also, as
in Powell et al. (2013) the P locus was out of H-W equi-
librium in one population (population 12). Significant link-
age disequilibrium was observed between BM4107 and Rt24
(population 9), Rt30 and Rt7 (population 2), and P and G
(population 2). As these observations were not a widespread
phenomenon, we assumed they were an artifact of popula-
tion subdivision or sampling and did not remove the loci
from subsequent analyses.
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CrERV Sequencing and Screening

Retroviral integration sites were identified as outlined in
Elleder et al. (2012). Seven of the proviruses were previ-
ously described (CrERV-in1 to- in7; Elleder et al. 2012)
and seven are reported and sequenced here for the first
time (CtERV-in8 to -in14; primer information shown in
Supplementary Table S2). The 3' portions (approximately
3.3-4.5kb) of all CrERVs were sequenced directly from
gel-purified PCR products in at least one individual deer
(GenBank: KC934943-KC934956). For CrERV-inl, -in2,
-n3, and -in5, multiple individuals were sequenced and
molecular diversity indices reported (Supplementary Table
S3).

Using a sub-sample of microsatellite genotyped mule
deer (Table 1; » = 13-29/population), we screened for
the presence or absence of 13 CrERV integration sites
(CrERV-inl1 to -in13), all of which were present in mule
deer but not in white-tailed deer. Primers used in CtrERV
genotyping can be found in Supplementary Table S4. Of
the total samples, 259 individuals were genotyped at both
microsatellite and CtERV loci (presence/absence), and this
dataset was used in subsequent marker-based comparative
analyses.

Recombination Analyses

The occurrence of recombination can severely impact esti-
mation of phylogenetic relationships (Posada and Crandall
2002) and downstream inferences of evolutionary history
(Schierup and Hein 2000) as the assumption of a single
tree is violated. The presence of recombination may aug-
ment estimates of divergence time due to an increased
number of ancestral lineages back through time (Martin
et al. 2011). Therefore, we tested for recombination in
the mule deer CrERV dataset (alignment of 3650bp) by
measuring the pairwise-homoplasy index, or PHI-statistic
(D,), which is robust to the influence of population his-
tory and can distinguish between recurrent mutation and
recombination (Bruen et al. 2000). Significance of @, was
obtained through a permutation test under the null hypoth-
esis of no recombination and implemented using the
SPLITSTREE program (Huson and Bryant 20006). As the
PHI-test detected a recombination signal in our dataset, we
used a model-based framework in the Genetic Algorithm
Recombination Detection (GARD) subroutine of the
HYPHY package (Pond et al. 2000) to identify recombi-
nation breakpoints and identify non-recombinant regions
useful for downstream phylogenetic analyses. A maximum
likelihood model was fit to each segment and goodness of
fit evaluated by Akaike Information Criteria for small sam-
ple sizes (AICc). Recombination breakpoints were verified
by performing Kishino—Hasegawa (K-H) tests (Hasegawa
and Kishino 1989; Kishino and Hasegawa 1989) for topo-
logical incongruence on trees generated from adjacent seg-
ments on either side of a putative breakpoint. Recombinant
regions were removed from the data and the PHI-test was
run to further verify a recombinant-free dispersed align-
ment suitable for subsequent analyses.
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Table | Observed CrERV insertion frequency by geographic locality
Lineage | Lineage Il Lineage IlI Lineage IV

Location n inl in3 inl2 in9 in6 inl0 inl3 in5 in8 in2 in4 in7 inll
1 17 1.00 0.41 0.12 0.50 0.00 0.00 0.00 0.35 0.00 0.35 0.53 0.00 0.12
2 17 1.00 0.47 0.18 0.71 0.00 0.00 0.00 0.41 0.00 0.29 0.47 0.12 0.06
3 17 1.00 0.53 0.18 0.56 0.00 0.00 0.00 0.35 0.00 0.47 0.35 0.12 0.06
4 18 1.00 0.50 0.06 0.56 0.00 0.00 0.00 0.22 0.00 0.11 0.56 0.06 0.00
5 17 1.00 0.29 0.00 0.50 0.29 0.12 0.06 0.12 0.06 0.47 0.18 0.00 0.18
6 16 1.00 0.53 0.00 0.56 0.13 0.00 0.00 0.19 0.00 0.25 0.25 0.00 0.00
7 18 1.00 0.56 0.00 0.72 0.11 0.00 0.00 0.17 0.00 0.22 0.39 0.00 0.06
8 13 1.00 0.46 0.00 0.77 0.08 0.00 0.00 0.23 0.00 0.54 0.50 0.00 0.15
9 15 1.00 0.20 0.07 0.60 0.07 0.07 0.00 0.20 0.00 0.40 0.47 0.00 0.00
10 17 1.00 0.50 0.06 0.76 0.06 0.00 0.00 0.29 0.00 0.29 0.65 0.00 0.12
11 15 1.00 0.57 0.07 0.53 0.13 0.00 0.00 0.13 0.00 0.40 0.53 0.00 0.00
12 18 1.00 0.33 0.00 0.83 0.00 0.00 0.00 0.17 0.00 0.22 0.44 0.00 0.06
13 17 1.00 0.47 0.00 0.41 0.06 0.00 0.00 0.38 0.00 0.24 0.41 0.00 0.00
HILN 18  1.00 0.47 0.00 0.56 0.44 0.00 0.00 0.29 0.00 0.47 0.82 0.00 0.00
uT 29 1.00 0.24 0.03 0.43 0.03 0.00 0.00 0.31 0.00 0.32 0.89 0.00 0.00
Proportion 1.000 0.426 0.050 0.593 0.092 0.011 0.004 0.258 0.004 0.331 0.514 0.019 0.050
N 261 258 262 258 262 262 262 260 262 260 259 261 262

