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Abstract

Hybridization drives the evolutionary trajectory of many species or local populations,
and assessing the geographic extent and genetic impact of interspecific gene flow may
provide invaluable clues to understand population divergence or the adaptive rele-
vance of admixture. In North America, hares (Lepus spp.) are key species for ecosystem
dynamics and their evolutionary history may have been affected by hybridization.
Here we reconstructed the speciation history of the three most widespread hares in
North America — the snowshoe hare (Lepus americanus), the white-tailed jackrabbit
(L. townsendii) and the black-tailed jackrabbit (L. californicus) — by analysing sequence
variation at eight nuclear markers and one mitochondrial DNA (mtDNA) locus
(6240 bp; 94 specimens). A multilocus—multispecies coalescent-based phylogeny sug-
gests that L. americanus diverged ~2.7 Ma and that L. californicus and L. townsendii
split more recently (~1.2 Ma). Within L. americanus, a deep history of cryptic diver-
gence (~2.0 Ma) was inferred, which coincides with major speciation events in other
North American species. While the isolation-with-migration model suggested that
nuclear gene flow was generally rare or absent among species or major genetic groups,
coalescent simulations of mtDNA divergence revealed historical mtDNA introgression
from L. californicus into the Pacific Northwest populations of L. americanus. This find-
ing marks a history of past reticulation between these species, which may have
affected other parts of the genome and influence the adaptive potential of hares during
climate change.
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Introduction

The modern view of interspecific dynamics recognizes
that closely related species, even when divergence is
irreversible, may exchange genetic material and that
introgressive hybridization plays an important role in
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shaping the genetic diversity of taxa. Mallet (2005), for
example, estimated that 10% of animal species hybrid-
ize with at least one other closely related species (see
also Pinho & Hey 2010). Understanding patterns of
introgression is therefore important to unveil the deter-
minants of major processes of species evolution, such as
the genetic nature of population divergence or the gen-
eration of adaptive genetic innovation (Seehausen 2004,
2013; Feder et al. 2012; Abbott et al. 2013).
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Inferences of introgression have often been based on
gene tree polyphyly or paraphyly and incongruence
among gene trees (Bossu & Near 2009; Spinks & Shaffer
2009). However, discordance among markers may arise
from the stochasticity of the evolutionary process itself,
due to the incomplete sorting of lineages along the
divergence of species. Distinguishing these two causes
of gene tree discordance is not straightforward, particu-
larly for closely related taxa (Edwards 2009). Neverthe-
less, several methodological strategies have been
created to assess the relative influence of retention of
ancestral polymorphism and gene flow in observed pat-
terns of multilocus genetic variation (Meng & Kubatko
2009; Hey 2010; Gerard et al. 2011).

Natural hybridization often occurs among species
with a rapid and young radiation, and hares (Lepus
spp.) have emerged as a particularly suitable model to
study reticulate evolution (Thulin ef al. 2006a,b; Alves
et al. 2008; Melo-Ferreira et al. 2009, 2011, 2012; Liu et al.
2011). Even though most instances of introgressive
hybridization described among hares relate to areas of
present species contact (e.g. between L. timidus and
L. europaeus in Sweden or Russia; Thulin et al. 2006a,b),
cases of ancestral introgression between currently allo-
patric species have also been reported (Alves et al. 2003;
Melo-Ferreira et al. 2012). Even though these reticula-
tion events are more pronounced in the mtDNA, they
also occur at the nuclear genome, but at different
degrees across inheritance pathways and chromosome
regions (Melo-Ferreira et al. 2009, 2011, 2012).

Given the widespread nature of genome reticulation
and extensive introgression in hares (reviewed by Alves
et al. 2008), introgression is expected to have also
impacted the evolution of North American species in
the United States and Canada, with potential conse-
quences to their conservation and adaptive potential. In
North America, hares are strong interactors in ecosys-
tem dynamics (Tyson et al. 2010; Krebs 2011; Lewis
et al. 2011) and model systems for basic ecological stud-
ies ranging from cyclic population dynamics to mecha-
nisms of top-down versus bottom-up population
control (Griffin & Mills 2009; Krebs 2011), to the ecology
of stress (Boonstra 2013). Also, two of the most wide-
spread hare species in North America (snowshoe hares,
Lepus americanus, and white-tailed jackrabbits, L. town-
sendii) undergo seasonal coat colour changes, a trait vul-
nerable to being compromised by climate change, as the
number of days of white hares on brown backgrounds
increases in the future (Mills et al. 2013; Zimova et al.
2014). Despite these studies, information on the evolu-
tionary history of North American hares is still very
scarce. Recently, a comprehensive study by Cheng et al.
(2014) based on microsatellites and mtDNA sequences
and covering the entire range of the snowshoe hare

