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Abstract

Mule deer (Odocoileus hemionus) are an excellent nonmodel species for empirically testing hypotheses in landscape

and population genomics due to their large population sizes (low genetic drift), relatively continuous distribution,

diversity of occupied habitats and phenotypic variation. Because few genomic resources are currently available for

this species, we used exon data from a cattle (Bos taurus) reference genome to direct targeted resequencing of 5935

genes in mule deer. We sequenced approximately 3.75 Mbp at minimum 20X coverage in each of the seven mule

deer, identifying 23 204 single nucleotide polymorphisms (SNPs) within, or adjacent to, 6886 exons in 3559 genes.

We found 91 SNP loci (from 69 genes) with putatively fixed allele frequency differences between the two major lin-

eages of mule deer (mule deer and black-tailed deer), and our estimate of mean genetic divergence (genome-wide

FST = 0.123) between these lineages was consistent with previous findings using microsatellite loci. We detected an

over-representation of gamete generation and amino acid transport genes among the genes with SNPs exhibiting

potentially fixed allele frequency differences between lineages. This targeted resequencing approach using exon cap-

ture techniques has identified a suite of loci that can be used in future research to investigate the genomic basis of

adaptation and differentiation between black-tailed deer and mule deer. This study also highlights techniques (and

an exon capture array) that will facilitate population genomic research in other cervids and nonmodel organisms.
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Introduction

A good candidate species for a landscape genomic study

of local adaptation is one of large (effective) population

size with limited population structure at neutral markers

across different environments or selection gradients (Lui-

kart et al. 2003; Schwartz et al. 2009; Hohenlohe et al.

2010). Random genetic drift is weak in such species,

allowing natural selection to determine allele frequencies

even at loci with small selection coefficients (Hartl &

Clark 2007). Selecting species with limited population

structure (and large Ne) should increase the power to

detect local adaptation, because strong population

structure can obscure signatures of natural selection

(Lowry 2010).

Odocoileus hemionus occur across a wide diversity of

habitats in North America, west of the 100th meridian

between 23° and 60°N (Anderson & Wallmo 1984). Popu-

lations historically, or currently, occupy all but two or

three of the more than 60 identified types of natural veg-

etation found in this region (Wallmo 1981). Little genetic

divergence has been observed among the 11 named sub-

species of O. hemionus (Smith et al. 1990; Scribner et al.

1991; Cullingham et al. 2011; Powell et al. 2013; Latch

et al. 2014). The low divergence is likely due to a combi-

nation of high population sizes, current estimates of

which are approximately three million individuals (Car-

penter 1998) and the capacity for long distance dispersal

of individual deer (Anderson & Wallmo 1984).
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As a species, O. hemionus have been classified into

two broad evolutionary lineages, mule deer and black-

tailed deer (Latch et al. 2011) that diverged in allopatry

during the last glacial maxima (~18 000 years before pre-

sent, Latch et al. 2009). These lineages are characterized

by differences in body size (Bandy et al. 1970; Anderson

1981) and morphology (Wallmo 1981), but a previous

attempt to develop a dichotomous key for subspecies of

O. hemionus (Cowan 1936) failed. In addition, these lin-

eages are not reproductively isolated, as a stable hybrid

swarm exists along their contact zone (Latch et al. 2011).

Although many features of the biology of O. hemionus

point to its promise as a focal species for landscape geno-

mic research, limited genomic resources are available.

Therefore, the objective of this study was to use exon

capture techniques to identify single nucleotide poly-

morphism (SNP) loci throughout the O. hemionus gen-

ome. We predicted that patterns of genetic divergence at

SNP loci would correlate with the already identified evo-

lutionary lineages in this species. By identifying loci

across the O. hemionus genome, we predicted that we

would also discover loci with likely fixed allele fre-

quency differences between the lineages of deer. Finally,

we hypothesized that these newly identified loci could

be used to test for signatures of natural selection across

groups of genes known to be involved in specific biologi-

cal processes. This study highlights a valuable technique

for developing genomic resources in organisms for

which a reference genome is absent, and the resources

developed herein will facilitate future work investigating

differentiation between evolutionary lineages of

O. hemionus.

Methods

Tissue samples were collected opportunistically at hun-

ter check stations in Oregon and Washington during fall

hunting seasons in 1999, 2000, 2001 and 2003. Field col-

lections were preserved as described in Latch et al.