Lineages corresponding to phylogenetic results (in Figure 2) are indicated.

Phylogenetic Analyses

Phylogenetic analyses that assume a relaxed molecular clock
and make use of evolutionary events, such as species diver-
gence times, to calibrate tree nodes have been suggested as
a more robust method for dating ERV integrations (Martins
and Villesen 2011). We used a Bayesian Markov Chain Monte
Carlo (MCMC) modeling approach to jointly estimate nucleo-
tide substitution rates, estimate relative divergence times, and
reconstruct the evolutionary relationships among CrERVs
using BEAST v1.6 (Drummond and Rambaut 2007). A rep-
resentative sequence (i.e., either the only available or most
frequent sequence) from each of the 14 mule deer CrERVs
and 1 white-tailed deer CrERV (-i#74) was included in the
alignment constructed using the MAFFT algorithm (Katoh
et al. 2002), followed by manual editing within the Geneious
v5.5 interface (Drummond et al. 2011). Sequence data (total-
ing 3650-4143 bp) consisted of contiguous regions of the 3'
portion of the po/ gene, the entire env gene, and the 3'LTR.
Length differences were due to deletions in the env gene in
some viruses. We removed ~600bp near the 5' end of the
alighment, due to considerable sequence differences between
CrERV-in12 and -in14 and the rest of the alignment, which
can lead to long branch attachment and erroneous phyloge-
netic inference. Also, we excluded the identified recombinant
regions, leaving po/, a 3' portion of enw, and the 3'LTR in the
final dataset analyzed (an alignment of 1935bp).

Analyses were carried out using a Yule process speciation
model (Gernhard 2008) and the transversional substitution
model with 4 gamma-distributed rates (TVM + I',), selected
as the best fit model of molecular evolution for data using
the corrected Akaike Information Criteria (AIC) in jModel-
Test (Posada 2008). CtERV-i#14 was identified in all mule deer,
but only a few white-tailed deer. Based on divergence of 5'
and 3' LTR and close homology between the two sequences,
it appears to represent an older integration event in mule deer
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and is currently introgressing in white-tailed deer (D. Elleder,
unpublished data). Therefore, as the oldest integration of
the markers assessed and the only CtERV present in both
O. virginianus and O. bemionus, it was specified as a monophy-
letic outgroup. We calibrated the white-tailed and mule deer
CrERV-in14 node by specifying a uniform prior distribu-
tion with a maximum constraint equal to 1.8 million years
ago (MYA), the median estimated divergence time between
Odocoilens species (Pitra et al. 2004; Gilbert et al. 2006; Hedges
et al. 2000). We also calibrated the internal node (most recent
common ancestor to all mule deer CrERVs) based on an inde-
pendent estimate of the Ir7 integration (0.47—1 MYA; Elleder
et al. 2012). We assumed this node was older than the In7
integration, but younger than the split of Odocoileus species, by
applying a conservative uniform distribution that encompassed
this time period (0.47—1.8 MYA). Preliminary analyses rejected
a strict molecular clock, based on the observation that the 95%
highest probability density (HPD) intervals of the coefficient
of variation fell well above zero. Therefore, we used a relaxed
(uncorrelated, lognormal) molecular clock model (Drummond
et al. 2000), applying an exponential prior distribution for evo-
lutionary rate [exp(5e-7)] which allows for estimation of a sub-
stitution rate that is expected to fall between that of the virus
and host. We repeated this analysis using the full alignment
(3650bp) without excluding recombinant regions. For analyses
based on both full and reduced alighments, we conducted two
independent replicate runs, subsampling every 10000 steps
more than 500 million steps, and discarding the first 10% steps
as burnin. Additional analyses were run with an empty align-
ment, using prior distributions but no data, to evaluate whether
the CrERV sequence data was informative in parameter esti-
mation. The diagnostic tools in Tracer v1.4 (Rambaut and
Drummond 2007) were used to inspect posterior distributions,
run traces for convergence and ensure that effective sample
sizes (ESS) were >200 for all parameter estimates. Consensus



phylogenetic trees were constructed in TreeAnnotator v1.6
using the sampled trees from each run and visualized with the
FigTree software (Rambaut 2009).