suggested that this species is structured in three major
evolutionary population clusters with well-defined geo-
graphic distributions: Boreal (entire northern and east-
ern range of the species), Rockies and Pacific
Northwest. This pattern of population structure is simi-
lar to that inferred for other boreal North American
mammals, implying that common phenomena such as
climatic oscillations may have shaped the phylogeogra-
phy of this species. Cheng et al. (2014) also show that
the Pacific Northwest population of L. americanus
possesses an mtDNA lineage that is more closely
related to that of the black-tailed jackrabbit, L. californi-
cus. This pattern of mtDNA divergence may result from
secondary introgression following interspecific hybrid-
ization, as often described among species of hares, or
from incomplete lineage sorting. However, distinguish-
ing between these competing hypotheses requires
reconstructing the speciation history of these species. In
addition, Flux (1983) reported that L. californicus hybrid-
izes in the wild with the white-tailed jackrabbit, but no
study of the genetic consequences of this hybridization
has been conducted.

In this study, we aimed to infer the evolutionary his-
tory of the three most widespread North American hare
species L. americanus, L. californicus and L. townsendii, by
analysing the sequence variation at nine loci from all
inheritance pathways. In addition, we determine the
extent and timing of gene introgression in these species
and discuss the potential adaptive importance of
hybridization in their evolution.

Materials and methods

Sampling and data collection

A total of 94 individuals (48 L. americanus, 30 L. califor-
nicus and 16 L. townsendii) from 14 sampling locations
were used in this study (Table 1; Tables S1 and S2, Sup-
porting information), including the three L. americanus
population clusters described by Cheng et al. (2014)
(Fig. 1). The European rabbit, Oryctolagus cuniculus, was
used as outgroup for some of the analyses.

Total genomic DNA was extracted from muscle and
ear tissues using the JETQUICK Tissue DNA Kit
(Genomed) following manufacturer’s instructions. The
sex of the individuals was determined following the
PCR approach described by Wallner et al. (2001). Nine
loci from all inheritance pathways — five autosomal
(SPTBN1, PRKCI, DARC, KITLG and TF), one mito-
chondrial (CYTB), two X-linked (POLA1 and GRIA3)
and one Y-linked (SRY) — were amplified by polymerase
chain reaction (PCR) (Table 2; see Table S3, Supporting
information, for primers and PCR conditions). Purified
PCR products were automatically sequenced (Macrogen

© 2014 John Wiley & Sons Ltd
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Table 1 Species and geographic location of the samples col-
lected in this study

Locality  Locality Sample
Species number code* Locality size
Lepus 1 CA1 California, 8
americanus US.A.
2 WA1 Washington, 8
US.A.
3 WA4 Washington, 10
US.A.
4 OR2 Oregon, 8
US.A.
5 SK1 Saskatchewan, 6
Canada
6 WY1 Wyoming, 8
US.A.
Total 48
L. americanus
Lepus 7 LCA_OR  Oregon, 10
californicus USA.
8 LCA CA California, 6
US.A.
9 LCA_TE Texas, US.A. 8
10 LCA_AR Arizona, U.S.A. 6
Total 30
L. californicus
Lepus 11 LTO_ID1 Idaho, U.S.A. 8
townsendii 12 LTO_MO1 Montana, 2
US.A.
13 LTO_WY1 Wyoming, 1
US.A.
14 LTO_MO2 Montana, 5
US.A
(Yellowstone
N.P.)
Total 16
L. townsendii
Total 94

*Locality codes in L. americanus as in Cheng et al. (2014).

Inc, Netherlands) using forward and reverse PCR prim-
ers and occasionally internal primers as indicated in
Table S3.

Analysis of sequence data sets

Sequences were visually inspected and aligned using
cLUsTALW (Thompson et al. 1994) as implemented in Bio-
epir v7.0.5.3 (Hall 1999). Polymorphic tandem repeats
and the 5-bp adjacent regions were excluded. Allelic
phases were determined using PHAsEv2.1.1 (Stephens
et al. 2001; Stephens & Scheet 2005). Input files were
produced with the online software seQrHast (Flot 2010).
Haplotypes defined from individuals with heterozygous
insertion—deletions, following Flot ef al. (2006), were
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incorporated in the analysis to improve phase determi-
nation (Stephens et al. 2001). Five replicate runs of 1000
iterations after an initial burn-in of 1000 generations
were performed, with a thinning interval of 1, and the
run with the best average goodness of fit was retained.
As pPHASE has been shown to generate a very low num-
ber of false positives (Garrick et al. 2010), the complete
data set including some low-probability calls was kept
to avoid biasing levels of diversity and the frequency
spectra of mutations. Sequence alignments were
reduced to the largest nonrecombining blocks using
mce (Woerner et al. 2007).

