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Abstract

Genetic variation at the major histocompatibility complex (MHC) is vitally

important for wildlife populations to respond to pathogen threats. As natural

populations can fluctuate greatly in size, a key issue concerns how population

cycles and bottlenecks that could reduce genetic diversity will influence MHC

genes. Using 454 sequencing, we characterized genetic diversity at the DRB

Class II locus in montane voles (Microtus montanus), a North American rodent

that regularly undergoes high-amplitude fluctuations in population size. We

tested for evidence of historic balancing selection, recombination, and gene

duplication to identify mechanisms maintaining allelic diversity. Counter to our

expectations, we found strong evidence of purifying selection acting on the

DRB locus in montane voles. We speculate that the interplay between popula-

tion fluctuations and gene duplication might be responsible for the weak

evidence of historic balancing selection and strong evidence of purifying selec-

tion detected. To further explore this idea, we conducted a phylogenetically

controlled comparative analysis across 16 rodent species with varying demo-

graphic histories and MHC duplication events (based on the maximum number

of alleles detected per individual). On the basis of phylogenetic generalized

linear model-averaging, we found evidence that the estimated number of dupli-

cated loci was positively related to allelic diversity and, surprisingly, to the

strength of purifying selection at the DRB locus. Our analyses also revealed that

species that had undergone population bottlenecks had lower allelic richness

than stable species. This study highlights the need to consider demographic

history and genetic structure alongside patterns of natural selection to under-

stand resulting patterns of genetic variation at the MHC.

Introduction

Genetic variation provides the potential for natural popu-

lations to adapt to environmental changes, including those

caused by global climate change, habitat alteration, and

novel pathogens. However, adaptive genetic variation buf-

fering wild populations against abiotic and biotic threats is

itself vulnerable to fluctuations in population size and

population connectivity (Saccheri et al. 1998; Hess et al.

2002; Altizer et al. 2003). A major goal for evolutionary

ecology and conservation biology is to understand the

impacts of population dynamics on adaptive evolution and

genetic diversity (Thompson 1998; Spielman et al. 2004).

The major histocompatability complex (MHC), in particu-

lar, is a gene region that is vitally important for immune

defense in vertebrates (Klein 1986). This region contains

the most diverse set of coding genes in vertebrates, with

most species examined to date showing high levels of alle-

lic diversity and heterozygosity (Edwards and Hedrick

1998; Knapp 2005). Although many populations with low

effective population sizes have very low MHC variation

(reviewed in Radwan et al. 2010), among some species

with small population sizes or low genetic diversity across

neutral markers, MHC genes have been shown to exhibit

surprisingly high levels of variation (Hedrick et al. 2000;

Aguilar et al. 2004; Hedrick and Hurt 2012). How this var-
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iation may persist in the face of population declines or

fluctuations is an interesting question, with evidence sug-

gesting that a combination of pathogen-mediated selection

and mate choice for specific or dissimilar alleles maintains

high diversity at the MHC (Apanius et al. 1997; Knapp

2005; Milinski 2006; Spurgin and Richardson 2010).

Glycoproteins encoded by MHC genes bind to foreign

antigens and present them to T cells, initiating the

immune response (Klein 1986). There are two major

groups of MHC genes: Class I recognizes and presents

peptides from intracellular pathogens and Class II binds

and displays peptides from extracellular pathogens

(Hughes and Yeager 1998). In particular, the Class II

DRB locus has been the subject of many nonmodel

animal studies as it harbors extensive allelic diversity

(Bernatchez and Landry 2003). Baseline genetic variation

at the DRB locus is thought to be generated primarily by

gene duplication via a birth and death process (Nei et al.

1997) or by recombination of alleles (Parham and Ohta

1996). Variation at the DRB locus has been associated

with parasite resistance in a variety of animals, including

fish, ungulates, rodents, primates, and carnivores (Pater-

son et al. 1998; Wegner et al. 2003; Schad et al. 2005;

Kloch et al. 2010; Srithayakumar et al. 2011). Exon 2 of

the DRB in particular encodes the functionally important

antigen-binding sites (ABS) recognized by macrophages

and antibodies. Thus, proteins encoded by exon 2 bind to

unique peptides derived from pathogens, and the genes

encoding them can be subjected to intense positive selec-

tion, whereby novel types that confer resistance to a

specific pathogen can sweep across a population, as evi-

denced by a greater ratio of amino acid (AA)-changing

nonsynonymous substitutions to synonymous substitu-

tions at these codons (Hughes and Yeager 1998). In addi-

tion to strong molecular signatures of positive selection at

the ABS, the persistence of alleles across speciation events

(transspecies polymorphisms) provides further evidence

that historic balancing selection has shaped the evolution

of the DRB locus (Garrigan and Hedrick 2003). Specifi-

cally, alleles conferring fitness benefits are retained in

populations even as the new populations adapt to novel

conditions and become reproductively isolated from each

other.

Low genetic diversity at the MHC has been suggested

to cause increased susceptibility to infection for some spe-

cies (e.g., Tasmanian devils [Siddle et al. 2007]; amphibi-

ans [Savage and Zamudio 2011]; cheetah [O’Brien and

Evermann 1988]), which could present a serious problem

for endangered species with small fragmented populations

where DRB diversity has been diminished (Marsden et al.

2009; reviewed in Radwan et al. 2010). However, even in

the face of prolonged population bottlenecks, some popu-

lations have retained surprisingly high MHC diversity, as

reported for San Nicolas Island foxes (Urocyon littoralis;

Aguilar et al. 2004), water voles (Arvicola amphibius, pre-

viously Arvicola terrestris; Oliver and Piertney 2012), and

wild African buffalo (Syncerus caffer caffer; Wenink et al.

1998). Species that undergo large fluctuations in popula-

tion size or regular population cycles are particularly

interesting to investigate in terms of MHC diversity, as

their effective population sizes are dominated by low-den-

sity periods; thus, these species may harbor relatively less

allelic diversity over time as rare alleles are lost through

genetic drift (Hartl and Clark 1997). On the other hand,

high MHC diversity could be readily maintained in fluc-

tuating populations if population size rebounds quickly

following declines, if balancing selection is strong enough,

and if immigration of individuals from neighboring sites

introduces novel alleles.