Clustering Analyses Based on CrERV Prevalence Data

To examine population-level clustering based on CrERV
prevalence data, we performed an agglomerative hierarchical
clustering analysis. Population frequency data takes advantage
of the additional temporal information inherent in the CrERV
data such that populations with similar proportions of shared
CrERVs are more related. We complemented this analysis by
similarly performing a clustering analysis based on microsat-
ellite allele frequency data. Distance matrices were computed
by Pearson correlation (uncentered) and clustering analyses
employing average linkage was performed in Cluster 3.0 (Eisen
et al. 1998). Results were visualized in TreeView (Page 1996).

We also used a cluster ensemble technique (Strehl and
Ghosh 2002) to provide a framework for combining multi-
ple clustering solutions using a matrix representation for the
clustering result. This analysis was performed at the individ-
ual level, using CrERV presence—absence data. For # deer, we
have an # X  co-association matrix X: X;; = 1 if the ith and
Jth deer have the same virus. Given a number of co-associa-
tion matrices X, X@, ... X®, the consensus matrix can be
constructed as the average of the individual co-association
matrices as follows: X© = (X1 + X@ + -+ + X?) /P, where
P represents the number of CrERVs. The consensus matrix
corresponds to a more stable representation of a partition
than an individual clustering solution. As discussed above,
we expect a lower prevalence among animals with CrERVs
that have recently colonized the host and that animals shar-
ing recently integrated viruses will be geographically local-
ized. To account for this, we implement a revision of the
co-association matrix for a specific virus:

X, ,= 1/m if the /th and /jth deer have the virus;
X; ;= 0 otherwise,

where 771s the number of animals with the virus. The similarity
between two animals is then a weighted average of co-associ-
ation matrices across all viruses. To assess the significance of
shared virus histories, we developed a null model under the
assumption that the viruses are randomly distributed among
animals. Under that null hypothesis, the probability of a pair

of deer sharing the 4th virus follows a binomial distribu-

-1
tion, with f),= %. The probability of sharing
n=

n
a specific subset of viruses, A4, is £ = Hpk H (1=py),
keA keAc
with A° signifying the set of all elements in the univer-

sal set that are not in A, and the corresponding similarity

is SAZZ

kea My
obtain the exact distribution of the similarity under the null

model. For the observed similarity between a pair of deer, 1

. By examining all subsets of viruses, we

minus its percentile in the null distribution gives the P value.

Kamath et al. « Endogenous Retroviruses in Mule Deer

Population Structure and Differentiation

We independently assessed F-statistics for both marker
types to evaluate genetic similarity among deer populations.
Using microsatellite loci, we calculated an unbiased estima-
tor of the fixation index, Fgy (6, Weir and Cockerham 1984),
in FSTATv2 (Goudet 1995). Significance was determined
with 2000 permutations of the data, and after applying a 5%
adjusted nominal level for multiple comparisons. Global ¢
over all populations and bootstrapping over loci was per-
formed to determine the 95% confidence interval. Similarly,
for CrERV data, global Fgp was estimated in AFLP-SURV
(Vekemans 2002), utilizing the Lynch and Milligan (1994)
method for estimating allele frequencies.

Genetic distance between populations was also evaluated
by pairwise calculations of the Fgp analog, ®gp. in Arlequin
v3.5 (Excoffier and Lischer 2010). We specified a Euclidean
matrix of individual haplotype distances that is generalizable
across marker inheritance types and, in this case, allowed for
a more direct comparison of results based on binary data
(CtERVs) versus co-dominant data (microsatellites). For a
single-locus analysis of a microsatellite locus, with 7 /, £, and
/ representing different alleles, the genetic distance between
diploid individuals was defined as: d(,i) = 0, d°(,ij) = 0,
Py = 1, PGk = 1, Fk) = 2, PGk = 3, and
(iig)) = 4 (Peakall et al. 1995). Whereas, comparable meas-
ures of genetic distance using CrERV loci were estimated as
the difference in the number of shared CrERV integrations
between two individual retrotypes, a method adopted from
Huff etal. (1993) and Peakall et al. (1995): D = n(1 = n,/n),
where 7, represents the number of CrERVs in common
between individuals x and y, and # is the total number of loci
analyzed.

Hierarchical partitioning of genetic vatriation among
populations and broad scale regions was performed through
an Analysis of Molecular Variance (AMOVA; Excoffier
et al. 1992) in Arlequin v3.5 (Excoffier and Lischer 2010).
This analysis used @-statistics to estimate the proportion of
genetic variability found among populations (Pgy), among
populations within regions (Pgc), and among regions (Der),
and utilized the haplotype distance matrices described above,
non-parametric permutation procedures (10000 permu-
tations) were performed to assess the significance of the
covariance components associated with the different levels
of population structure. For a priori group assignments, pop-
ulations were specified as previously described and six broad-
scale regions were also defined: (1) the northeast: 1-4, (2) the
northwest: 5, (3) the west: 6-7 and HLN, (4) the southwest:
8-11, (5) the southeast: 12-13, and (6) Utah: UT.