(2011). The seven deer included in this analysis were

selected based on their posterior probability of having

sole ancestry in either the black-tailed deer or mule deer

lineages based on a previous hybridization screen using

10 microsatellite loci (Latch et al. 2011) and having suffi-

cient DNA quantities (>2 lg) for the exon capture tech-

nique. A sex bias was present in the original samples

screened for hybridization (approximately 77% of all

samples were male; Latch et al. 2011), and the subsample

used in this study consisted of six males (4 mule deer

and 2 black-tailed deer) and a single female black-tailed

deer. All three black-tailed deer were collected in west-

ern Oregon, whereas three of the mule deer were col-

lected in north central Washington. The remaining mule

deer was harvested in east central Oregon.

Reduced-representation sequence libraries for these

seven individuals were used in an analysis of the effects

of evolutionary divergence on exon capture success

(Cosart 2013). A full description of the exon capture tech-

niques can be found in that paper and the references

therein. In summary, exon baits were developed from

Bos taurus genome (BTau 4.0, The Bovine Genome

Sequencing Consortium 2009) using the ExonSampler

software (Cosart et al. 2014) for 24 524 exons targeted

from 5935 genes. The majority of exons sampled were

evenly distributed across the cattle genome. A subset of

2542 exons was directly targeted due to their presence in

349 candidate genes that are associated with immunity,

reproduction and speciation (Cosart 2013). A modified

Agilent in-solution capture protocol was used to enrich

the genomic DNA for template sequences orthologous to

the baits, and this enriched template was sequenced

using Illumina 100-base pair (bp) paired-end reads on a

HiSeq sequencer. Initial trimming and filtration were car-

ried out as described by Cosart (2013).

The trimmed and filtered sequence reads from each

sample were aligned individually to the B. taurus gen-

ome and a reference white-tailed deer mitochondrial

genome (GenBank HQ332445) with the program Gen-

eious, version 6.1.7 created by Biomatters (available from

http://www.geneious.com/). Each alignment was per-

formed using the default settings of the map to reference

tool, with medium/low sensitivity and fine-tuning set to

iterate as many as five times. The default settings

allowed for a maximum gap size of 15 bp with a maxi-

mum of 10% gaps per read. Word length was set to

18 bp, with an index word length of 13 bp. Words were

ignored when repeated more than 12 times. A maximum

of 20% mismatches were allowed per read, and the maxi-

mum ambiguity parameter was four. We used paired

read distances in assembly, and if multiple locations

were the best match, the read was mapped randomly to

one of those locations.

After constructing the seven individual alignments,

we used the following procedure for SNP discovery. We

identified all positions in which an individual genotype

differed from the reference cattle sequence within the

coding region of targeted exons and in a 250-bp window

on either side of the open-reading frame. These positions

were identified using the ‘Find Variations/SNPs’ tool in

Geneious version 6.1.7. For this analysis, we required a

minimum of 20X coverage within an individual, a minor

allele frequency of no less than 0.15 and a maximum

variant P-value of 10�7(Appendix S1, Supporting infor-

mation). There was no penalty for observing multiple

alleles at a locus in an individual. Separate annotations

were generated for each allele of each putative variant

nucleotide position. Because we were identifying all loci

within an individual that differed from the reference
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cattle genome, not identifying a locus in an individual

could have been caused by either (i) an individual did

not have the required 20X coverage at the locus, or (ii) an

individual was homozygous for the reference allele at

that locus. Therefore, to separate these possibilities, we

also identified all loci with greater than 20X coverage in

each individual.