Finally, we assessed conformation of the multilocus var-
iation to neutral expectations using the HKA test (Hudson
et al. 1987) as implemented in the software HKA (https://
bio.cst.temple.edu/~hey/software/software htm#HKA)
and using both the rabbit or each of the other hare
species as outgroup.

Phylogenetic and species delimitation analysis

To estimate phylogenies of the individual nuclear loci,
the European rabbit was used as the outgroup, while
for the cytochrome b phylogeny, both the European
rabbit and the eastern cottontail (Sylvilagus floridanus)
were used (GenBank accession nos in Table S1,
Supporting information). The best-fit model of
sequence evolution for each sequenced locus was
determined among 88 possible models using JMODEL-
TEST v0.1.1 (Guindon & Gascuel 2003; Posada 2008)
under the Akaike information criterion with correction
(AICo).

Maximum likelihood (ML) and Bayesian inference
(BI) phylogenies were estimated for each nuclear locus
using GARLI v2.0 (Zwickl 2006) and Beast v1.7.4 (Drum-
mond et al. 2012), respectively, using European rabbit
sequences as outgroup. For Garli, five replicate runs of
1 million generations were performed using the best-
fit mutation model and without fixing the model
parameters. For BEAsT, three independent runs of 50
million generations were performed, applying the best-
fit mutation model or the next-most complex model
implemented in the software, a Yule tree prior and an
uncorrelated lognormal relaxed clock (Drummond
et al. 2006). Runs were examined in TRACER v1.5 (Ram-
baut & Drummond 2007) and concatenated using
LOGCOMBINER, and post-burn-in trees were summarized
using TREEANNOTATOR, part of the BEAsT package. For
the cytochrome b, both the European rabbit and the
eastern cottontail were used as outgroups and similar
phylogeny reconstruction analyses were conducted,
but running 250 million generations for the BI and 5
million generations and 500 bootstrap replicates for
the ML estimate.



4620 J. MELO-FERREIRA ET AL.

Species distribution:
I L. americanus
[ L. californicus
-1 L. townsendii

Sampled locations:
QO L. americanus
/\ L. californicus
(O L. townsendii

%

>

TS

=

Fig. 1 Distribution =~ of L. americanus,
L. californicus and L. townsendii in North
America, and approximate locations of
samples used in this study. Letters in
L. americanus sample locations indicate
the microsatellite cluster identified by
Cheng et al. (2014): B — Boreal; R — Roc-
kies; P — Pacific Northwest (the localities
where the L. californicus-like mtDNA was
found are indicated by ‘*’). See Table 1
for the detailed location of sampling sites
(depicted by numbers).

500 1000 km

Table 2 Loci included in this study, length of obtained sequences and inferred mutation models

Number of characters

Locus Total LNRB* Out’ Variable!  Noncoding® Exon® Mutation model”

1 SPTBNI1  Spectrin, beta, 636** 561 561 26 1-561 — K80
nonerythrocytic 1

2 PRKCI Protein kinase C, iota 436 432 426 36 10432 1-9 HKY

3 DARC Dulffy blood group, 783 741 741 26 — 1-741  TPM2uf+I’
chemokine receptor

4  KITLG KIT ligand 552 461 461 23 1-461 — ]jC

5 TF Transferrin 387 316 320 29 1-316 — JC

6 POLA1 Polymerase, alpha 1, 813 572 572 34 1-572 — F81 +T
catalytic subunit

7  GRIA3 Glutamate receptor, 969** 969 677 41 1-969 — TrN
ionotrophic, AMPA 3

8 SRY Sex determining region 1608 1608 1608 40 1-220; 836-1608  221-835  TIM2
of the Y chromosome

Total nuclear DNA 6184 5660 5366 255 —

9 CYTB Cytochrome b 580 580 580 127 — 580 TPM3uf+I’

Total 6764 6240 5946 382 —

*Largest nonrecombining blocks.

'Alignment including outgroup.

‘Only ingroup taxa were considered.

‘Coordinates of the LNRB alignment.

"See Posada (2008) for a description of models and references.