Marker Comparison of Population Diversity and
Differentiation

Within population, genetic diversity indices were calculated
using both microsatellite and CrERV data. For microsatel-
lites, genetic diversity was measured in terms of the inbreed-
ing coefficient (Fjg), observed (H), and unbiased expected
heterozygosity (Hp) in GenAlEx v6.2 (Peakall and Smouse
2000), and mean allelic richness, after adjusting for unequal
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sample sizes through rarefaction in HP-RARE (Kalinowski
2005). For CrERV loci, we computed indices of genetic
diversity following determination of allele frequencies
using a Bayesian method described by Zhivotovsky (1999),
implemented in AFLP-SURV v1.0 (Vekemans 2002). This
approach estimates the distribution of allele frequencies
based on the variability in marker presence frequency over
loci, and is useful when actual allele frequencies cannot be
observed directly. Estimated CrERV diversity indices include
the number and proportion of polymorphic loci at the 5%
level and Nei’s unbiased gene diversity (Hj, analogous to Hp).

We examined the relationship between population genetic
distances as calculated for CrERV versus microsatellite data.
We specifically evaluated ®g; distance matrices between
population pairs for both marker types and evaluated their
relationship using a generalized linear model with a quasibi-
nomial error structure and logistic link function for propot-
tional data. Statistical analyses were conducted in R v2.14 (R
Development Core Team 2011).

Results
Recombination

Retroviruses are prone to homologous recombination, which
can confound estimates of phylogenetic relatedness and evo-
lutionary rates. We first evaluated the CrERVs for recombi-
nation. The PHI test for recombination revealed statistically
significant evidence for recombination in the CrERV data-
set (@,, = 0.101, P < 0.001). The best-fit model in GARD
suggested four recombination breakpoints (Supplementary
Figure S2; positions 1093, 1380, 1952, and 2808), which
included portions of the po/ and env genes. We removed this
region (1715bp) from the alignment and reran the PHI-test
on the remaining dispersed alignment. The final 1935bp
alighment showed no evidence for recombination (®,=

0.124, P = 0.124).

Phylogenetic Relationships and Insertion Dating

Tree topologies, approximate divergence time estimates, and
postetior probabilities (PP) of tree nodes based on sequence
data were consistent across two independent BEAST runs.
Both runs converged and all ESS values for parameter esti-
mates were greater than 200. The resulting phylogenetic tree
representing the evolutionary history of CrERVs in mule
deer revealed four clades with node PP greater than 0.50
(Figure 2). However, only two clades (Lineages I and I17) were
supported (PP > 0.85). Lineages I1] and IT” together also form
a highly supported clade (PP = 0.98).

The time to most recent common ancestor (tMRCA)
for all CrERVs was estimated as 0.74 MYA and the diver-
gence between CrERV-zz7and all other segregating CrERV's
in mule deer was estimated as 0.65MYA (Figure 2). CrERV-
in2, -ind, -in7, -in11 all likely integrated into the mule deer
genome <25000 years ago (ya) and CtERV-in5, -in8, -in10,
-in13 <80000 ya. The estimated mean nucleotide substitution
rate over all viral lineages was 3.5 X 1078,
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Notable similarities were observed in the phylogeny based
on the full CrERV sequence alignment that did not exclude
the putative recombinant region (Supplementary Figure S3).
There was congruence found among phylogenies in strong
support (PP = 0.96-0.99) for the affiliation of C+ERV-in7
and -zn11 (Lineage IV Figure 2) which were estimated to have
integrated within the last 25000 years in both trees and are
likely among the youngest CrERVs as they are also found in
very low prevalence in the population (Table 1). Further simi-
larities between phylogenies is the clustering of CrERV-712,
-ind, -in7, -in8, and -inl11 which all share a common ances-
tor ~100000 years ago. This group of five viruses also share
the attribute of having intact open reading frames in the two
functional genes (po/and env) encoded in the 3' portion of the
gammaretroviral genomes, which supports that they have not
been present in the mule deer genome for an extended period
of time. In summary, our data indicate that CrERV coloniza-
tion of the mule deer genome has occurred since speciation
from white-tailed deer, with most integrating within the last
200000 years, and there are significant effects of recombina-
tion among the sampled viruses that confound estimates of
the integration time.

CrERV Prevalence Among Mule Deer Populations

Of the 13 CrERVs evaluated for population prevalence
in O. hemionus, all but CtERV-in1 were insertionally poly-
morphic. We found that the integrated viruses have vari-
able prevalence and spatial structure (Table 1, Figure 3,
Supplementary Figure S4). Five (CtERV-in1, -in2, -in3, -in4,
-in5, -in9) were distributed widely and found in all popu-
lations including samples from UT. CtERV-iz11 was low
in frequency, but had a widespread distribution in MT.
CrERV-in6 and -in10 were found in western MT, although a
single individual in both UT and WY also had the C+rERV-
in6 insertion. CtERV-in8 and -in13 were extremely rare and
localized to the northwest (population 5). CxrERV-in7 was
found in only four deer and also had a restricted distri-
bution in northeastern MT where populations 2, 3, and
4 meet.