After identifying putatively variable nucleotide sites

within each individual alignment, we used the statistical

computing program R version 3.0.2 (R Core Team 2013)

to further screen identified loci. First, we removed all loci

that did not have the required 20X coverage in all indi-

viduals. Next, we removed high-density SNPs, defined

as >5 SNPs within 10 bp, and loci located within 3 bp of

an insertion or deletion, to account for false SNP discov-

ery due to local misalignments (Cosart 2013). Finally, we

removed all loci where more than two alleles were iden-

tified within an individual deer. Following removal of

loci that did not meet our quality control standards, we

filtered all loci in which the identified SNP was homozy-

gous for a nonreference allele in all seven genotyped

deer. Because the ‘Find Variations/SNPs’ tool only iden-

tified differences from the reference genome, we

assumed that an individual was homozygous for the ref-

erence allele at loci that passed our quality control stan-

dards but for which no genotype was called in that

individual. We used Pearson correlation coefficients to

investigate patterns of capture success across the cattle

genome.

To investigate differences between the mule deer and

black-tailed deer lineages, we used the R package Gene-

land (Guillot et al. 2005) to calculate Weir & Cockerham’s

(1984) estimates of FST and FIS. To reduce the observed

variance of single locus estimates when examining pat-

terns of local FST in human populations, Weir et al.

(2005) pooled loci within 5-Mbp windows. Due to a

change in the number of chromosomes between a hybrid

red deer (Cervus elaphus) 9 P�ere David’s deer (Elaphurus

davidianus) and cattle (Slate et al. 2002), we are not confi-

dent that a 5-Mbp window along a cattle chromosome

remains intact along a O. hemionus chromosome. There-

fore, to avoid calculating summary statistics, such as FST,

using groups of noncontiguous SNPs, we limited the

pooling of sites to only occur within a single gene. There-

fore, in addition to estimating FST and FIS from all poly-

morphic loci, we also estimated these parameters for all

sites pooled within a gene.

Observed patterns of genetic differentiation between

mule deer and black-tailed deer were used to investigate

general patterns of conservation across the captured

regions. We tested for a genomewide pattern of purify-

ing selection by comparing FST values for loci located

within exons to loci in the flanking regions. We used ran-

dom permutations to test the hypothesis that loci located

within exons would show lower genetic divergence

between mule deer and black-tailed deer than loci within

the flanking introns. For this analysis, we randomly per-

muted the classification of a site (exon or intron) 1000

times and calculated FST in the respective regions for

each permutation. The P-value of this test was calculated

as the proportion of permutations with as small, or smal-

ler an FST as observed in exons, and as large, or larger an

FST as observed in introns.

We scanned for signatures of selection between mule

deer and black-tailed deer by testing for a statistical

over- or underrepresentation of biological processes

using Panther version 9.0 (Thomas et al. 2006; Mi et al.

2013a,b). We used all genes with loci that had fixed alle-

lic differences for the over- or underrepresentation tests

in Panther 9.0. This analysis was run based on the logic

that if outlier loci exist, those sites with fixed allele dif-

ferences (FST = 1) must be included in the outliers. Test-

ing genes with putatively fixed allele frequency

differences between mule deer and black-tailed deer,

we expected biological processes under balancing selec-

tion to be underrepresented and biological processes

under positive selection to be over-represented in this

analysis. Within Panther 9.0, statistical over- or under-

representation analyses were run by first classifying the

biological processes for all 3559 genes with SNP loci

that passed our quality control filters. We then classified

biological processes for the 69 genes with diagnostic

loci. Finally, we tested for an over- or underrepresenta-

tion of biological processes relative to the total set of

identified genes.

When testing the over- or underrepresentation of

ontology terms, the nested nature of the classifications

makes the determination of the number of simultaneous

tests difficult (Thomas et al. 2006). Therefore, adjusting a
for a family-wise error rate based on the number of com-

pared ontology terms will be too conservative, and an

alternate Bonferroni adjustment of a for biological pro-

cesses was applied (Thomas et al. 2006). In addition, we

also applied the false discovery rate correction procedure

of Benjamini & Yekutieli (2001) based on the total num-

ber of analysed ontology terms, to try and avoid the con-

servative nature of the Bonferroni adjustment procedure

(Benjamini & Hochberg 1995). This latter method may

have higher power than a traditional Bonferroni adjust-

ment, despite likely being too conservative due to an

overestimation of the true number of tests.