**Microsatellites and buffer regions, two in GRIA3 (34 bp; 16 bp) and one in SPTBN1 (19 bp), not considered (see Materials and

methods).

Given the stochasticity of the coalescent process, meth-
ods that explicitly take into account the possibility of dif-
ferential lineage sorting across individual loci are
expected to perform better in multilocus data sets
(Edwards et al. 2007; Kubatko & Degnan 2007). We there-
fore used the multilocus/multispecies Bayesian inference
method *Beast (Heled & Drummond 2010), as imple-
mented in software BEAST v1.7.4 (Drummond et al. 2012),
to infer the phylogeny of the three focal North American

Lepus species based on the eight nuclear loci. Two strate-
gies of species assignation were used as follows: (i) speci-
mens were assigned to the three sampled species and (ii)
L. americanus specimens were split into three units that
correspond to the three population clusters described by
Cheng et al. (2014). Given that this method estimates the
root of each single-gene tree and uses the multispecies
coalescent of the species tree (Heled & Drummond 2010),
outgroup sequences were not included. Model choice

© 2014 John Wiley & Sons Ltd
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and postrun examination followed the previously
described BEasT analyses, but, in this case, three indepen-
dent *BeasT runs of 500 million generations were per-
formed. The substitution rates of the multiple loci were
estimated relative to PRKCI, and the rate for this locus
was calibrated using the Lepus—Oryctolagus uncorrected
genetic distance, considering a split time of 11.8 Myr
(Matthee et al. 2004).

To assess whether the three L. americanus population
clusters described by Cheng et al. (2014) based on
microsatellite data reflect long-term sequence evolution,
we performed a Bayesian species delimitation analysis
using the nuclear data as implemented in the software
Br&P v2.0 (Rannala & Yang 2003; Yang & Rannala 2010).
The posterior probability of different possible taxa
delimitation models was estimated by collapsing nodes
of the species tree considering the three separate popu-
lation clusters of L. americanus (assignation strategy (ii)
described above). Different combinations of ancestral
effective population size (0) and root age (ty) priors
were used (Yang & Rannala 2010) (see Table S4, Sup-
porting information). Two runs of 2 500 000 generations
were performed. These analyses were also performed
randomizing the assignment of the sequences to groups
to assess the robustness of inferences.

Isolation-with-migration analysis

Given that the multispecies-multilocus phylogeny
reconstruction method used here relies on the assump-
tion that no introgression occurred between species
(Heled & Drummond 2010), we attempted to quantify
gene flow levels regardless of the inferred phylogeny
by applying the isolation-with-migration (IM) model
implemented in IMa2 (Hey 2010) to pairs of species
and/or populations. Three independent runs were per-
formed, varying the parameters’ upper bound priors
and the starting seeds and using the HKY mutation
model (Hasegawa et al. 1985). Significance of gene flow
estimates was assessed using Nielsen & Wakeley (2001)
approach and also the likelihood ratio tests of different
models implemented in IMa2’s L mode. Substitution
rates (per generation) were estimated from the Lepus—
Oryctolagus uncorrected genetic distance, considering a
split time of 11.8 Myr (Matthee et al. 2004) and a gener-
ation time of 2 years (Marboutin & Peroux 1995).

Demographic analyses

The demographic history of the species was also inves-
tigated using the Extended Bayesian Skyline Plot (EBSP)
analysis (Heled & Drummond 2008) using software
BEAST v1.7.4. The EBSP analysis was performed for each
species and for each L. americanus cluster (Cheng et al.

© 2014 John Wiley & Sons Ltd

2014) separately. As the californicus-like cytochrome b
sequences of L. americanus from the Pacific Northwest
may be the result of introgression, they were not
included in this analysis. Three independent runs of
200 million generations were performed using the
best-fit mutation model selected with JMODELTEST or the
next-most complex model implemented in the program.
TRACER v1.5 was used to evaluate the combined runs,
and EBSPs were plotted using the GraphfromCSV
python script provided with BeasT package v1.6.4. The
mtDNA substitution rate, estimated from the Lepus—
Oryctolagus average corrected distance and considering
a divergence time of 11.8 Myr (Matthee et al. 2004), was
used to calibrate the demographic plots.

