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Understanding drivers of genetic diversity at the major histocompatibility
complex (MHC) s vitally important for predicting how vertebrate immune
defencemightrespondtofutureselectionpressuresandforpreservingimmu-
nogenetic diversity in declining populations. Parasite-mediated selection is
believed tobethemajorselectiveforcegeneratingMHC polymorphism,and
whileMHC-basedmatingpreferencesalsoexistformultiplespeciesincluding
humans, thegeneralimportanceofmatechoiceisdebated. Toinvestigatethe
contributionsofparasitismand sexual selectioninexplainingamong-species
variation in MHC diversity, we applied comparative methods and meta-
analysis across 112 mammal species, including carnivores, bats, primates,
rodentsandungulates. WetestedwhetherMHCdiversityincreasedwithpara-
siterichnessandrelativetestessize(asanindicatorofthe potentialformate
choice), while controlling for phylogenetic autocorrelation, neutral mutation
rate and confounding ecological variables. We found that MHC nucleotide
diversityincreasedwithparasiterichnessforbatsandungulatesbutdecreased
withparasiterichnessforcarnivores.Bycontrast,nucleotidediversityincreased
with relative testes size for all taxa. This study provides support for both
parasite-mediated and sexual selection in shaping functional MHC poly-
morphism across mammals, and importantly, suggests that sexual selection
couldhaveamoregeneralrolethanpreviouslythought.

1. Introduction

Asignificantfractionofthemammalgenomeisdedicated toimmunedefence,
andimmune genesarewellknown fortheir geneticvariability [1,2]. Parasites
havelongbeenviewedasamajorselectiveforceinshapinghostgeneticdiver-
sity[3,4],andtherateofadaptiveevolutionforgenesthatinteractmostdirectly
with pathogens canbe exceptionally high [5]. Sexual selection can also influ-
ence immunogenetic variation; in particular, the ‘good genes’ hypothesis for
resistance to parasites has been invoked to explain why some animals hold
mating preferencesintheabsence of directbenefits of being choosy[6]. Thus,
direct effects of parasites on host fitness, combined with sexual selection for
mates that might confer beneficial genes to progeny, are the two most likely
forcesshapingimmunogeneticdiversityinanimals.
Themajorhistocompatibilitycomplex(MHC)isanidealcandidateforiden-
tifyingfactorsthatdetermineimmunegenediversity,becauseitplaysacrucial
role in immune defence for virtually all vertebrates and can mediate mate
choiceinavarietyofspecies,includinghumans|7,8]. TheMHCencodesglyco-
proteinsthatbind toforeignantigensand presentthemtoT-cells, initiatingan
immune response [9]. There are two major groups of MHC genes: class I
responds to intracellular pathogens and class II interacts with extracellular
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pathogens[10].Inparticular, theclassIIDRBlocushasbeen
extensively studied because of its high allelic diversity, and
bothdiversityandspecificallelesatthislocuspredictparasite
resistanceinanimals[7]. TheDRBexon2regionencodesthe
functionally important antigen-binding sites (ABS) that
recognize pathogen peptides, with evidence of intense posi-
tive selection at codons along the sequence [10]. Because
different ABS bind to different pathogen proteins, multiple
alleles are required to confer resistance to diverse pathogen
strainsand species[9].

Past work showed that even endangered species (which
otherwiseharbourextremelylowdiversitybasedonselectively
neutralloci)candisplayhighMHCgenotypicdiversity[11-13]
withsuchobservationsattributedtostrongbalancingselection
operatingonMHCloci[3,7]. Despitethepotential foruniver-
sally strong selection on MHC genes across vertebrate taxa,
speciesdodifferintheirlevelsof MHC variability [14]. Some
of this variation can be explained by differential parasite
pressure across species [15], but mechanisms underlying
among-speciesvariationinMHC haverarely beenstudied in
acomparativesense(butsee[15-17]).

Theorysuggeststhatdisassortativematingcouldalsopre-
serve allelic diversity across MHC loci [18], and numerous
species,includingrodents, fishes,birdsandhumanscandis-
cernMHC genotypesbasedonolfactoryandothercues[19-
21], and prefer scents of mates with complementary or dis-
similar MHC genotypes [22,23]. A key challenge facing
researchersstudyingmatechoiceand MHC isthatecological
and demographic factors influence the opportunity forand
benefitsofbeingchoosy[24]. Asaresult,moststudiesshow-
ingMHC-based mating preferenceswithinspeciesarebased
onlaboratoryorcaptiveexperiments,andstudiesconducted
onwild populationshaveshownmixed results[25,26].