Here, we examined the pattern of MHC diversity in

montane voles (Microtus montanus), which inhabit alpine

grassy meadows of North America ranging from Colorado

to Utah (Sera and Early 2003). Voles from the Arvicolinae

subfamily (to which montane voles belong) represent an

ideal system in which to investigate MHC diversity, as

they tend to undergo dramatic population cycles every 3–
7 years (Krebs 1996; Stenseth 1999). Montane voles in

particular undergo high amplitude and frequent popula-

tion cycles, peaking in abundance every 3–4 years (Pinter

1986; R. Smith, unpubl. data). They also have a diversity

of parasites (Winternitz et al. 2012) and a promiscuous

mating system, thus potentially enabling selection to

maintain high MHC diversity through mate choice and

parasite interactions. Previous studies of allelic diversity at

the DRB in other vole species have shown a mix of results

(Oliver and Piertney 2006; Axtner and Sommer 2007).

Both the MHC Class II DQA and DRB loci appear to

have been duplicated within Arvicolinae, but the timing

of this is currently unresolved (Bryja et al. 2006; Axtner

and Sommer 2007). It is likely that the combination of

population admixture during high population density

phases, short generation times, and duplicated genes for

many cyclic rodents can maintain MHC polymorphisms

despite low effective population sizes and population fluc-

tuations. In addition, selection from numerous parasites

(Timm 1985) and MHC-based mating preferences (Rad-

wan et al. 2008) could oppose the effects of genetic drift

on MHC diversity in cyclic rodents.

In this study, we first characterized variation at the

MHC Class II DRB locus for M. montanus to test for evi-

dence of historic balancing selection acting on the DRB

locus. Importantly, this represents the first exploration of

MHC Class II diversity for a New World arvicoline

species. We also undertook a comparative analysis to

examine evolution of the DRB locus across rodent

species, with the goal of investigating the influence of
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population dynamics (i.e., stable, cyclic, or bottlenecked

populations) and gene duplication on patterns of allelic

diversity and signals of selection. We predicted that

rodent species that experience population fluctuations or

bottlenecks would harbor lower total allelic and nucleo-

tide diversity at the MHC and would show weaker signals

of balancing selection on the DRB locus if they are

exposed to high degrees of genetic drift. We also pre-

dicted that gene duplication at the MHC would correlate

with greater allelic divergence and stronger evidence for

purifying selection, as alleles from duplicated loci can

become specialized to produce products with unique and

specific functions (Nei and Rooney 2005). Our ultimate

goal was to better understand how species that routinely

experience high degrees of genetic drift can maintain

immunogenetic diversity over evolutionary timescales.

Materials and Methods

Study location and field sampling

Voles were trapped for two consecutive years (2008–2009)
at four replicate sites less than 5 km from the Rocky

Mountain Biological Laboratory, located in the Upper

East River Valley, Colorado (39°N, 107°W). The four trap-

ping sites were comprised of grassy meadows and separated

by a minimum of 0.5 km at approximately 2900 m eleva-

tion. A total of 284 voles were captured using Longworth

live traps for four or five consecutive days per site every

2 weeks throughout the breeding season (June 15–August
15). Animals were uniquely identified with numbered ear-

tags (National Brand Tag Company, Newport, KY, USA),

and sex and age were recorded. Full trapping methods are

described in Winternitz et al. (2012). To obtain tissue sam-

ples for genetic analysis, a 2-mm tail tip was collected from

nonjuveniles and stored in 95% ethanol at 5°C after briefly

anesthetizing the animals with isoflurane gas.

Tagged primer design, amplification, and
454 sequencing

Our genetic investigation focused on the MHC class II

DRB gene exon 2 because it has previously been shown to

contain most of the functionally important ABS and is,

therefore, the most likely candidate for detecting balancing

selection acting on MHC class II genes (Hughes and Yea-

ger 1998). In other words, because these sites determine

the range of pathogen proteins that can be recognized and

displayed to T cells, different pathogens should favor the

maintenance of different alleles that control their recogni-

tion by the host’s immune response. We isolated and

amplified the DRB gene for all 284 individuals using poly-

merase chain reaction (PCR) and then direct Next Genera-

tion (454) sequencing. Samples from 20 individuals

(~10%) were cloned and classically Sanger sequenced to

establish preliminary allelic data to inform our 454

sequencing protocol. Procedures for obtaining MHC

sequence data can be found in the Data S1.

MHC genotyping and allele validation

Preliminary analysis based on cloning and Sanger

sequencing results revealed 1–4 distinct alleles per individ-

ual, indicating that the DRB locus in M. montanus has

undergone at least one duplication event. On the basis of

these findings, we calculated the minimum coverage

necessary to obtain at least three copies of each allele at

0.999 probability using the method of Galan et al. (2010).

The analysis indicated that coverage of 46 reads per indi-

vidual was sufficient for accurately genotyping individuals

(amplicons) with a duplicated gene in a diploid species

(Galan et al. 2010). Procedures for artifact filtering and

data validation can be found in Data S1).

Statistical analysis

Sequence polymorphism and testing for
recombination

Sequences were aligned using Clustal W in MEGA 5.05

(Tamura et al. 2011). MEGA 5.05 was employed to calcu-

late allele mean genetic distance (d) based on nucleotide

divergence according to the Kimura (1980) two-parame-

ter distance. We constructed phylogenetic trees using the

neighbor-joining (NJ) approach and within a Bayesian

framework to assess and visualize the genetic similarity

between M. montanus sequences (see Data S1 for full

methods).