Coalescent simulations

We followed a methodology similar to that used by
Melo-Ferreira et al. (2012) to understand the contribution
of incomplete lineage sorting and introgression to the
mtDNA phylogeny. Divergence time and population
size estimates obtained between the Pacific Northwest
population of L. americanus (the one possessing the dis-
cordant mtDNA lineage) and L. californicus under the IM
model were used as input for simcoar2 v2.1.2 (Laval &
Excoffier 2004) to simulate 10 000 cytochrome b data sets
mimicking the empirical data set. Alternatively, the IM
parameter values inferred considering L. americanus as a
single population were also tested. A model where an
ancestral haploid population of size N.o/2 splits into
two descendant populations of sizes N,;/2 and N,/2, t
generations ago, with no gene flow occurring between
the two descendant populations, was applied. An
unequal transition—transversion rate was considered
(estimated in jMODELTEST), and the mtDNA substitution
rate per generation was again estimated from the Lepus—
Oryctolagus average corrected distance. The minimum
pairwise corrected p-distance between the descendent
populations was retained for each replicate. The empiri-
cal p-distance was considered to reject the incomplete
lineage sorting hypothesis if found to be lower than the
5th percentile of the simulated distribution of minimum
distances. This analysis was also performed using the
95% HPD bounds of the IM estimates that maximize
incomplete lineage sorting (lower bound of divergence
time and upper bounds of effective population sizes).

Results

Sequence data and phylogenetic inferences

Eight nuclear markers and one mtDNA locus were
sequenced in this study, for a total of 6184 bp of
nuclear DNA and 580 bp of mtDNA (Table 2). Limiting
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the analyses to the largest nonrecombining blocks, the
nuclear data set was reduced to 5660 bp (5366 bp with
the inclusion of O. cuniculus as outgroup) (Table 2). The
HKA test did not detect deviations from neutral expec-
tations (P > 0.05).

The maximum likelihood (ML) and Bayesian infer-
ence (BI) phylogenetic reconstructions showed extensive
sequence sharing among species (Figs S1 and S2, Sup-
porting information). The multilocus nuclear phylogeny
resulting from *BEAsT suggests that L. californicus and
L. townsendii are more closely related than either is to
L. americanus, which is consistent across the replicate
runs (Fig. S3, Supporting information). Additionally,
the Br&P species delimitation analyses demonstrated
high support for the topology considering the three
L. americanus clusters separately (posterior probability
>0.99; Table S4, Supporting information) but not when
sequences were randomly assigned to clusters (not
shown). The *BeasT analysis taking these three L. americ-
anus clusters into account recovered a monophyletic
L. americanus (posterior probability >0.99) (Fig. 2).

Our divergence estimates suggest that L. americanus
split from the other two species around 2.7 Ma, while
L. townsendii and L. californicus diverged at 1.2 Ma
(Fig. 2). Within L. americanus, the Boreal group was esti-
mated to have diverged 2.0 Ma, while the Rockies and
Pacific Northwest groups split much more recently, at
about 0.36 Ma (Fig. 2).

The mtDNA phylogeny does not conform to that of
the nuclear DNA, as L. americanus is not recovered as
monophyletic (Fig. 3) given that one group from the
Pacific Northwest population cluster (here named Pac-
NW2) is more closely related to L. californicus. The
remaining L. americanus form a distinct clade, classified
as Boreal, Rockies and Pacific Northwest (PacNW1)
based on the microsatellite groups of Cheng ef al.
(2014). The discordant clade (PacNW2) does not include
L. californicus haplotypes. This result agrees with the

observations of Cheng et al. (2014), suggesting either the
occurrence of mtDNA introgression from L. californicus
into L. americanus or incomplete mtDNA lineage sorting
in the evolution of these species.

Isolation-with-migration and demographic analyses

IMa2 was used to quantify gene flow among species/
clusters (see parameter estimates in Table 3; Tables S5—
S7, Supporting information). Among species, gene flow
was only significant from L. americanus into L. townsen-
dii and L. californicus, but at very low levels unlikely to
affect phylogenetic reconstruction (Eckert & Carstens
2008). In general, parameter estimates did not differ
much when considering L. americanus as a single evolu-
tionary unit (Table S5, Supporting information). Within
L. americanus, the three population clusters were found
to be remarkably isolated. Nuclear gene flow was only
suggested as significant from the Boreal into the Pacific
Northwest population and from this to the Rockies pop-
ulation but, again, at very low levels. Estimates of
divergence among populations according to the IM
model (Table 3) were consistent with those inferred
with *seast (Fig. 2). L. californicus was the species sug-
gested to have the highest effective population size (N,)
and L. townsendii the lowest. However, the Pacific
Northwest and Rockies populations of L. americanus
have the lowest N, across all analysed populations
(Table 3).

