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processes. Correspondingly, we predicted weak or no se-
lection on genes associated with general cell processes,
and expected SNPs within these genes to flow relatively
freely across the hybrid zone. To test this hypothesis, we
tested for selection on SNPs within protein-coding genes
that exhibited high differentiation between BTD and MD.
We compared ontogeny of SNPs potentially under selec-
tion to explore the role of potential candidate genes in
maintaining species boundaries.

Results

Genetic structure

Both Bayesian and Maximum Likelihood analyses of the
mitochondrial control region produced concordant top-
ologies, dividing individuals into two well-supported
clades, corresponding to BTD and MD (Additional file 1:
Figure S1). Black-tailed deer were primarily found west of
the Cascades and MD were east of the Cascades (Add-
itional file 2: Figure S2). However, eight individuals west
of the Cascades had MD mtDNA and 13 individuals east
of Cascades had BTD mtDNA. The average mitochondrial
genetic divergence between lineages was 6.4%, comparable
to values observed in previous studies [46, 50, 51]. The
BTD and MD mtDNA clades were comprised primarily of
individuals sampled west and east of the Cascades, re-
spectively. Within clades, there was weak substructure of
haplotypes. The two white-tailed deer O. virginianus se-
quences collected from individuals outside the hybrid
zone in eastern North America were embedded within
MD. This was expected based on several previous studies
that have showed low mitochondrial divergence between
MD and white-tailed deer [58] and, in some instances,
shared haplotypes [50, 59, 60].

Hybrids and admixture

Admixture analysis of the microsatellite and SNP data also
showed strong support for two clusters corresponding to
BTD and MD, with individuals consistently more clearly
delineated using SNPs (Fig. 2). There was no substructure
within clusters. Cut-offs for pure BTD and pure MD were
calculated using simulated data and varied slightly be-
tween microsatellites and SNPs. For the STRUCTURE
(microsatellites) and fastSTRUCTURE (SNPs) analyses,
individuals with Q >0.941 (microsatellites) or Q >0.865
(SNPs) for the BTD cluster were classified as pure BTD
and individuals with Q >0.928 (microsatellites) or Q >
0.899 (SNPs) for the MD cluster were classified as pure
MD; all other individuals were considered hybrids (Fig. 1,
Additional file 2: Figure S2). Assignments were consistent
among runs (standard errors in the range of 10~ %). Indi-
viduals assigned to a parental lineage typically belong to
that mtDNA lineage while hybrids had both BTD and MD
mtDNA. We did observe some evidence of mitochondrial
capture. Three individuals assigned as pure BTD using
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both microsatellites and SNPs had MD mtDNA and two
pure MD had BTD mtDNA. Assignments based on
microsatellite and SNP datasets were the same for 100 of
172 individuals (36 BTD, 39 MD, and 25 hybrids). All mis-
matches occurred when an individual was classified as a
BTD or MD for either microsatellites or SNPs and a hy-
brid in the other genetic dataset. Though there was some
disparity between datasets, a paired t-test showed that the
Q values for the microsatellite and SNP analyses were not
significantly different (p = 0.09).

NewHybrids analyses were generally concordant with
the STRUCTURE and fastSTRUCTURE analysis when
the Uniform prior was applied (Fig. 2). There was little
evidence of F1 individuals but high support for the pres-
ence of F2 individuals and some backcrossing. Hybrids
from all categories (F1, F2, backcrosses) were scattered
on both sides of the Cascades but were more concen-
trated closer to the ridgeline. SNP results were relatively
unaffected by the choice of prior. In contrast, when we
used a Jeffrey’s-like prior for the microsatellite loci, no
individuals were assigned as pure MD (Q>0.939 for
MD) and 34 individuals were assigned as pure BTD
(Q>0.837) whereas the results using the uniform prior
indicated that 30 individuals were pure MD (Q > 0.957)
and only 15 individuals were pure BTD (Q > 0.876).