Sequence polymorphism was analyzed using DnaSP v5

(Librado and Rozas 2009). Tests for recombination events

within alleles were conducted using the program GEN-

ECONV (Sawyer 1989) and MaxChi2 (Maynard Smith

1992), which search for unusual substitution patterns, and

RDP (Martin and Rybicki 2000) which uses a phylogenetic

tree to detect anomalous regions of the alignment. These

programs are implemented in the RDP3 program (Martin

et al. 2010). These methods performed well in an assess-

ment of 14 recombination detection methods (Posada

2002). The default parameters were used for GENCONV

and RDP, and the variable window size with a fraction of

0.10 variable sites per window was selected for MaxChi2 to

reduce the risk of false negatives (see RDP3 manual). We

also used GARD (Pond et al. 2006), which uses a genetic

algorithm to search a multiple-sequence alignment for

putative recombination break points, on the web-based

server datamonkey (http://www.datamonkey.org).
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Molecular tests of balancing selection

We tested whether positive selection had been historically

operating on the montane vole DRB exon 2 using two

approaches, first comparing relative rates of nonsynony-

mous (dN) and synonymous (dS) substitutions across the

gene (Hughes and Nei 1988), and second comparing like-

lihoods of codon-based models that assume positive selec-

tion or neutrality (Nielsen and Yang 1998). First, MEGA

5.05 was used to calculate the relative rates of dN and dS

according to the method of Nei and Gojobori (1986) with

Jukes and Cantor (1969) correction for multiple hits for

all alleles. The substitution rates were calculated separately

for nonantigen-binding sites (non-ABS) and 15 ABS based

on the human DRB gene defined by Brown et al. (1993)

and repeated using 12 sites according to the review by

Bondinas et al. (2007) (results were qualitatively similar

and are not shown). A codon-based two-tailed Z-test of

selection was performed on ABS, non-ABS, and all codons

to test the null hypothesis of neutrality (dN = dS). As we

expected positive selection at ABS, one-tailed Z-tests were

performed. We also performed directed tests to determine

whether negative selection was evident at non-ABS

(dN < dS).

We next determined which codon sites were under

diversifying positive or negative selection by comparing

the congruence of three codon-based models of sequence

evolution using the server datamonkey. The three differ-

ent codon-based maximum likelihood methods, SLAC

(single likelihood ancestor counting), FEL (fixed effects

likelihood), and the less conservative REL (random effects

likelihood), can be used to estimate the dN/dS ratio at

every codon in the alignment. These methods of detecting

AA sites under selection have been shown to perform as

well or better than the M8 model in PAML (Kosakovsky

Pond and Frost 2005), and we considered a codon to be

evolving under selection when it was identified as such by

at least two methods (Kosakovsky Pond and Frost 2005).

We also employed MEME (mixed effects model evolu-

tion) which combines fixed effects at the level of a site

with random effects at the level of branches, in effect

allowing some branches to be under positive selection

while others are under negative selection. This method is

most appropriate to detect episodic selection affecting

individual codon sites (Kosakovsky Pond et al. 2011),

which may be expected to occur with the introduction of

novel parasite species or genotypes.

Phylogenetic tests of balancing selection across
rodent species

To further examine whether historic balancing selection

has been operating on the M. montanus DRB locus, we

constructed phylogenetic trees to identify the position of

M. montanus DRB alleles relative to those of other rodent

species and to test for transspecies persistence of particular

DRB alleles. We used NCBI BLAST searches in Geneious

v5.5 to identify and extract DRB exon 2 sequences in 15

rodent species available and 2 nonrodent outgroups (tree

shrew, Tupaia belangeri and white-tailed deer, Odocoileus

virginianus; see next section and Table S2 for the complete

dataset). We constructed a NJ phylogenetic tree based on

nucleotide divergence according to the Kimura two-

parameter distance using bootstrap analysis with 5000 rep-

licates in MEGA 5.05. Three alleles were selected randomly

from each rodent species. The NJ tree was based on the

shared sequence section (171 bp) of all alleles and rooted

with the tree shrew (Genbank ref# GU825729) and white-

tailed deer (Genbank ref# AF08-2161).

Comparing patterns of selection and MHC
diversity across rodents

Signatures of selection may be weaker in species with

populations subject to high degrees of genetic drift, such

as species that have undergone population bottlenecks

(Miller and Lambert 2004; Ejsmond and Radwan 2011),

or in cyclic species with frequent prolonged low-density

periods (Oliver et al. 2009). Selection may also differ

among species due to gene copy number, whereby dupli-

cated genes may be specialized for specific biological

functions, and thus experience stronger negative selection

than single loci (Jarvi et al. 2004; Axtner and Sommer

2007; Burri et al. 2010). To test for patterns of selection

across rodent species with varying population dynamics

and gene copy numbers, we collected sequence informa-

tion on montane voles and the 15 additional rodent spe-

cies with data available for the DRB locus using

Geneious and GenBank. Overall, MHC data comprised

27 studies representing 601 alleles from 5565 individual

animals, 31 populations, and 16 species. We aligned

alleles using Clustal W in MEGA 5.05 and removed all

duplicate alleles, pseudogenes, and alleles with insertions

or deletions, as these may be nonfunctional. We then

trimmed alleles to 171 bp (codons 22–78) for comparable

results across species, and assigned ABS at 15 codon sites

based on Brown et al. (1993). [We repeated analyses for

12 sites according to Bondinas et al. (2007), but because

the results were qualitatively similar, we only present

results from ABS assignment based on Brown et al.

(1993)].

For all 16 rodent species, we compiled four dependent

variables to quantify MHC diversity and indicators of

selection: dN/dS at ABS (indicator of balancing selection),

dS–dN at non-ABS sites (indicator of purifying selection

against structural changes surrounding ABS), average
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nucleotide divergence (p), and number of alleles (indica-

tors of genetic diversity). The variable dS–dN was used to

focus on the extent of excess synonymous substitutions,

as opposed to the ratio dN/dS which places greater

emphasis on nonsynonymous substitutions. Additional

details on these four variables and their predictions are

provided in Table 1.

To examine the influence of species-specific population

dynamics and gene copy number on the strength of selec-

tion and MHC diversity, we assigned each species to a

categorical measure of population dynamics using three

levels: stable, multiannual cycles, or bottlenecked (For full

methods, see Data S1). Genetic variables, including the

estimated number of DRB loci per species (based on

maximum number of alleles observed per individual),

were compiled from the studies that provided sequence

information. These were also found with systematic litera-

ture searches on Web of Science using the search terms

“species binomial name and pseudonyms” and “MHC”

and “class II.” We then restricted our search to studies

focusing on exon 2 of the DRB gene.

For each species in the analysis, we compiled data on

several additional variables that could influence measures

of MHC diversity and evolution. First, to control for the

effect of sampling effort on estimated genetic diversity,

we recorded the number of individuals sampled per study

for each species. Second, body mass is known to scale

with many life-history traits, including population size,

reproductive rate, and evolutionary rate (Martin and

Palumbi 1993), and thus was included as a covariate.