The EBSP analysis does not suggest any drastic shifts
in population size for the species and intraspecific clus-
ters analysed here, particularly if the large confidence
intervals of the inference are taken into account (Fig. 4).

Coalescent simulations

The effective population sizes and divergence times
obtained from IM analysis of the two population

L. californicus Fig. 2 Species tree of L. californicus,

L. townsendii and L. americanus inferred
1.000 . 1.21 Ma - L -
'(0. 67 - 1.94) with BEAS.T, con51dern.1g the partlthI:l of
the latter into three discrete populations
L. townsendii (Boreal, Rockies and Pacific Northwest).
Numbers above branches indicate the
e 100 , 273 Ma posterior probabilities and dashed line
(1.64 - 4.19) . ) the 95% confidence intervals of node
B'ofg:”canus ages (mean value and 95% CI are indi-
cated next to the line). The tree was cali-
brated wusing a substitution rate of
0.90 2.00 Ma o o .
Y R {1.09-3.16) ) 1.65 x 10" substitutions/site/year for
R L. americanus
Pacific Northwest the PRKCI fragment.
1.00] . 0.36 Ma
' (0.18-0.61)

L. americanus
Rockies

© 2014 John Wiley & Sons Ltd
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Fig. 3 Cytochrome b Bayesian inference
phylogeny of L. californicus, L. townsendii
and L. americanus. Sequences from Oryc-
93 L . tolagus cuniculus (Ocn) and Sylvilagus flor-
1.00™ % . afn_er Icanus idanus (Sfl) were used as outgroups.
Pacific Northwest Maximum-likelihood bootstrap supports
«PacNW2» and BI posterior probabilities of the most
relevant clades are shown above and
[ | below branches, respectively (if bootstrap
support was higher than 50% or poster-
ior probability higher than 0.5). See spec-
imen codes and GenBank accession
numbers in Table S1 (Supporting infor-
85 mation).
0.97
L. californicus
89
0.72
Lcf2
—L Lcf27
Lto3
Lto4
Lto8
Lto2
Lto7
Lto1
Lto5 ..
99| Liots L. townsendii
1.00 Lto16
Lto6
Lto12
Lto13
_Ltoﬂil o
O
Lam3s —Lto10
2 Lam3g L. americanus
am
089 Lam40 Boreal
Lam36
Lam22
98 Lam21
Lam24 ji
54 tEams L. americanus
am
0.96 _'ta"%g Pacific Northwest
am
Lames «PacNW1»
Lam30
- LLam%%
m
0.55 x| Mams33
He a7
Lam48 L. americanus
Lam45 .
Lam44 Rockies
89 Lam42
0.97 Lam43 Ocn
1 Sfl

0.04 substitutions/site

clusters possibly involved in the mtDNA introgression
events — L. americanus Pacific Northwest and L. californi-
cus — were used to simulate cytochrome b data sets
under a model with no gene flow. The observed pair-
wise distances between L. americanus PacNWT1 cluster
and L. californicus were found to lie within the range of
distances expected under a strict lineage sorting sce-
nario (the same was found for the Boreal and Rockies

© 2014 John Wiley & Sons Ltd

groups). On the contrary, all pairwise distances between
L. americanus PacNW2 and L. californicus fell below the
5th percentile of the minimum distances simulated
assuming no gene flow, suggesting introgression
(Fig. 5). The same results were obtained maximizing the
probability of retention of ancestral polymorphism (Fig.
56, Supporting information). The geographic distribu-
tion of mtDNA introgression is shown in Fig. 1.
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Discussion

Speciation history of North American hares suggests
cryptic divergence

Understanding the relative importance of introgression
in the evolution of North American hares requires esti-
mating the most relevant parameters of their history of
speciation. The *BEasT phylogeny suggest that L. americ-
anus diverged from the common ancestor of the three
focal species at around 2.7 Ma and that the jackrabbits,
L. californicus and L. townsendii, diverged 1.2 Ma (Fig. 2).
These estimates are generally consistent with those
obtained from the IM analyses (2.4-3.1 and 1.4 Ma,
respectively; Table 3) and are more recent than previous
estimates based on a molecular supermatrix (4.8 Ma for
the stem divergence of L. americanus; Matthee et al. 2004)
or mtDNA (5.6 Ma for the stem divergence of L. americ-
anus; Wu et al. 2005). Interestingly, our analysis suggests