Results

Of a total 95 337 234 sequences across the seven individ-

uals, 86 434 625 were aligned to the cattle reference gen-

ome. The number of aligned reads per individual ranged

from a maximum of 18 456 326 to a minimum of
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5 910 620. On average, approximately 90.7% (individual

range between 89.9% and 91.0%) of all sequences were

aligned to the reference genome. Each alignment used all

five possible fine-tuning iterations, with the average first

iteration aligning approximately 78.3% of reads (individ-

ual range between 75.1% and 80.3%). There was a total of

15.2 Mbp of sequence located in regions spanning up to

250 bp on either side of the 24 524 targeted exons (sam-

pled from 5935 genes). Of this targeted sequence,

3 748 225 bp (or approximately 24.7%) met our require-

ments of at least 20X coverage in all individuals.

We identified 103 823 SNPs which contained alleles

that differed from the B. taurus reference genome in at

least one individual deer. At 80 970 of these loci (approx-

imately 2.16% of loci meeting our filtration criteria), all

seven O. hemionus samples amplified allele(s) that dif-

fered from the cattle reference genome. At 351 of the

80 970 loci, no deer amplified the cow reference allele,

but a polymorphism (two alleles) was observed within

the seven individual deer. Because these 351 polymor-

phic loci also differed from the ancestral cow reference

genome, approximately 0.43% of all loci with fixed dif-

ferences from the cattle genome are estimated to have

experienced at least two mutations since diverging from

a common ancestor.

We identified a total of 23 204 loci that were polymor-

phic (rare variant observed >1 time) among the seven

deer in this study, comprising 16 445 transitions and

6995 transversions (transition:transversion ratio of

approximately 2.35). These loci were located within, or

adjacent to, 6886 exons (approximately 28.1% of all tar-

geted exons) sampled from 3559 genes (approximately

60% of all targeted genes). Of the 23 204 total polymor-

phic loci within O. hemionus, 14 777 (64.7%) were located

within the open-reading frame of their associated exon.

Three alleles (nucleotide variants) were detected in only

121 of the 23 204 identified SNP loci. The observed pro-

portion of SNPs amplifying three alleles among poly-

morphic loci (approximately 0.52%) was elevated

relative to expectations based on the per cent of identi-

fied loci with fixed differences from the cattle genome

(0.43%).

Exon capture success was similar throughout the cat-

tle genome, as indicated by the association between the

number of mapped SNPs and chromosome length

(r2 = 0.83) and the number of mapped SNPs and the

number of targeted exons on a chromosome (r2 = 0.84,

Fig. 1). As expected, these associations were lower than

the correlation between the number of SNPs identified

per cattle chromosome and the number of exons on that

chromosome with at least one identified SNP (r2 = 0.95).

The distribution of the number of SNP loci identified in

an exon, given that it had at least one SNP, was strongly

right skewed, with a mean of approximately 3.3 SNPs

per exon, a median of two SNPs per exon and a mode of

a single SNP per exon (Fig. 2). For the intronic SNPs,

more than 80% of all identified positions were located

within 75 bp of the open-reading frame (Fig. 3).

The average minor allele frequency was similar for

both mule deer (0.238) and black-tailed deer (0.226).

Across all 23 204 loci, we detected moderate levels of

genetic divergence between mule deer and black-tailed

deer (FST = 0.123, Fig. S1, Supporting information).