Body mass (g) data were extracted from a previously pub-

lished database of mammalian traits (PanTHERIA; Jones

et al. 2009). Third, effective population size (Ne) can

impact genetic diversity by affecting the realized mutation

rate, strength of selection, and the amount of genetic drift

experienced by a population (Hartl and Clark 1997);

further, Ne has been shown to correlate positively with

measures of genetic diversity (Frankham et al. 2002). As

we could find Ne estimates for only six species in the lit-

erature (Sommer et al. 2002; Zheng et al. 2003; Galbreath

and Cook 2004; Milishnikov 2004; Busch et al. 2007;

J. Winternitz, unpubl. data), we instead used census pop-

ulation size as a correlate of effective population size

(Møller et al. 2008; Garamszegi and Nunn 2011), with

the caveat that the ratio of Ne/N is approximately 0.1

(Frankham 1995). Population size for each species was

estimated by multiplying average population density (indi-

viduals/km2) from the PanTHERIA database by the species

geographic range size (km2) extracted from spatial data

provided by the 2010 IUCN Red List (http://www.iucnred

list.org/technical-documents/spatial-data#mammals), follow-

ing a similar approach taken by previous comparative

analyses (Nunn et al. 2003, 2005). Studies supplying the

genetic data used a mixure of universal and specifically

designed primers for assessment of MHC variability, but

this had no effect on the number of alleles or DRB loci

recovered in a generalized linear model controlling for

sampling effort (log number of alleles: N = 21,

v2 = 0.117, degrees of freedom [df] = 1, P = 0.732; num-

ber of DRB loci: N = 21, v2 = 0.273, df = 1, P = 0.602).

Similarly, four of the 27 studies used 454 pyrosequencing

which may increase the number of alleles recovered com-

pared to more traditional methods (e.g., single-stranded

conformation polymorphism [SSCP], cloning, and direct

sequencing). However, there was no significant effect on

the log number of alleles controlling for sampling effort

(N = 30, v2 = 1.938, df = 1, P = 0.164). Additionally, one

species (Myodes glareolus) was investigated using SSCP,

cloning, and 454 and all methods detected four loci and

similar allelic diversity using traditional or next genera-

tion approaches relative to sampling effort (N = 4,

v2 = 0.002, df = 1, P = 0.963). Our full comparative data

set can be found in Table S1. Variables were log-trans-

formed or square root arc-sin transformed (dS rate data;

Sokal and Rohlf 1995) when necessary to meet normality

assumptions.

We tested for effects of population dynamics and gene

duplication on signatures of selection and MHC diversity.

Model selection was performed using phylogenetic least

squares (PGLS) regression analyses to control for effects

of phylogeny. Our initial full models to explain dN/dS,

dS–dN, log number of alleles, and p included the follow-

ing species trait predictor variables: population dynamics,

number of DRB loci, log body mass (g), log population

size, and log sample size. The PGLS regression was

conducted using the caper package in R (Orme 2011)

using Pagel’s k statistic to account for phylogenetic non-

independence in the predictor and response variables.

Following the recommendations of Bolker et al. (2009),

initial models were simplified by removing main effects

that appeared to have the least impact on the response.

Models with strong support (� 10% Akaike information

criteria corrected for smaller sample sizes [AICc] weight)

were retained in the confidence set shown in Table S3

(Royall 1997). Model-averaged estimates and uncondi-

tional standard errors were calculated using the zero-aver-

aging method (Burnham and Anderson 2002). Rodent

phylogeny was constructed using information from the

mammalian supertree (Bininda-Emonds et al. 2007) and

polytomies were made binary for PGLS using the multi2di

function in the Ape R package (Paradis et al. 2004). We

tested for phylogenetic signal on each predictor variable

as well as on dS and dN at ABS and non-ABS using two

methods: Blomberg’s K and Pagel’s k. Blomberg’s K

(Blomberg et al. 2003) was computed using the picante

package (Kembel et al. 2010) in R; Blomberg’s K
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describes phylogenetic signal of continuous traits, where

K = 1 indicates a trait is evolving under Brownian

motion (stochastic evolution) and K < 1 indicates a trait

has less phylogenetic signal than expected. Pagel’s (1992)

k tests for phylogenetic signal through a variance–covari-
ance structuring of the trait data with the species tree,

and returns a value of k that describes the phylogenetic

signal of the data. When k = 0, the tree is star shaped

and all trait values are independent. When k = 1, the

original tree best explains the phylogenetic structure of

the data (Freckleton et al. 2002).

Results

Allele validation

A total of 34,405 total reads were processed with a cloned

MHC allele serving as a marker identified in 30,697 initial

reads (90%). Of those reads, 21,072 (69%) contained

barcodes that were assigned to 261 out of an initial 284 sam-

ples corresponding to an average of 80.7 (SD = 88.0) reads

per individual. Reads were not assigned to 23 individuals

due to insufficient DNA at earlier processing stages. Based

on the criteria of a minimum of 54 reads for reliable geno-

typing (see Data S1), 127 individuals were retained and final

genotypes were based on 17,874 reads (58% of the initial

number), with the mean coverage at this stage of 140.7

reads (SD = 93.3, range: 54–526). Originally, we identified
82 putative alleles, but 61 were removed from the analysis

because they were classified as artifacts or deemed poten-

tially not functional (following criteria described in Materi-

als and Methods and Data S1). We detected a total of 21

DRB alleles among the 127 individual montane voles with

sufficient read coverage. Sequences of all alleles were depos-

ited in the Dryad repository (doi:10.5061/dryad.h04hr) fol-

lowing the nomenclature of Klein et al. (1990) and labeled

Mimo-DRB*01 through Mimo-DRB*21. BLAST search

confirmed the homology to other rodent DRB sequences

for all alleles (99% to 91% similarity).