Clustering Analyses Based on CrERV Prevalence Data

Agglomerative hierarchical clustering was used to clus-
ter closely related populations based on presence/absence
frequency of CrERVs in each pre-defined “population” or
sampling locality (Figure 1A,B). These results suggest clus-
tering of the northeastern populations (1-3) with population
13 in WY (blue), clustering of southwestern populations (8
and 9; yellow), and clustering of the west-central popula-
tions (6 and 7) with population 11 (green). Disjunct cluster-
ing of populations 4, 10, and 12 (orange) was also observed.
Populations 5, HLN, and UT were very different and did not
cluster with any other population. Hierarchical clustering
based on microsatellite allele frequencies, however, did not
reveal a similar level of clustering as CrERVs (Figure 1C).

Cluster ensemble analyses identified four significant clus-
ters (P < 0.005; Figure 4). Animals in cluster 1, 2, 3, and 4
share -n12, -in11, -in7, and -in10, respectively.
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Figure I. Map of populations sampled and clusteting solutions. Population (1-13, HLN) locations and clustets based on
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clustering solution presented in part B. Utah (UT) is not shown on the map. Agglomerative hierarchical clustering dendograms
are based on a Pearson’s uncorrelated distance matrix, calculated using CrERV insertion frequencies (B) and microsatellite allele

frequencies (C) within localities.

Population Differentiation and Clustering Analyses

Genetic differentiation was estimated to be low among the
majority of population pairs for both microsatellite and
CrERV datasets, with estimates often statistically indistin-
guishable from zero (Table 2). Exceptions included HLN
and UT, both of which were significantly differentiated from
the majority of the remaining populations (Table 2) There
was also evidence from both marker types that population
5 (in northwest MT) was moderately differentiated. CrERV
differentiation results are in agreement with results from our
clustering analyses. We also found low, but significant global
differentiation among populations based on microsatellites
(Dgp = 0.023, P = 0.001; 6 = 0.01, P = 0.001) and CrERVs
(Dgr =0.036, P < 0.001, Fgp = 0.008, P=0.003) and AMOVA
results for both marker types showed that the majority of the

variation (96-98%) is found within populations (Table 3).
There was relatively little differentiation between populations
within the same geographical region (usats: @g- = 0.008,
P = 0.018; CrERVs: dg- = 0.008, P = 0.268), but signifi-
cant differentiation was observed among regions (usats:
D = 0.014, P = 0.002; CrERVs: @ = 0.025, P = 0.025).

Marker Comparison of Population Diversity and
Differentiation

Expected heterozygosity was relatively similar among popula-
tions for both CrERV and microsatellite data (Supplementary
Table S5; Hy = 0.67-0.73, H; = 0.15-0.22). Microsatellite
allelic diversity was also similar across populations, whereas
the proportion of polymorphic loci (PLP) in CrERVs varied
from 46% to 69%, with the PLP highest in the northwest

179


http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/est088/-/DC1
http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/est088/-/DC1

Journal of Heredity

—

In14

Tree Node
—x - T SQ "o an oW
-

1 1 1
1500 1000 500 0
Divergence time (x 10° years)

]

In1

In3

In12

In9

In6

In10

11

d ‘ h
0.86 | 0.87

f — In5

In13

In8

In2

11

In4

In7
V4

In11

800 700 600 500 400

300

Years before present (x103)
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with thicker branches undergoing more rapid evolution.

(population 5, 69%) and the northeast (populations 1-3,
62%). The PLP was lowest (46%) in UT, population 4, the
southeast (populations 12, 13), and in population 9. We found
a significant relationship between microsatellite and CrERV
pair-wise population genetic distance (f = 8.30%1.40,
P < 0.0001; Supplementary Figure S5).

Discussion

In this study, we provide evidence that the mule deer genome
has been repeatedly colonized by gammaretroviruses over
the history of the species. Endogenous retroviruses have the
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potential to provide a unique view of a species population
history because they integrate into the germ line of an indi-
vidual host at a discrete time in the species history. As they
are subsequently transmitted by vertical inheritance, they also
mark recipients as sharing a common ancestry. Therefore,
estimates of the time of integration coupled with frequency
and distribution of the ERV can provide important informa-
tion on host demography and host-viral evolutionary history.