Genetic divergence was reduced in the exonic SNPs

(FST = 0.097) relative to the intronic SNPs (FST = 0.168),

with none of the 1000 permutations of SNP location pro-

ducing estimates of genetic divergence more extreme

than the observed value.
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iii) number of exons with at least one SNP identified within the open-reading frame (ORF), or the 250-bp region on either end of the

ORF, per cattle chromosome.
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We identified a total of 91 loci, located in 69 genes,

with putatively fixed allele frequency differences

between mule deer and black-tailed deer (Table S1, Sup-

porting information). Of these diagnostic loci, 53 were

identified within a coding region, and approximately

66% (35) of these loci were nonsynonymous substitu-

tions. Thirteen total genes had more than one diagnostic

SNP, with the most (8) occurring in the gene PAG19

(Table S1, Supporting information), a member of a family

of duplicated genes undergoing diversification in bovids

(Hughes et al. 2000).

Panther 9.0 was able to map the ontology of 3160 of

the 3559 genes with identified SNPs in this study. We

were able to map the ontology of 60 of the 69 genes with

diagnostic loci. Based on a Panther 9.0 analysis with a

Bonferroni adjustment of a, no biological process coded

for by the genes with fixed allele frequency differences at

one or more SNP loci was statistically over- or underrep-

resented. When a Benjamini & Yekutieli (2001) false dis-

covery rate adjustment (m = 209 tests) was applied,

however, both the gamete generation (P-value = 0.0061)

and amino acid transport (P-value = 0.0076) biological

processes were statistically over-represented in the sub-

set of genes with fixed allele differences (Table S2, Sup-

porting information).

Discussion

We saw consistent patterns of capture success across

bovine chromosomes, and approximately one-quarter of

the targeted exons had sufficient sequence depth to meet

our relatively conservative (demanding) filtration criteria

of at least 20X coverage in every individual. This success

rate yielded 3559 genes with SNPs. The rate (~60%) was

likely limited by DNA sequence changes that accrued

over the approximately 30 million years since the split

between O. hemionus and cattle (27.7 MYA Hassanin &

Douzery 2003, 32.5 MYA Guha et al. 2007) impairing both

exon capture efficiency and the accurate alignment of

O. hemionusDNA sequences against the cattle genome.

The observed frequency of triallelic SNP loci in this

study (0.52%) indicates that falsely identified alleles may

remain in the data set after our quality control screens.

The observed frequency of polymorphic loci amplifying

three alleles was greater than what was detected in these

same seven O. hemionus by Cosart (2013, 0.11%) and was

nearly twice as high as previous studies on human popu-

lations (0.22% H€uebner et al. 2007, 0.20% Hodgkinson &

Eyre-Walker 2010). The overall proportion of triallelic

SNPs identified in this study, however, was less than

what was identified using a different reduced-represen-

tation library technique (RAD sequencing) in white-

tailed deer (3.07% Seabury et al. 2011). These indications

of false-positive alleles, and the limited geographic range

from which samples were collected, highlight the need

to further validate loci (e.g. amplify loci of interest in

more individuals sampled throughout the range of

O. hemionus).

0 20 40 60 80

0.
0

0.
1

0.
2

0.
3

0.
4

Number of SNPs

D
en

si
ty

Fig. 2 Empirical probability distribution of the number of iden-

tified SNP loci per exon with at least one SNP identified within

the open-reading frame (e.g. exon), or the 250-bp region on

either end.

Distance from exon (bp)

N
um

be
r o

f S
N

Ps

0 50 100 150 200 250

0
50

10
0

15
0

20
0

25
0

0
0.

2
0.

4
0.

6
0.

8
1

Fig. 3 The proportion of SNP loci identified at a given distance

(bp) from either the 50 or 30 end of the exon is plotted in the

shaded region. The line depicts the cumulative density function

across the region.

© 2016 John Wiley & Sons Ltd

POPULATION GENOMIC RESOURCES FOR MULE DEER 1169



Divergence patterns from cattle

In the sequences that met our filtration criteria, our esti-

mated degree of divergence between O. hemionus and

cattle (2.16%) is lower than what was expected given an

estimated divergence time between cattle and deer of

between 27.7–27.8 million years (Hassanin & Douzery

2003) and 32.5 million years (Guha et al. 2007). Cosart

et al. (2011) observed 0.5% sequence divergence between

Bos taurus and Bison bison, species that shared a common

ancestor one to two million years ago (Hedrick 2009).