The mean number of alleles per individual was 2.19

(SD = 0.67), and the maximum number of alleles in a sin-

gle individual was four, suggesting that the MHC DRB

locus in montane voles is duplicated. A total of 89 individ-

uals had 2 alleles, 34 had 3 alleles, and 4 had 4 alleles. We

found no evidence for genetic recombination or gene con-

version events between aligned sequences and/or ancestral

relicts of such events using GENECONV, MaxChi2, RPD,

or GARD. Results comparing alleles detected with cloning

and 454 sequencing (14/20 individuals had sufficient clones

and read coverage for genotyping) indicated 74% congru-

ence between genotypes determined by the two methods.

Not all alleles detected using 454 sequencing were detected

with cloning, as only 6–10 colonies per individual were

selected, resulting in a 47–76% probability of selecting

every allele at least twice based on binomial probability.

However, all alleles detected in at least two individual PCRs

with cloning were also detected in those same individuals

using 454 sequencing.

Allelic diversity and clustering

There were 67 variable sites of 171 total sites, with a total

of 82 mutations. The average nucleotide divergence across

all sequences (p, average number of substitutions per site

between sequences) was 0.13,299 (�0.016 SD). The aver-

age number of nucleotide differences between sequences

was 22.72 with mean pairwise nucleotide distances of

0.185. The average number of AA differences between

sequences was 6.5 and mean pairwise AA distance com-

puted for all sites ranged from 0 to 0.726, with the aver-

age 0.294.

Alleles did not cluster into groups indicating putative

alleles based on nucleotide divergence using Kimura two-

parameter distances and using a Bayesian approach

(Fig. 1). Allele number per individual (2–4 alleles) indi-

cated a duplicated locus; however, we were unable to assign

individual alleles to putative loci. A PCR artifact such as

allelic dropout (where primers fail to amplify specific

alleles) may be present or montane voles may vary in their

gene copy number. Although intraspecies gene copy num-

ber variation has been found in other species (carnivores,

Bowen et al. 2004; primates, Bontrop 2006; rodents, Kloch

et al. 2010), it is also possible that the generic primers used

in this study were biased toward specific loci and may have

missed a fraction of alleles. Species-specific primers would

be necessary to test whether we have captured the complete

variation at the DRB in M. montanus.

Molecular evidence of balancing selection

Neither nucleotide nor AA pairwise differences was higher

at ABS (10.5 � 1.7 and 4.8 � 0.9) than at non-ABS

(12.2 � 1.8 and 6.5 � 1.3), indicating that measures of

selection were not necessarily stronger for sites involved

in antigen recognition. The ratio of dN/dS at the ABS

was less than 1, indicating no support for balancing selec-

tion (Table 2). Considering only non-ABS codons

(N = 42) and all codon sites (N = 57), the ratio of dN/dS

was significantly less than 1, and purifying selection was

indicated indirected Z-tests (w < 1) (non-ABS, P = 0.03;

all sites, P = 0.02; Table 2). The codon-based maximum

likelihood methods also detected signatures of purifying

selection at a greater frequency than positive selection.

Only one codon (codon 26) was identified as positively

selected (posterior probability >95%) based on congru-

ence with two or more methods (FEL and MEME,
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Table 3). In contrast, based on results from MEME,

SLAC, FEL, and REL, three codons were identified as

undergoing episodic diversifying selection (codons 26, 30,

and 57) and eight were identified as undergoing purifying

selection at non-ABS sites (codons 29, 36, 42, 43, 49, 54,

58, and 62; Table 4; Fig. 2).

Table 1. Dependent variables used in the comparative analysis representing MHC diversity and indicators of selection.

Dependent variable Indicates Interpretation Prediction

dN/dS at ABS Historic balancing selection High dN/dS indicates positive selection

at sites that recognize pathogens

Reduced in species with non-functional duplicated

loci; reduced in species with lower effective

population sizeand stronger genetic drift

dS-dN at non-ABS Purifying selection High dS–dN indicates greater rates of

silent substitutions that preserve

amino acid configurations at sites

surrounding ABS

Higher in species with duplicated loci to preserve

allelic divergence; reduced in species with lower

effective population size and stronger genetic drift

Average nucleotide

divergence (p)

Genetic diversity Extent of variation between sequences Higher in species with duplicated loci; higher in

species with larger effective population size

Number of alleles Genetic diversity Number of unique sequences Higher in species with duplicated loci; higher in

species with larger effective population size

 Mimo-DRB*17

 Mimo-DRB*04

 Mimo-DRB*13

 Mimo-DRB*10

 Mimo-DRB*01

 Mimo-DRB*14

 Mimo-DRB*15

 Mimo-DRB*06

 Mimo-DRB*11

 Mimo-DRB*09

 Mimo-DRB*02

 Mimo-DRB*18

 Mimo-DRB*07

 Mimo-DRB*05

 Mimo-DRB*16

 Mimo-DRB*12

 Mimo-DRB*20

 Mimo-DRB*08

 Mimo-DRB*03

 Mimo-DRB*21

 Mimo-DRB*19

 GU825729 Tupaia belangeri Tube-DRB*01

59

56

99

68

99

78
98

59

52

69

0.05

(1)

(0.88)

(0.93)

(0.97)

(0.94)

(0.88)
(0.59)

(1)

(1)

(0.86)

Figure 1. Neighbor-joining (NJ) phylogeny and Bayesian estimated posterior probabilities for all 21 M. montanus (Mimo-DRB) alleles using a tree

shrew (Tupaia belangeri) sequence as an outgroup (GenBank accession no. GU825729). We constructed the NJ phylogeny with the Kimura-two

parameter nucleotide distance considering all sites. Node numbers indicate bootstrap support �50 (5000 replicates) and numbers in parentheses

indicate Bayesian posterior probabilities above 80%. Scale bar indicates the genetic distance. Alleles are partitioned hierarchically into two groups

representing two putative loci.
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Phylogenetic evidence of balancing
selection

To compare M. montanus DRB alleles to those of other

rodents and to examine evolution in MHC allelic lineages,

we constructed a phylogenetic tree of 16 rodent species

using DRB sequence data (Fig. 3). M. montanus alleles

clustered among alleles from its nearest relatives, the bank

vole (M. glareolus) and root vole (Microtus oeconomus).