Genetic diversity

Estimates of Fst and D did not differ significantly be-
tween any pair of transects, permitting transects to be
combined in subsequent analyses. There were more pri-
vate alleles for pure BTD than pure MD or hybrids
(non-overlapping 95% Cls) in the microsatellite dataset
but the total number of alleles was comparable across

Fig. 1 Collection localities for all Odocoileus individuals. Individuals
are classified as black-tailed deer (blue circles), hybrids (purple
squares), or mule deer (red triangles) based on fastStructure analysis
of SNP data. The Cascades ridgeline is indicated by the bold black
line. Map source: Esri
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groups (Table 1). Observed heterozygosity (Ho) and ex-
pected heterozygosity (Hg) for microsatellites were simi-
lar for pure BTD, pure MD and hybrids. For SNPs, Hg
was significantly higher than Hgo for MD based on 95%
CIs. Microsatellite analysis showed a significant defi-
ciency of heterozygotes in all groups (Fis (BTD) = 0.126,
95% Cls 0.037-0.202; Fig (MD) = 0.084, 95% CIs 0.018-
0.173; Fis (hybrids) =0.109, 95% Cls 0.069-0.155; p <
0.01 for all groups). For SNPs, only Fis for hybrids had
a confidence interval that did not include 0 (F;g=0.219,
95% Cls 0.177-0.263, p <0.01). Heterozygote deficien-
cies are likely due to nonrandom mating; we found
no evidence for null alleles in this study or in other stud-
ies using these markers [45, 61], and it should not reflect
ascertainment bias as roughly the same number of MD
and BTD individuals were analyzed. Though positive Fg
values can reflect cryptic substructure, there was little
support for substructure in the mtDNA data.

Pure parental populations exhibited high genetic differen-
tiation. Estimates of Fg were significantly lower for micro-
satellites (0.070, 95% CI 0.040-0.107) than SNPs (0.182,
95% CI 0.142—0.228, Fig. 3). Fsr estimates for highly vari-
able microsatellites are expected to be lower than estimates
for SNPs, because their high heterozygosity keeps them far
from fixation [62, 63]. D¢, which is independent of within-
population diversity [62, 64], was not significantly different
between microsatellites (0.284, 95% CI 0.118-0.492) and
SNPs (0.178, 95% CI 0.134—0.227). This indicates that pop-
ulations share roughly the same proportion of allelic

diversity and suggests that the level of divergence between
parental lineages has remained relatively constant despite
ongoing hybridization.

Signatures of SNP selection

Contrary to our predictions, both methods of outlier de-
tection (BayeScan and pcadapt) only identified a single
SNP likely to be under selection. This SNP represents a
non-synonymous mutation and was found within the

Table 1 Molecular genetic diversity of three Oregon deer
lineages for 583 bp of the mitochondrial control region, nine
microsatellites and 95 SNPs

Black-tailed deer  Mule deer Hybrids
mtDNA N 79 93 -
m 0.012 £ 0.00004 0.027 £0.00006 -
0.96 £ 0.002 0.97 +£0.001 -
Microsatellites N 56 65 51
Ar 849+ 146 6.76+1.15 750+ 1.37
Apr  1.71£053 033£0.23 0.53£0.25
He  070+004 0.68 £ 0.05 0.69 +0.05
Ho  060+0.05 0.64+0.05 062 +0.05
SNPs N 61 57 54
He  032+002 026+0.02 037+£001
Ho 0321002 025+0.02 029+001

N Number of samples, m Nucleotide diversity, H Haplotype diversity, Az Allelic
richness, Apg Private allelic richness, Hg Expected heterozygosity and Ho
Observed heterozygosity for non-hybridized individuals. All values are + SE
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Fig. 3 Distribution of estimates of genetic differentiation between
‘pure’ BTD and MD for 95 SNP loci. The number of SNPs was plotted
against Fsr (light gray) and Dest (dark gray). Average genetic
differentiation was 0.183 (Fs7) and 0.180 (Dest)

gene EIF4G3, a likely component of the protein complex
EIF4F which is involved in the recognition of the mRNA
cap, ATP-dependent unwinding of the 5’ terminal sec-
ondary structure and recruitment of mRNA to the ribo-
some [65, 66]. This gene has elevated expression in testis
in humans [67], rats [68], and mice [69], and EIF4G3
mutations can cause male infertility in mice [70]. Indi-
viduals identified as having pure BTD ancestry by the
fastSTRUCTURE analysis were almost exclusively
homozygous for the major allele and pure MD were pre-
dominantly homozygous for the minor allele. Hybrids
displayed all combinations of alleles.