A widely used approach for dating ERV integration
events involves the examination of mutational differences
between the two LTRs of the virus (Mager and Freeman
1995; Johnson and Coffin 1999). This approach is based
on the assumption that viral 5' and 3' LTR sequences ate
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Table 2 Population pairwise D¢y based on binary CtrERV data (13 loci), shown above the diagonal, and based on microsatellites (14
loci), shown below the diagonal

I 2 3 4 5 6 7 8 9 10 I 12 13 HLN UT

1 - 0.000  0.000 0.000 0.058 0.005 0.007 0.000 0.000 0.000 0.000 0.009 0.000 0.048 0.025
2 0.004 - 0.000 0.000 0.081 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.072 0.082
3 0.012  0.007 - 0.018  0.040  0.000 0.008 0.000 0.002 0.009 0.000 0.033 0.000 0.078 0.108
4 0.008 0.007 0.007 - 0.109  0.000 0.000 0.038 0.017 0.000 0.000 0.000 0.000 0.083 0.060
5 0.040 0.022 0.019 0.041 — 0.004 0.047 0.048 0.032 0.109 0.052 0.087 0.055 0.136 0.214
6 0.040 0.037 0.008 0.021 0.005 - 0.000 0.016 0.012 0.027 0.000 0.014 0.000 0.098 0.153
7 0.018 0.012 0.002 0.014 0.000 0.000 — 0.000  0.015 0.000 0.000 0.000 0.006 0.083 0.136
8 0.055 0.014 0.018 0.026 0.014 0.000 0.009 - 0.000  0.000 0.000 0.000 0.034 0.035 0.093
9 0.013  0.000 0.022 0.008 0.022 0.027 0.010 0.017 - 0.007  0.000 0.000 0.007 0.059 0.043
10 0.024 0.031 0.005 0.012 0.023 0.003 0.002 0.009 0.011 - 0.000  0.000 0.020 0.033 0.054
1 0.008  0.004 0.000 0.010 0.002 0.000 0.000 0.008 0.000 0.000 - 0.016  0.000 0.014 0.064
12 0.014 0.012 0.021 0.016  0.047 0.020 0.023 0.001 0.003 0.011 0.015 - 0.040  0.107 0.108
13 0.000  0.000 0.000 0.000 0.023 0.016 0.008 0.030 0.003 0.007 0.000 0.015 - 0.071 0.071
HLN 0.050 0.043 0.043 0.037 0.044 0.028 0.020 0.011 0.044 0.049 0.051 0.030 0.050 - 0.056
UT 0.052 0.038 0.026 0.051 0.023 0.035 0.026 0.051 0.021 0.036 0.007 0.039 0.034 0.085 -

The same individuals (7= 259) were genotyped at both marker types. Significant values (P < 0.05) determined through 10000 permutations are indicated in

bold. Negative dg values were converted to 0.
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Table 3 Analysis of molecular variance (AMOVA) results for mule deet, grouped into 15 populations and 6 regions

Estimated
df SS variance % Total P-Statistics P value?

usats (n= 259, 14 loci)

Among regions 5 85.363 0.142 1.44 D r=0.014 0.002
Among populations within regions 9 98.944 0.082 0.83 D =0.008 0.018
Within populations 244 2353.809 9.647 97.73 D = 0.023 0.001
CrERV's (n= 259, 13 loci)

Among regions 5 16.20 0.040 2.85 D - =0.028 0.025
Among populations within regions 9 13.89 0.011 0.77 D =0.008 0.268
Within populations 244 33291 1.364 96.39 D g =0.036 <0.001

The same individuals (7= 259) were genotyped at both marker types. Genetic distance matrices based on ®-statistics and conducted separately using micro-

satellite and CrERV data.

P values determined through 10000 permutations of the data.

identical at the time of integration and thereafter evolve sep-
arately at an empirical evolutionary rate. Thus, the sequence
divergence between the 5' and 3' LTR and host substitution
rate can be applied to estimate integration age (Johnson
and Coffin 1999). Shortcomings of this fixed rate approach
include the probable differences in evolutionary rates among
homologous ERV loci or LTR regions (Martins and Villesen
2011). In our dataset only CrERV-/#7 (Elleder et al. 2012)
and -in14 (D. Elleder, unpublished data) had differences in
the 5' and 3' LTR. Assuming a neutral evolutionary rate of
2.3 to 5x 107 per site per year (Johnson and Coffin 1999;
Waterston et al. 2002; Pace et al. 2008), the insertion age
of CrERV-in1 was previously estimated to be 0.47-1 MYA
(Elleder et al. 2012). Results from our phylogenetic analysis
corroborated this I'TR-based estimate, with the divergence
of CrERV-inl occurring approximately 0.65 MYA (95%
HPD interval = 0.47-1.4 MYA).