© 2014 John Wiley & Sons Ltd

Time (years)

that the Pacific Northwest and Rockies populations of
L. americanus may have diverged ~360 kya, which is
consistent with the fragmentation of the Western forest
of the Pacific coast and Rocky Mountains (see Weir &
Schluter 2004); however, the Boreal population diverged
from the other two at a deeper evolutionary timescale
(2.0 Ma; Fig. 2). This estimate roughly places the event
of fragmentation and divergence in the same period of
the split between L. fownsendii and L. californicus, which
conforms to the presumed time frame of speciation
events in North American mammals (Arbogast &
Kenagy 2001; Demboski & Cook 2001) and birds (Weir
& Schluter 2004), and may thus have resulted from com-
mon environment-driven fragmentation pressures (Weir
& Schluter 2004). The unexpected depth of the snowshoe
hare’s intraspecific divergence suggests that genetic iso-
lation among groups arose from historic processes and
not from recent geographic fragmentation. In addition,
the extremely limited levels of gene flow inferred
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Fig. 5 Empirical (grey bars) and simulated (black bars) mtDNA
distances between L. californicus and the Pacific Northwest
cluster of L. americanus. Simulations were performed under the
assumption of no gene flow and a cytochrome b substitution
rate of 3.6 x 10™° substitutions/site/generation. Vertical line
indicates the 5th percentile of the distribution of simulated dis-
tances.

between the three L. americanus genetic groups using the
IM framework (Table 3) suggest that some degree of
reproductive isolation may exist. Interestingly, Nagorsen
(1985) found no indication of morphological distinctive-
ness of the Boreal snowshoe hares or conformation to
subspecific classifications, and it thus appears that we
detected cryptic divergence within L. americanus.
Although it would be useful to perform coalescent-
based analyses with extended sampling of the Boreal
group to confirm levels of divergence, we note that
Cheng et al. (2014) showed that genetic variation within
the Boreal group is homogeneous and thus our sam-
pling may adequately describe genetic variation in that
group. Whether or not the inferred divergence and low
levels of gene flow justify a taxonomic revision of
L. americanus must be addressed with an integrative
analysis including data from multiple genetic and non-
genetic sources.

Demographic history

Although L. americanus has the largest distribution
among the North American hares, L. californicus has the
largest effective population size among the three species
(Table 3), which could reflect different evolutionary his-
tories. Northern L. americanus is likely to have been
more susceptible to demographic and geographical
oscillations due to the repeated advance and retreat of
glaciers throughout the Pleistocene (Hewitt 2004). The
lower estimated effective population sizes of the Pacific
Northwest and Rockies clusters may reflect an
increased susceptibility of peripheral populations to
demographic fluctuations (Cheng et al. 2014; see Eckert
et al. 2008 for a review on the central-marginal hypoth-

esis) (Table 3; Fig. 4). The large distribution of L. califor-
nicus may have been less affected by climatic
oscillations, allowing the species to maintain larger pop-
ulation sizes (Fig. 4). Our EBSP does not suggest
changes in population sizes through time for any
species or cluster. This may be due to the relatively
small sample size in this work for such inferences,
particularly in the Boreal snowshoe hare group. Indeed,
using only mtDNA but a larger sample size, Cheng
et al. (2014) inferred a Late Pleistocene demographic
expansion of the Boreal group.

Little is known about the population history of
L. townsendii. Our results suggest that this species has the
lowest long-term effective population size among the
three studied species (Table 3), but no dramatic shift of
population size through time was inferred (Fig. 4). How-
ever, fossils suggest that over the past few thousand
years, this species may have been excluded from some
southern regions due to competitive exclusion by L. cali-
fornicus (Lim 1987 and references therein). In addition,
L. townsendii may have disappeared from some areas
due to land use and habitat fragmentation (Berger 2008;
but see Gunther et al. 2009). Our analysis suggests that
gene flow from L. americanus into L. fownsendii has
occurred since the divergence of these species (Table 3),
although it is difficult to assess whether this corresponds
to recent introgression in populations of L. townsendii.
No evidence of gene flow was found from this species
to/from L. californicus contrary to the suggestion that
these species hybridize in nature (Flux 1983).