Here, we use acomparative approach to investigate the
relative influence of the two proposed main selective forces
on MHC polymorphism: parasite-mediated selection and
sexual selection. Our analysis focuses on mammals from
five orders, as mammals have been relatively well studied
for MHC variation, parasites and infectious diseases, and
traits associated with sexual selection and reproductive
skew. Key questions motivating this study were: (i) how
does MHC diversity vary across mammal groups? (i) are
measures of allelic and nucleotide diversity elevated in
species with higher potential for mate choice? (iii) is MHC
diversity also elevated in species with greater parasite rich-
ness? and (iv) is there an association between parasite
richness and degree of sexual selection, and how might this
interactionshape therelationship withMHC polymorphism?
We estimated the potential for sexual selection using relative
testessizeasaproxyforcompetitionamongmalestoproduce
offspring, as past work showed this measure is greater in
specieswithpromiscuousorpolygynous(asopposedtomon-
ogamous)matingsystems[27-29].Toinferselectionpressures
exertedbydiverseparasitecommunities,weaugmentedexist-
ing data on parasites and pathogens (including viruses,
bacteria, protozoa,helminthsandarthropods)fromfree-living
mammal populations [30-32]. We used phylogenetically
informedanalysestotestkeypredictorsofimmunegenesdiver-
sity acrossspecies, controlling for the potential effects of host
phylogeny, ecological traits and uneven sampling effort. We
also used meta-analyses to compare effect sizes across taxa
and to better support the generality of the findings. To our
knowledge, thisworkrepresentsthefirsttestoftheimportance

of sexual selection for explaining immunogenetic variation
acrossawiderangeofmammals.

2. Material and methods
(a) Major histocompatibility complex data

Sequence data for 112 mammal species were compiled from
GenBankusingG ENEIOUs v.5.6.3.Wefirstperformedapreliminary
searchwiththekeytermMHCclass[IDRB’ recoveredallmammal
sequences and retained sequences including exon 2 of the DRB
locus. Wealsosearched on Web of Scienceand Biosisusingeach
previously identified species Latin binomial and MHC as key
terms. Sequences from subspecies were combined at the species
level, andwefollowedthetaxonomyofWilson&Reeder[33].Pri-
mate taxonomy followed the nomenclature from the Global
MammalParasiteDatabase[30]and thedatasetfromGaramszegi
& Nunn [15] to correspond with parasite data. For each species,
we recorded the number of animals sampled at the DRB locus
because more alleles tend to be discovered as more individuals
aresequenced.

Sequences were grouped according to Order (Carnivora,
Chiroptera, Primate, Rodentia and Artiodactyla), imported into
MEeGa v 5[34JandalignedbyMUSCLE[35] Becausesequencesdif-
fered in length, we trimmed all exon 2 sequences to 171bp to
estimatesubstitutionrates. Weremoved pseudogenesandalleles
withnucleotide insertions or deletions that might representnon-
functioningalleles. Wealsoremoved DRB6allelesfromprimates,
asthislocusisthoughttobenon-functional[36]. Wechecked for
duplicates within species and removed non-unique sequences.
Finalnumbers of sequences were recorded asnumbers of alleles
per species. For analyses of allelic richness, we used residuals
fromaregressionanalysisoflog(numberofalleles)onlog(number
ofanimalssampled )tocontrolforunevensamplingacrossspecies.

Rates of selection for functional variation is a biologically
important measure of diversity, especially for sites that encode
proteins responsible forbinding to foreign peptides (ABS[10]).
To estimate substitution rates, we used the most commonly
used method [37] with correction for multiple substitutions at
thesamesite[38].M EGa v.5wasusedtocomputewithin-species
averagesforaminoacidchangingnon-synonymoussubstitutions
(dN) at 15 ABS based on [39]. We repeated this process for
synonymoussubstitutions(d S)at ABStoprovideabaselinefor
neutralsubstitutionrates. Weavoided using theratiod N:dS at
ABSasin[15],ascorrelations withratios maybe moredifficult
tointerpret,beinginfluencedbyboththenominatoranddenomi-
nator However,wealsoranallanalysesusingthisratio,andresults
were generally consistent (see the electronic supplementary
material, figures S1 and S2, though power to detect significant
associationswasreducedowingtosomespecieshavingnosynon-
ymoussubstitutionsatthe ABS). Weconsidered usingalternative
ABSsites determined using the consensus of codon-based maxi-
mum-likelihood methods [40] applied to each main order
sequence set (e.g. carnivore, bat, primate, rodent and ungulate).
However,thesepredictedsiteswerestronglyandsignificantlycor-
related with the 15 peptide-binding region residues determined
based on protein crystallography (Pearson’s correlation ranged
from r(29) =049, p <0.01, primates, to r(12) =0.93, p < 0.001,
rodents). In addition, these 15 sites are known to be involved
withantigenbindingand havebeenshowntobeunderpositive
selectionacrossadiversesetoftaxa(carnivores, rodentsand pri-
mates [41]; bats [42]). Therefore, we focus analyses on these
documented 15 ABSsites, though analyses with putative taxon-
specificABSsitesshowoverallconsistentresults(seetheelectronic
supplementary material, figure S3). The number of MHC alleles
varies by allelic lineage [43] and by the number of duplicated
DRBloci[44]. Becausemostspeciesinourdatasetarenon-model
organismsandbecausenoinformationisavailableonthespecific
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DRBlineageorgenecopynumber,wecouldnotincludethesevari-
ablesinouranalysis. We compiled thenumberofrecorded DRB
lociforeachof61mammalspeciesforfollow-upanalyses.