Multiple lines of evidence suggest the CrERVY proviruses
examined in this study are derived from evolutionarily recent
invasions of the mule deer genome. First, the absence of
CrERVs (CrERV-in1 to -in13) in white-tailed deer is sugges-
tive of genome integration times following the divergence
of mule and white-tailed deer, which has been estimated
to be between 0.6 and 2.9 MYA (Pitra et al. 2004; Gilbert
et al. 2006; Hedges et al. 2006). Furthermore, our estimates
of viral divergence times (which are equivalent to maximum
CrERV endogenization times) suggest that most CrERVs
integrated within the last 200000 years. This is considerably
younger than ERVs identified in other vertebrate species to
date. For example, many human ERVs are also present in
Old World monkeys and apes, implying that retroviral coloni-
zation events occurred more than 25 MYA (Shih et al. 1991;
Anderssen et al. 1997; Tristem 2000), although recent data
indicate that the HERV-K family is still active in humans
(Jha et al. 2011). In addition, with the exception of -7 and
-in14, CtERVs have identical 5' and 3' 'TRs and were found
to be segregating in the mule deer population, supporting the
premise that endogenization events in mule deer are relatively
recent. Observations of insertional polymorphism within a
species have been rare, though documented among domes-
tic breeds of cats (Roca et al. 2004, 2005), sheep (Arnaud
et al. 2007; Chessa et al. 2009), and pigs (Mang et al. 2001),

signifying that domestication may increase colonization of
exogenous retroviruses or activation of existing ERVs. In
contrast, ERV insertional polymorphism within a wildlife
population has only previously been reported in koala, where
a circulating retrovirus has integrated into the host genome
over the past two centuries and is believed to be currently
invading the germ line (Avila—Arcos et al. 2013; Tarlinton
et al. 20006). Finally, Elleder et al. (2012) documented tran-
scriptional activity of the CrERVy genome in mule deer
lymph node tissue, suggesting that some integrations may
be derived from either an active endogenous provirus or a
currently circulating exogenous virus. Six of the proviruses
evaluated here (-in2, -ind, -in7, -in8, -in1l, -in13) share the
attribute of having intact open reading frames in the two
functional genes (po/ and env) encoded in the 3' portion of
the gammaretroviral genome. Taken together, these observa-
tions suggest many of these proviruses can be considered
to be contemporary and may continue to be infiltrating the
mule deer genome.

The coupling of ERV prevalence and geographical distri-
bution with viral evolutionary history increases the informa-
tion available to explore the ancestral history of the host.
Insertional polymorphisms are not subject to the biases
inherent in other host genetic markers (e.g., homoplasy in
microsatellites, mutational site saturation or convergence in
SNPs) and, therefore, are identical by descent (Salem et al.
2005), directly reflect the relationships between individuals.
They differ from these commonly used population genetic
markers because animals sharing a virus at the same unique
position in the genome form a defined ancestral lineage; each
ERV provides different information on the host’s ancestral
history. Animals that share multiple ERV integration sites
share ancestry over the evolutionary time frame since the
virus integrated. Therefore, an ERV integration that has
occurred in the recent past will mark descendants that, in the
case of a wildlife population, are more likely to be localized
to a discrete geographical region than individuals shating an
older ERV who have dispersed since the time of integration.
In this study, we demonstrated the value of CrERV inser-
tional polymorphism data, showing it had greater resolution
than microsatellites to detect geographic clustering of related

deer (Figure 1).
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Coupling the distribution of ancestrally related individu-
als with the ERV phylogeny and relative integration time can
provide information about how individuals have dispersed
over a period in time. The observation of a low frequency
ERYV within a host population could be explained by two alter-
natives: 1) a recent integration into the host or 2) an expan-
sion of an older lineage due to immigration. Therefore, the
limited presence and localized distributions of some CrERV's
examined in this study (eg. -#n7, -in8, -in10, -in13) may be due
to either of these scenarios. By incorporating informative
data on both viral phylogeny and structure with host spa-
tial distribution, however, it is possible to make inferences
that help distinguish between these hypotheses. For example,
CrERV-in7 is inferred to be one of the youngest proviruses
based on our phylogenetic analyses (Figure 2), while also rare
and spreading locally in northeastern mule deer populations,
providing support that this integration is likely of recent evo-
lutionary origin. In contrast, three animals from western M'T
(two from population 5 in the north and one from popula-
tion 9 in the south) cluster together because they share -270,
which is rare in the population but may be an older integra-
tion. The age and geographic distribution of animals har-
boring this virus suggest that it may have been introduced
into the MT population due to migration or translocation
events from populations where -270 prevalence is higher. We
acknowledge that our data was limited in sampling scope and
that accurate assessment of CrERV frequency in mule deer
would require broader sampling from the species’ distribu-
tion, a task that we are actively pursuing.

The detection of recombination within the coding
region of CrERVs sampled in this study is particularly
interesting. Recombination typically occurs between the
two identical LTRs of a single ERV resulting in a solo LTR.
The rate at which this occurs is reported to be higher for
young ERV because the probability of recombination is
highest when the LTRs are identical (Belshaw et al. 2007).
Thus, as ERVs age in a genome, recombinant parents
can be lost due to homologous recombination; the loss
of parental sequences confounds detection of intergenic
recombinant ERVs. This finding is important because
although recombination events could be confined to viral
segments, they can also lead to structural changes in the
mule deer genome. A thorough analysis of host sites flank-
ing recombinant viruses could reveal such genomic struc-
tural variation.