Across all rodents, there was evidence of transspecies

evolution at the DRB, indicating that ancestral alleles with

important functions are retained in descendant species

(Takahata 1990), although similar patterns could arise

from convergent evolution. Alleles from some distantly

related species, including tuco tucos (Ctenomys talarum),

the Malagasy giant rat (Hypogeomys antimena), the

banner-tailed kangaroo rat (Dipodomys spectabilis), and

the Eurasian beaver (Castor fiber) formed monophyletic

clades, while other alleles were shared among close rela-

tives (e.g., Spermophilus citellus and S. suslicus, Apodemus

flavicollis and A. sylvaticus) (Fig. 3). Some rodent DRB

alleles were widely dispersed across multiple species

(Gerbillurus paeba, Rhabdomys pumilio, Rattus rattus,

Peromyscus maniculatus, A. flavicollis, A. sylvaticus, and A.

terrestris), indicating that balancing selection may have

preserved alleles across speciation events.

Predictors of selection and MHC diversity
across rodents

Rates of nonsynonymous (dN) and synonymous substitu-

tions (dS) across 601 DRB exon 2 sequences from 16

rodent species were associated with categorical measures

of population dynamics and the presence of gene duplica-

tion. Most rodent species included in this study showed a

significantly elevated rate of dN to dS (dN/dS>1) at the

functionally important ABS (Fig. 4A), consistent with

other work showing that historic positive selection acts to

increase diversity at these sites (Bernatchez and Landry

2003; Sommer 2005). However, four of five species with

“cyclic” population dynamics (and potentially lower effec-

tive population sizes) did not show evidence of positive

selection on MHC based on nondirected Z-tests

(P > 0.05). Testing for negative selection with directed Z-

tests at non-ABS sites across species revealed significantly

higher dS than dN in four of six species with duplicated

loci, consistent with expectations that purifying selection

retaining structural formation surrounding ABS may be

the norm for duplicated MHC loci (Fig. 4B, Table S2).

To identify predictors of signals of selection and diver-

sity at the MHC while controlling for shared evolutionary

history and other species traits, we performed PGLS linear

models. The confidence set of models for all four predic-

tor variables (dN/dS at ABS, dS–dN at non-ABS, average

nucleotide divergence (p), and number of alleles) had sig-

nificant intercepts and full model P-values less than 0.05

(Table S3), indicating that these models were valid. The

confidence sets of models showed no evidence for phylo-

genetic signal explaining the response variables (Table

S3), indicating that evolutionary history did not strongly

Table 3. Codons under selection based on significance determined

from at least two of three different codon-based maximum likelihood

methods.

Type of selection Codon Models (S, F, R, M)

Episodic diversifying 26 M

301 M

57 M

Positive 26 F, M

Negative 29 F, R

36 F, R

42 S, F, R

43 S, F, R

49 S, F, R

54 F, R

58 S, F, R

62 F, R

S, single likelihood ancestor counting; F, fixed effects likelihood; and

R, the less conservative random effects likelihood. M, episodic selec-

tion is based on significant results from mixed effects model evolu-

tion. Significance was determined with a < 0.05 or Bayes Factor >50,

respective to the likelihood model.
1Denotes ABS site based on Brown et al. (1993).

Table 4. Summary of sequence and allelic diversity for all 21 Micro-

tus montanus DRB alleles.

Mean nuc.

distance (SE)

Mean AA

distance (SE)

Total allele

count (%)

No. animals

with alleles

0.19 (0.03) 0.29 (0.07) 281 127

Nuc. refers to nucleotide, AA refers to amino acid.

Table 2. Nonsynonymous (dN) and synonymous (dS) substitutions (�
SE from 5000 bootstraps) as well as their ratio in ABS and non-ABS

based on sites defined by Brown et al. (1993).

Site DN dS dN/dS

P w

6¼ 1

P w

< 1

ABS

N = 15

0.311 � 0.118 0.407 � 0.167 0.765 0.585 0.291

Non-ABS

N = 42

0.084 � 0.020 0.237 � 0.064 0.353 0.065 0.030

All sites

N = 57

0.131 � 0.026 0.276 � 0.060 0.474 0.039 0.020

ABS, antigen-binding sites; N, number of codons in each category; P,

probability (a < 0.05) that dN and dS are different (w 6¼ 1) and that

dN<dS (w < 1) using a Z-test. Significant P-values are in bold.
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influence these analyses. This was generally the case for

the predictor variables as well, as most species traits did

not show phylogenetic signal using Blomberg’s K or

Pagel’s k (Table S4). However, the presence of gene

duplication had a significant k value (k = 0.81, P = 0.00),

as did the rate of dN at ABS (k = 1, P = 0.00), indicating

that more closely related species were more likely to share

duplication status and dN rates than expected by chance.

Of the four dependent variables we examined in our

multivariate models, all had models with statistically

significant predictor variables (Table S5). In particular,

the log number of alleles was significantly greater for spe-

cies characterized as stable than for bottlenecked species

(Fig. 5A). An analysis of variance on the log number of

alleles yielded significant variation among species by pop-

ulation dynamics (F2,15 = 6.06, P = 0.01), and a post hoc

Tukey test further showed that stable species had signifi-

cantly greater number of alleles than bottlenecked, but

not cyclic, species at P < 0.05 (Fig. 5A). When consider-

ing effects of gene duplication on measures of selection

and genetic diversity across rodent species, both nucleo-

tide diversity and the strength of negative (purifying)

selection increased with the number of DRB loci (our

measure of MHC gene duplication; Fig. 5B). The strength

of balancing selection (dN/dS at ABS) was negatively

related to log population size and positively related to

log body mass, potentially indicating that realized substi-

tution rate at ABS is affected by population size and

life-history traits. No other predictor variables were signif-

icantly associated with measures of genetic diversity or

selection at the MHC.

Discussion

We found moderate levels of genetic diversity at the DRB

locus in montane voles (21 alleles detected in 127 individ-

uals; close to the average of the 16 rodent species from 31

populations used in this study based on a log-allele to

log-sample size regression: [y = 0.207x + 0.74; R2 = 0.093]).