We also tested for selection by calculating pairwise
Fst and D between pure parental lineages for each
locus (Fig. 3). The strength of selection was presumed to
be positively correlated with the magnitude of genetic
differentiation. The outlier locus EIF4G3 identified
above had by far the highest differentiation for both
metrics (Fst = 0.930, D = 0.962). Regardless of whether
SNPs were ranked by Fgt or Dy, the top 10 % of SNPs
included the same set of nine loci (Table 2). We classi-
fied each outlier SNP as a synonymous or non-synonym-
ous mutation using ENSEMBL gene predictions in the
BLAT tool [71] in the University of California Santa
Cruz Genome Browser (https://genome.ucsc.edu/cgi-
bin/hgGateway). Assuming linkage groups in Odocoileus
are similar to those of Bos taurus, these outlier loci were
scattered across five of the 29 chromosomes sampled. It
is unlikely that any of these nine SNPs are linked be-
cause they are located at least 10 megabases apart (>
0.001 likelihood of linkage; [72]), and, in some instances,
loci with no evidence of selection are found between
them. Additionally, we found no evidence that selection
was stronger on genes putatively involved with immune
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function and mate choice than those involved in general
cell processes.

Geographic cline analyses

We fit geographic cline models to the mtDNA, microsat-
ellite and SNP datasets in order to characterize cline
shape. Based on AICc, models with fixed maximum and
minimum values of 1 and 0 were selected for all datasets
and cline tails were estimated for the SNP dataset only.
Models predicted that the cline center for all datasets
was significantly to the east of the Cascade ridgeline,
with average cline center varying between + 20 and + 30
km (Fig. 4a). All individuals classified as pure BTD or
pure MD across all three markers were found on the ex-
pected side of the cline center. The SNP dataset had the
narrowest cline width (77 km) and was significantly nar-
rower than the microsatellite cline (274 km) but not the
mtDNA cline (174 km).

Within the SNP dataset, we could not reject the null
model (i.e. no change in allele frequency across the land-
scape) for 21 SNPs. For the remaining 74 SNPs, the
change in allele frequency from west to east occurred
over a relatively narrow range, with an average slope of
0.10 AP/km (Fig. 4b). We observed the steepest slope for
the SNP in the amino acid biosynthesis gene PSAT1
(2.7 AP/km; [73]), which was over three times steeper
than the slope for any other SNP. Steep slopes represent
a rapid change in allele frequency and suggest relatively
strong selection. Cline slopes were not correlated with
genetic differentiation between parental lineages (Fsr:
7* = 0.0148; Deg: 1* = 0.0005).

Genomic cline analyses

Bayesian genomic cline analyses identified candidate
genes that may influence the strength of reproductive
barriers and/or increase local adaptation. Analyses on in-
dividual SNPs suggest excess ancestry from one parental
population (a) for only a few SNPs and only a single
locus with significant rates of change in allele frequency
(B) across the hybrid zone. Using 95% confidence inter-
vals, 14 loci generally had weak evidence of excess BTD
ancestry, with mean values for o between -5 and 0
(Fig. 5a). However, when loci with a small difference (<
0.5) between parental allele frequencies were excluded
following Trier et al. [74], the number of loci with excess
BTD ancestry decreased to six loci. Four of these loci
were also identified as candidate loci based on Fgr
(Table 2) and all six had Fgt>0.29 and D > 0.35. No
loci had excess MD ancestry.

As with the candidate loci identified using genetic differ-
entiation only, the loci identified using genomic cline ana-
lysis were in genes associated with immune function as
well as general biological processes [72]. While we ex-
pected loci with excess ancestry to also exhibit steeper
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Table 2 Description and primary function of SNPs with highest estimates of Fst (> 0.44) and Des (> 0.52) and/or excess ancestry

based on bgc analyses

Gene Fs1/ bgc Chromosome® Description Putative function® Synonymous
Dest mutation?
ANG2 X 10 Angiogenin 2 Nuclease activity No
AP3BT X X 10 Adapter-related protein complex 3 beta 1 Cellular biogenesis; immune No
system
EIF4G3  x X 2 Eukaryotic translation initiation factor 4 gamma 3 Transport No
Fo9 X X Coagulation factor IX Immune system No
FUT8 X X 10 Fucosyltransferase 8 Immune system No
NLN X 20 Neurolysin Cell signalling No
PLIN2 X 8 Perilipin-2 Metabolism No
ROPNTL x 20 Rhophilin associated tail protein 1 like Reproduction Yes
SCRGT X 8 Scrapie-responsive protein 1 Immune system No
TGFB3  x X 10 Transforming growth factor beta 3 Cell development No
TRPM3 X 8 Transient receptor potential cation channel lon channel activity Yes

subfamily M

#Chromosome based on the Bos taurus reference genome
PGene function was based on NCBI gene report (http://www.ncbi.nlm.nih.gov)

transitions from one parental population to the other,
none of these loci had significantly steeper clines nor did
any of the other 86 loci (Fig. 5b). Four loci did exhibit rela-
tively shallower clines, indicative of balancing selection.