Previous studies found high levels of genetic diversity
throughout the range of O. hemionus, with intraspecific diver-
gences greater than between some genera (Cronin 1991;
Latch et al. 2009). However, below the subspecies designa-
tion, very little population structure has previously been
reported in deer (Scribner et al. 1991;Latch et al. 2009; Pease
et al. 2009; Powell et al. 2013). Here, we similarly found high
genetic diversity across populations in MT and low levels of
genetic divergence between population pairs using stand-
ard population genetic indices. Global Fg from CrERVs
(Fgp = 0.008) and microsatellites (¢ = 0.01) was low, but sig-
nificant, and comparable to differentiation results previously
reported in mule deer (Fgr = 0.008; Cullingham et al. 2011).

184

However, novel clustering analyses based on CrERV preva-
lence data revealed some degree of regional structuring. In
particular, deer from UT, northwestern MT, and those resid-
ing in the city of HLN appeared to be different from other
MT populations, results that were further corroborated with
standard genetic differentiation indices (Fgr).

Clustering ensemble analyses also indicated spatial locali-
zation of recent viruses, specifically in deer from northeast-
ern and western MT. For example, 11 of the 13 animals in
cluster 1 are from the east side of the continental divide, pri-
marily from northeastern MT (populations 1—4). Cluster 3
included five animals from populations 2—4 in northeastern
MT that shared a low frequency CrERV (-/#7) which inte-
grated within the last 30000 years. Cluster 4 includes only
three individuals from western MT which share -7#70, two of
which are localized to the northwestern region (population
5). Cluster 2, however, is defined by more complex shared
CrERV history, with all animals sharing -7#77, which is closely
related to -in7 but has a broader geographic distribution. In
general, the 11 animals within this cluster are located in west-
ern MT with the 3 animals from regions in north central and
southeastern MT, potentially reflecting translocations of ani-
mals. Only one animal from UT and none of the deer from
the HLN herd or from north central WY were represented in
these four strongly supported clusters.

Relatively lower connectivity between the northwest and
the other regions in MT may be due to landscape features
acting as physical barriers and/or differences in habitat selec-
tion preferences and behavior of deer in that region as com-
pared to the surrounding regions. It is also possible that there
is gene flow between the northwestern population and neigh-
boring regions in northern Idaho or Canada, which is worthy
of future investigation. The difference between urban deer
from HLN and the other populations investigated here is
intriguing, This result is unlikely due to a bias caused by sam-
pling a highly related population because the inbreeding coef-
ficient, Fg, is not significantly different from 0 and genetic
diversity indices were comparable to other populations. In
fact, CrERV heterozygosity was highest in HLN in com-
parison to all other populations, which would be unexpected
given the sampling of this population covered the least area
(Supplementary Figure S1).

Translocation events occurred repeatedly between areas
of MT in the 1940s and 1950s for the purpose of restock-
ing and augmenting depleted mule deer populations (Picton
and Lonner 2008). In total, more than 1750 deer were trans-
located, by both the Montana Fish and Game Department
and US Fish and Wildlife Service. Thus, apparent connectivity
between disjunct populations, as indicated in our population
clustering analyses (orange and green clusters; Figure 1A, B)
may be a signature of these past translocation events, a hypoth-
esis that is congruent with specific records of deer movement
across the state. For example, approximately 1000 deer were
moved from the National Bison Range (population 7) to sup-
plement and restore other deer populations in the state, with
approximately half of these deer moved to Golden Valley and
Musselshell counties (between populations 4 and 11). Together,
the pattern of population clustering observed here is consistent
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with the fact that the majority of movements occurred from
west (populations 7 and 10) to east (locations near populations
4, 11, 12). Populations in the northeastern part of the state
clustered with deer in northeast WY, and although not contigu-
ous, these populations may have retained a genetic signature of
remnant populations pre-existing prior to translocation events
as there are no recorded translocations of mule deer into these
areas. This is also corroborated by apparent high gene flow,
indicated by low pairwise Fgp values, between the regions.

Our research demonstrates the dynamic nature of a newly
described ERV in the mule deer population. The viruses used
in this study were not selected based on age or frequency in
the population, in comparison to microsatellites, which are
typically selected based on their variability. Despite this, our
analyses demonstrate that CrERVs provide valuable informa-
tion on mule deer population structure. We also found that
both C+tERV and microsatellite markers are capable of indi-
cating similar population genetic distances; however, Fg val-
ues do not change at a similar rate. This is expected due to the
differences in the nature of these marker types, with CrERV's
having greater resolution to detect population differences as
demonstrated by our clustering results. Further, because it
is now possible to comprehensively sample integration site
diversity of mobile elements (Iskow et al. 2010), there is
the potential to employ hundreds of CrERVs to study host
population biology. Coupled with information on relative
CrERYV age and diversity, these data could provide novel per-
spectives of historical and contemporary mule deer evolution
and population history such as changes in migration routes
and population mixing, Such data would be informative to
management authorities to understand historical responses
to environmental changes and to detect possible disease
transmission routes among populations.

Supplementary Material

Supplementary matetial can be found at http://www.jhered.
oxfordjournals.org/.
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