Because this species undergoes high-amplitude population

fluctuations that could lead to diversity loss through

genetic drift, we further tested for evidence of historic

balancing selection to explain the maintenance of this

high diversity. Our results showed that the DRB in mon-

tane voles lacks molecular signals of balancing selection

based on dN/dS ratios, but does show evidence of balanc-

ing selection based on the transspecies persistence of

alleles. In other words, because montane vole alleles also

appear across multiple rodent species, this implies these

alleles have persisted longer than neutral polymorphisms

Allele

Mimo-DRB*01 Q R V R Y L Y R D I Y N Q E E V V R F D S D V G E Y H A V T E L G R S D A E V W N S Q K E V L E D A R A A V D T Y

Mimo-DRB*02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*04 . . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*06 . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*09 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M .

Mimo-DRB*13 . . . W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*17 . . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mimo-DRB*08 . . . W L . D . Y F . . . . . N . . . . . . . . K . L . . . K M . E L E . K N . . . R . . L . . . . . . G . . . .

Mimo-DRB*12 . . . W L . D . Y F . . . . . N . . . . . . . . . . L . . . K M . E L E . K N . . . R . . L . . . . . . G . . . .

Mimo-DRB*16 . . . W L . D . Y F . . . . . N . . . . . . . . . . L . . . K M . E L E . K N . . . R . . L . . . . . . G . . . .

Mimo-DRB*20 . . . W L . D . Y F . . . . . N . . . . . . . . K . L . . . K M . E L E . K N . . . R . . L . . . . L . G . . . .

Mimo-DRB*03 . . . . F . D . Y F . . . . . Y A . . . . . . . . . . . . N . . . Q P . . . Y . . . . . . L . . Q K . S L L . . .

Mimo-DRB*19 . . . . F . D . Y F . . . . . Y A . . . . . . . . . . . L N . . . Q P . . . Y . . . . . . L . . Q K . S L L . . .

Mimo-DRB*21 . H . . F . D . Y F . . . A . Y A . . . . . . . . . . . . N . . . Q P . . . Y . . . . . . L . . Q K . S L L . . .

Mimo-DRB*05 . . . . F . D . Y F . . . . . Y . . . . . . . . . . I . . N . . . . P S . . Y . . . . . . . . . . . . . . . . . .

Mimo-DRB*07 . . . . F . D . Y F . . . . . Y . . . . . . . . . F I . . . . . . . P . . . Y . . . . . . G M . . T . . . . . . .

Mimo-DRB*18 . . . . . . . . . . . . . . . H . . . . . . . . . F I . . . . . . . P . . . N . . . . . . . . . G R . . . . . . .

* * * * * * * * * * * *

7022 30 40 50 60

Figure 2. Alignment of 21 identified amino acid sequences of the partial DRB exon 2 of the montane vole, Microtus montanus (Mimo-DRB). A

dot indicates congruence with the amino acid sequence of Mimo-DRB*01. Gray shading denotes antigen binding sites (ABS) according to Brown

et al. (1993) and astericks at the bottom of the table denote ABS according to Bondinas et al. (2007).
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(Takahata and Nei 1990) due to balancing selection

retaining adaptive alleles. However, the transspecies poly-

morphism detected across 16 rodent species in this study

may result from greater similarities between alleles shared

between ancestral duplicated loci compared to alleles

from paralogous loci within the same species. It is inter-

esting that evidence from the DRB gene supports the con-

servation of alleles across species, a pattern that diverges

from the DQA (a different MHC II gene) which does not

show clear evidence for transspecies polymorphism in

rodents (Pfau et al. 1999). Whether this difference in alle-

lic preservation is due to biological function or architec-

ture of the specific genes remains to be determined. We

also found no evidence of recombination at the DRB in

montane voles, in accord with results from six other mam-

mal species (Furlong and Yang 2008), indicating that, in

general, recombination has not made significant contribu-

tions to DRB variation (but see Richman et al. [2003]).

However, recombination was found at the DQA locus in

three Old World vole species (Bryja et al. 2006), high-

lighting that different mechanisms could be responsible

for generating high diversity in different MHC loci,

despite their similar functions and close proximity to each

other.

We found strong evidence for purifying selection operat-

ing on the DRB locus of M. montanus using multiple

(3)

(1)

(1)

(4)

(2)

(1)

(1)

(1)

(4)

(1)

(1)

(1)

(1)

(1)

(2)

Microtus montanus (2)

Figure 3. Trans-species polymorphism of the MHC class II DRB gene in 16 rodent species. The DRB tree on the right is a neighbor-joining

phylogeny of all 21 M. montanus DRB alleles (in black) compared with 45 DRB sequences from 15 different rodent species, using a tree shrew

(Tupaia belangeri) and white-tailed deer sequence (Odocoiles virginianus) as outgroups. GenBank ascension numbers are given after each species

name. M. montanus alleles (Mimo-DRB colored black) cluster among its nearest relatives, the bank vole (Myodes glareolus) and root vole

(Microtus oeconomus). The scale bar indicates genetic distance in units of nucleotide substitutions per site. The species tree on the left was

derived from the mammal supertree (Bininda-Emonds et al. 2007) and depicts the evolutionary divergence between species, with the scale bar

indicating Myr. Numbers at the tips indicate the putative number of DRB loci for each species. M. montanus is boxed.
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codon-based likelihood methods. This result runs counter

to evidence for balancing selection that appears to be a rule

for DRB evolution in other mammal species (Bernatchez

and Landry 2003). In montane voles, purifying selection

appears to be acting at eight non-ABS sites (codons 29, 36,

42, 43, 49, 54, 58, and 62) as detected by the codon-based

likelihood methods used here. Importantly, two non-ABS

sites (codons 36 and 54) also showed signals of purifying

selection in six other mammal species (Furlong and Yang

2008), raising the question of why purifying selection might

operate on the MHC. One answer might be that conserved

regions that experience purifying selection are important

for the basic structural elements of the ABS, beyond the

more variable sites that recognize specific epitopes. Purify-

ing selection might also occur when duplicated loci develop

specific roles for resistance to specific pathogens or mate

choice and undergo reduced evolutionary rates of selection

(Jordan et al. 2004).