Despite cattle and O. hemionus diverging potentially

more than 30 million years prior to cattle and bison, the

estimated sequence divergence is only approximately

four times larger.

The low divergence between deer and cattle could be

explained by our use of exon capture to create reduced-

representation sequence libraries, a technique that

favours the detection of conserved regions. When these

seven deer were included in a larger study investigating

exon capture success across evolutionary time, Cosart

(2013) found that whereas a cow aligned 78% of the

3.6 Mb of targeted exonic sequence at greater than 20X

coverage, coverage decreased across increasing diver-

gence time (African buffalo (Syncerus caffer) 12%, bighorn

sheep (Ovis canadensis) 10%, mule deer 20% and pigs

(Sus scrofa) 29% fewer bp). Furthermore, previous work

by Vallender (2011) and Bi et al. (2012) documented a

negative relationship between sequence coverage and

sequence divergence in exon capture studies, which

means that the greater the sequence divergence between

two species, the poorer the coverage.

Divergence patterns within mule deer

Across all 23 204 loci, we detected a similar level of

genetic divergence between black-tailed deer and mule

deer (FST = 0.123) to what was detected between these

two lineages using 10 microsatellite loci (FST = 0.124,

Latch et al. 2011), but less divergence, than was

detected using 878 putatively neutral SNP loci devel-

oped in cattle (FST = 0.166; Haynes & Latch 2012). As

expected, we detected reduced genetic divergence in

the exonic SNPs (FST = 0.097) relative to the intronic

SNPs (FST = 0.168). A preliminary analysis indicated

that quality control filters removing loci in highly poly-

morphic regions (>5 SNP loci in ≤10 bp) primarily oper-

ated within introns. Any bias introduced by this filter

would result in observed differences between intronic

and exonic divergence estimates being reduced relative

to the true value. The fact that we still observed higher

intronic genetic divergence despite these potential

biases suggests the exon capture data are of relatively

high quality.

Gene function and over-representations

Gamete generation and amino acid transport biological

processes were over-represented among the subset of

genes with fixed allele differences between black-tailed

deer and mule deer. Supporting research suggesting logi-

cal mechanisms to explain the over-representation of

genes involved in gamete generation (Nielsen et al. 2005)

and amino acid transport (Clark et al. 2003) is encourag-

ing. The identification of biological processes that are fre-

quently associated with fixed genetic variation provides

a starting point for the continued investigation of genes

responsible for the differentiation of mule deer and

black-tailed deer using a more broadly distributed set of

samples.

Conclusions

We achieved our main objective, to identify numerous

putative SNP markers throughout functional regions of

the O. hemionus genome, despite the lack of a reference

genome in this species. Although only moderate genetic

divergence between lineages was detected in this study,

we identified many loci with putatively fixed allele fre-

quency differences between mule deer and black-tailed

deer. Because exon capture can be used on low-quality

DNA, such as from museum specimens and faeces (Perry

et al. 2010; Bi et al. 2013), this technique is suitable for

studies (such as this one that collected wildlife from hun-

ter check stations) that would prohibit the use of other

techniques for sequencing expressed regions of the gen-

ome (such as building an expressed sequence tag (EST)

library from mRNA). For nonmodel organisms with no

genomic resources, exon capture and SBE (single base

extension) assays designed for a closely related domestic

species offer potential genotyping options. Both are likely

to introduce some ascertainment bias, either by selecting

for conserved regions when using exon capture, or by

only selecting for loci with the identical alleles as

observed in the reference species. Based on the sequence

data from these seven individuals, baits can be rede-

signed to improve capture efficiency and to capture addi-

tional sequence around regions of interest. More work is

necessary to determine whether these markers are diag-

nostic across the range of mule deer and black-tailed

deer. Nonetheless, this technique (and the exon capture

array) should be useful in many species for discovery of

SNPs in genes genomewide for a wide range of applica-

tions in population genetics and landscape genomics.
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