Extensive mtDNA introgression from L. californicus
into L. americanus

Even though nuclear gene flow among the three North
American species seems rare or absent (Table 3), previ-
ous results of Cheng et al. (2014) suggested that mtDNA
introgression might have occurred between L. californi-
cus and L. americanus, considering the sharing of
mtDNA lineages visible in the mtDNA phylogeny (seen
also in this work; Fig. 3). This contrasts with the mono-
phyly of L. americanus that we estimate for nuclear
DNA (Fig. 2). Our coalescent simulations show that the
genetic similarity between the PacNW2 mtDNA haplo-
types of L. americanus and L. californicus is incompatible
with simple incomplete lineage sorting (contrary to the
remaining divergences to L. californicus, which are
within expectations: PacNW1 Dy, = 0.096; Boreal
Dxy = 0.101; Rockies Dxy = 0.098; see Fig. 5). However,
L. californicus and L. americanus PacNW2 do not share
mtDNA haplotypes, which could result from (i) ancient
introgression, (ii) introgression of an extant but
unsampled L. californicus haplogroup or (iii) introgres-
sion from another species not included in this study.
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We aligned all cytochrome b haplotypes of the three
species included in this study and other species avail-
able at GenBank to our data set (Fig. S4, Supporting
information). The position of the PacNW2 clade is
maintained closer to L. californicus in this extended phy-
logeny, suggesting that introgression was likely ancient
and of L. californicus origin. We estimated that the split
between L. californicus and PacNW2 mtDNA occurred
470 000 years ago (200 000-906 000 95% HPD), which
can thus indicate the time of introgression.

Historical and ongoing gene introgression has been
found among other North American mammals (Good
et al. 2008; Chavez et al. 2011), sometimes with massive
mtDNA introgression or ‘capture’ (Good et al. 2008)
and little nuclear DNA introgression as found in this
work. This may have resulted from the competitive
replacement of resident L. californicus by invading
L. americanus during the Pleistocene glaciations, a situa-
tion that is expected to lead to introgression into the
genome of the invading species (Currat et al. 2008;
Excoffier & Ray 2008). These two species have different
habitat requirements, L. americanus inhabiting for exam-
ple dense boreal forest and L. californicus being distrib-
uted in southern open arid regions, and glacial cycles
would have differentially shifted these distinct habitats.
This competitive replacement model predicts that intro-
gression should prevail for markers transmitted by the
least-dispersing sex, which are often females in mam-
mals. However, whether this explains massive intro-
gression of mtDNA into L. americanus is at this point
uncertain. In addition, there is no evidence of sex-
biased dispersal in this species (Burton et al. 2002). The
asymmetric direction of introgression would also be
favoured by mechanisms that induce sex-biased mat-
ings, such as female choice and frequency-dependent
assortative matings, among others (Wirtz 1999; Chan &
Levin 2005). Alternatively, mtDNA introgression into
L. americanus may have been favoured by natural selec-
tion. Adaptive introgression of mtDNA has been
hypothesized in several species (Ruiz-Pesini et al. 2004;
Ropiquet & Hassanin 2006), including in hares (Melo-
Ferreira et al. 2011, 2014), and could explain the pattern
observed here if the L. californicus mtDNA type is
advantageous in the L. americanus nuclear background.
However, separating the relative contributions of selec-
tive and demographic processes to interspecific gene
flow is a major challenge and should be the object of
future research.

Conclusions and future prospects

Our results uncover hidden evolutionary processes in
the North American hares as follows: (i) deep cryptic
divergence exists within L. americanus, (ii) nuclear gene

© 2014 John Wiley & Sons Ltd

flow occurred from L. americanus into L. townsendii and
L. californicus and (iii) extensive mtDNA introgression
occurred from L. californicus into the Pacific Northwest
populations of L. americanus. Introgression is a source of
genetic novelty and may set the conditions for adapta-
tion if the introgressed variants underlie favoured phe-
notypes (reviewed by Arnold & Martin 2009). For
example, introgression has been shown to enhance abi-
otic tolerance in sunflowers (Whitney ef al. 2010), to
induce poison resistance in mice (Song et al. 2011) and
to generate adaptive wing colour variation in butterflies
(Pardo-Diaz et al. 2012). It is striking that contrary to
the general trend in L. americanus, which undergoes sea-
sonal coat colour changes from a brown coat in the
summer to a white winter coat, part of the Pacific
Northwest group retains their summer coat year-round,
mimicking the phenotype of L. californicus. The dra-
matic snow pack decrease caused by global warming
and the increased tendency of seasonally changing
hares to become more mismatched against a snow-free
background (Mills et al. 2013) may confer a significant
adaptive advantage to the trait present in the Pacific
Northwest populations. Although other evolutionary
mechanisms can underlie this phenotype, hybridization
may have contributed to the retention of the summer
coat year-round if introgression affected genomic
regions involved in seasonal coat colour change.
Although speculative at present, this hypothesis opens
new perspectives in the study of the impact of global
warming to the survival of boreal species undergoing
seasonal coat colour change and deserves further inves-
tigation.
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