Discussion

In this study, we genotyped SNPs in protein-coding
genes to examine hybridization dynamics and selec-
tion pressures on a deer hybrid swarm. Genetic ana-
lyses on SNPs as well as mtDNA and microsatellites
revealed the presence of two main population clus-
ters, corresponding to BTD and MD. Mitochondrial
divergence was high between the two lineages, far -
exceeding levels typically observed between sister
species [52, 75]. Despite high mtDNA divergence, ad-
mixture analyses showed the presence of hybrid
swarm with extensive bi-directional hybridization and
hybrids extending beyond the F1 generation. Although
we predicted that SNPs in genes associated with mate
choice would be under greater selection and pur-
posely included a high proportion of candidate genes,
we only found evidence of selection at a handful of
loci. This suggests that species boundaries, though
porous, are maintained by many loci each having a
small effect. The swarm showed signatures of long-
term stability, as evidenced by coincidence of clines
across marker types [5], and is predicted to persist
into the future.

Genetic structure

Despite extensive hybridization, we found strong evi-
dence to support the distinction of BTD and MD as evo-
lutionarily independent lineages. All genetic marker

types supported classifying individuals into two groups
(BTD and MD), one on either side of a boundary located
just east of the Cascades mountain range. The Cascade
mountain region also serves as a genetic boundary for
other species [76, 77]. As with previous studies on Odo-
coileus [46, 50, 51], the mitochondrial divergence be-
tween lineages we observed was comparable to or larger
than that typically reported between mammalian sister
species [52, 75].

We also observed a high degree of genetic differenti-
ation between BTD and MD lineages for microsatellites
and SNPs. Overall, both datasets yielded consistent as-
signments, with differences exclusively between pure
and hybrid categories and not between parental categor-
ies. Disparate assignments of individuals for the two
datasets could arise if hybridization frequency varied
over time, for example if hybridization occurred thou-
sands of years ago but not recently of vice versa. The
concordant assignments we observed, using rapidly
evolving microsatellites and more slowly-evolving SNPs,
suggest stability of genetic structure over time. In this
study, SNPs were chosen from conserved exons, a conse-
quence of using the genome of a distantly related species
(Bos taurus) to develop baits for exon capture. Using
highly conserved genes between such closely related lin-
eages can lead to an underestimation of genetic diver-
gence. However, within these exons, we chose SNPs that
showed high variability between lineages [78], with a
focus on SNPs predicted to be under selection. This was
done to increase our ability to discriminate between
BTD and MD and may have caused us to overestimate
divergence. Though the magnitude of differentiation cal-
culated for SNPs was likely affected by our methodology,
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Fig. 4 Geographic clines showing the transition from black-tailed deer (top left) to mule deer (bottom right) across the Cascade ranges for a
mtDNA (solid black line), microsatellites (dashed pink line), and SNPs (dotted green line) and b the 74 SNPs showing a change in allele
frequency between parental lineages. Microsatellite and SNP composition were inferred from Q values for the black-tailed deer cluster in STRUCT
URE and fastSTRUCTURE, respectively

the overall pattern of divergence is consistent with mor-
phological differences and current taxonomy (and
microsatellite differences).

We expected to see a higher proportion of hybrids
resulting from matings between bucks from the lineage
with larger body size (MD) and does from the lineage
with smaller body size (BTD). Mating success has been
correlated with larger male body size in cervids [79-81],
including in other populations of Odocoileus [82—84].
However, we found both crosses to be equally common
based on microsatellites, while SNP analyses suggested
that MD doe (larger lineage) and BTD buck (smaller
lineage) crosses were slightly more frequent. One ex-
planation for our findings is that while MD does may

have a weaker preference for BTD bucks than BTD does
for MD bucks, the former cross may have higher repro-
ductive success than the latter. Asymmetric reproductive
success has been observed in other hybrid systems [30,
85-87]. Since hybrids are presumably intermediate in
size, small BTD does carrying hybrid offspring could ex-
perience extra physiological stress, causing increased
mortality prior to parturition [88, 89].

Alternatively, observed hybridization rates may be
driven by population demography. Previous work on
hybridization in cervids has attributed higher realized
rates of hybridization between does of the larger species
and bucks of the smaller species to differences in migra-
tion rates and population densities [58, 90-92]. If long