Our comparative analysis examined whether other

rodent species show weak molecular evidence of balancing

selection and strong evidence of purifying selection at the

MHC, similar to M. montanus. We found some evidence
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Figure 4. Evidence of balancing selection at the antigen binding sites (ABS) (Brown et al. 1993) and negative selection at non-ABS across 16

rodent species and Tupaia. (A) The ratio of nonsynonymous to synonymous substitutions per site (dN/dS) was calculated at non-ABS (open bar)

and ABS (filled bar) sites separately for each species. Significant departures from neutrality (dN/dS) = 1 at the ABS were determined with codon

based Z-tests using the Nei-Gojobori method with Jukes-Cantor correction in Mega 5.05. Variance was computed using the bootstrap method

(1000 replicates). Asterisks denote significance at P < 0.05 (See Table S2 for P-values). Dotted line indicates neutrality (dN/dS) = 1 and open

circles indicates species with cyclic population dynamics. (B) Evidence of purifying selection at non-ABS across 16 rodent species and Tupaia. We

performed codon-based Z-tests as above. The test statistic (dS-dN) was calculated for non-ABS (open bar) and ABS (filled bar) sites separately for

each species. Astericks denote significance at P < 0.05 and open triangles indicate species with duplicated DRB genes (See Table S2 for P-values).
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that cyclic species (those that undergo regular population

fluctuations, such as montane voles) may experience

weaker positive selection than noncyclic species. On the

other hand, other studies on rodents showed that high

variance in population size does not negatively affect

genetic diversity at neutral markers (Berthier et al. 2006).

In fact, some previous studies found high neutral genetic

diversity in periodically fluctuating rodent populations

and concluded that increased gene flow through move-

ment of individuals with novel genotypes during the low

abundance phase (when population structure is more

fluid) could counter the force of genetic drift (Ims and

Andreassen 2005; Aars et al. 2006), pointing to the

importance of meta-population dynamics. Indeed, high-

amplitude fluctuations in abundance might cause an

increase in genetic diversity if dispersal is negative

density-dependent and if alleles invade adjacent popula-

tions during the low phase in population cycles (Ehrich

et al. 2009). We also found evidence that species with

larger population sizes and relatively smaller bodied spe-

cies may experience weaker positive selection. This may

due to a smaller realized substitution rate in larger popu-

lations where mutations for nonsynonymous substitutions

take longer to spread within the population.

Species that undergo severe and/or repeated population

bottlenecks could experience different evolutionary forces

than those that undergo more regular population cycles.

In fact, cyclic populations tend to have relatively large

population sizes and are characterized by interconnected

meta-populations with frequent opportunities for gene

flow (Berthier et al. 2006). In contrast, bottlenecked pop-

ulations tend to be isolated and without opportunity for

rescue effects to replenish lost alleles. In our comparative

analysis, we found lower allelic richness in bottlenecked

species. Similarly, an earlier meta-analysis focusing on

bottleneck effects found that both neutral and nonneutral

diversity were lower in bottlenecked species, and further

showed that two measures of MHC diversity (heterozy-

gosity and allelic diversity) were reduced 15% more than

neutral genetic diversity, possibly due to the combined

effects of genetic drift and negative frequency-dependent

selection acting to imbalance the frequency of alleles

(Sutton et al. 2011).

Our comparative analysis provided strong support for

an association between gene duplication and greater

measures of purifying selection and allelic diversity at the

DRB. This result is most consistent with the hypothesis

that gene duplication allows diverse alleles to take on

specific roles and purifying selection acts to maintain

functional divergence between alleles on different copies

of the locus (Hughes and Friedman 2004; Axtner and

Sommer 2007). As multiple MHC loci have been reported

from different taxonomic groups (fish, Reusch et al. 2004;

mammals, Bryja et al. 2006; birds, Zagalska-Neubauer

et al. 2010), and these loci could potentially contribute to

increasing allelic diversity vital for immune function, it is

important to consider the potential causes behind MHC

gene copy number variation. Selection against T-cell

depletion and autoimmune disease may be a force oppos-

ing increasing gene duplications (Nowak et al. 1992;

Woelfing et al. 2009; Kloch et al. 2010). At present, it

remains an open question as to what species traits, which

might include life-history traits, population size, and

MHC architecture, are most strongly correlated with

MHC diversity and gene duplication.

We have concerns that our use of generic primers may

not have captured the full allelic diversity in M. mont-

anus, which was shown to have multiple loci that may

have experienced purifying selection maintaining
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Figure 5. Interspecific trait effects on signals of selection and

nucleotide diversity at the DRB in 16 rodent species. (A) Relationship

between population dynamics categorized as stable, cyclic, and

bottlenecked, and DRB allelic richness. N indicates sample size and

error bars indicate 95% confidence intervals. (B) Relationship between

the number of DRB loci per species and average nucleotide

divergence (p, black diamonds) and strength of purifying selection

(dS–dN at non antigen binding sites, open squares). For the secondary

y-axis, zero indicates equal rates of synonymous and nonsynonymous

substitutions, while positive values indicate negative selection for

amino-acid changing substitutions. The black dotted line is the linear

best fit for p, and the gray dotted line is the linear best fit for

“purifying selection.”
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functional divergence. This is a general problem for non-

model species as many have been shown to have both

inter- and intraspecific copy number variation (Bowen

et al. 2004; Bontrop 2006; Kloch et al. 2010). Use of next

generation sequencing technology has improved the char-

acterization of allelic diversity by increasing sampling cov-

erage (Oomen et al. 2013), and has successfully been used

to amplify multiple loci among 24 rodent species even

using generic primers (Galan et al. 2010). Our study also

utilized 454 pyrosequencing and generic primers to

amplify multiple DRB loci, yet we acknowledge this is a

preliminary characterization for M. montanus, and

species-specific primers would be necessary to recover the

full MHC allelic diversity and reliably genotype individu-

als for disease associations.

In summary, our study provides empirical support for

gene duplication as a mechanism that could maintain

genetic diversity at the MHC in montane voles that

undergo population fluctuations, and corroborates this

result using evidence from multiple rodent species in a

phylogenetically controlled analysis. More generally, puri-

fying selection acting on duplicated loci could cause the

high divergence between alleles observed among species

with duplicated DRB genes. In addition, we found

evidence that population demographics influence the

strength of historic balancing selection, causing reduced

allelic diversity in bottlenecked populations and reduced

positive selection in cyclic rodents. These results illus-

trate that patterns of natural selection in wild popula-

tions are shaped by gene duplications and demographic

history.
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