(b) Parasite data

Hostsexposedtoamorediverseparasiteassemblagecouldexperi-
ence selection for greater genetic diversity for resistance [16].
Because MHC class II genes recognize extracellular parasites,
theremightbestrongerrelationshipsbetweenparasiteswith pro-
minent extracellular stages (such as helminths, arthropods and
somemicrobes)andmeasuresofDRBdiversity.Wecompiledpara-
siterichness dataforeachhostspeciesusing theGlobalMammal
ParasiteDatabase(www.mammalparasites.org),themostcompre-
hensivecollectionofpublishedrecordsofparasiticorganismsfrom
free-livingmammals[30].Foreachhostspecies,werecordedpara-
site richness as the total number of viruses, bacteria, protozoa,
helminthsandparasiticarthropods,asdefinedatthespecies-level
basedoncurrenttaxonomicschemes.Wealsorecordedseparately
thenumbersofhelminths(thoughttohavestrongcoevolutionary
relationships with their hosts), microparasites (viruses, bacteria
and protozoa)and macroparasites (helminthsand arthropods) to
test whether some groups were more strongly associated with
MHCclasslIdiversitythanothers.Wecouldnotexamineallpara-
sitesubgroups(e.g.virusesandbacteria)individuallyowingtolow
numbersforsomehosttaxa.

Parasiterichnessestimates dependstrongly onresearcheffort
[45]; better-studied host species tend to have more parasites
reported to infect them. We therefore controlled for uneven
sampling effort among hosts using the total number of citations
for each host species (using Latin binomials and common taxo-
nomic variants) from Web of Scienceas anindicator of scientific
effortperhost. Following previousstudies[15,31,46,47], weused
citationcountstocontrolforresearcheffortinsteadofthecumulat-
ivenumberofindividualhostssampledacrossallstudies,assome
studiesdidnotpublishthenumberofanimalssampled,andother
studies had high sample sizes despite testing for only a single
parasite. Weusedresidualsfromaregressionanalysisoflog(para-
site richness) against log(citation count) ( R? =0.45, Fi96="78.29,
p < 0.001)toestimatecorrected parasiterichnessperhost.

() Estimates of sexual selection and ecological traits
Genetic mating system, and specifically the potential for female
matechoice(asfemalestendtobethechoosiersex[48]) isexpected
toinfluencethestrengthofsexualselectionontheMHC Femalesin
monogamousorpolygynousmatingsystemsarelikelytobemore
constrained in their choice for mates that can provide direct or
indirectbenefits[49].Bycontrast, femalesinpromiscuousorpoly-
androusmatingsystemsareexpectedtohavegreateropportunity
toselectamongpotentialmates. Relativetestessize (testesmass/
bodymass)wasusedasaproxyforfemalepromiscuityandoppor-
tunitiesformatechoice,asthismeasurehasbeenshowntopredict
sexualselectionandmatingsystemacrossmammals(e.g.primates
[27]; rodents [28]; carnivores [29]) and it is available for a large
numberofspecies. Wecompiled testesmassdataand malebody
massfromtheliterature(seetheelectronicsupplementarymaterial,
datasetS1).Insomeinstances,onlytesteslength,circumferenceor
volumemeasurementswereavailable,andinthosecases,wecon-
vertedthesedatatomassusingthemethodof[27]. Wethenused
theresidualsfromaregressionanalysisoflog(testesmass)against
log(malebodymass)toobtainrelativetestessizeperspeciesand
performedthisseparatelyforeachtaxonomicgroup.
Foreachmammalspecies,wealsocompileddataontwovari-
ablesthat could strongly influence parasitism, matingbehaviour,
and/orMHC diversity and evolution. First, effective population
size ( N,) can impact genetic diversity by affecting the realized
mutation rate, strength of selection and the amount of genetic
drift experienced by a population [50]. N, can also influence

parasiterichnessmeasuresaslargerpopulationscantheoretically
retainmoreparasitesthansmallerpopulations[51,52].Inaddition,
specieswithgreaterpopulationdensitymightharbourmorepara-
sites with density-dependent transmission [53], and species with
largergeographicalrangesizescouldencounteragreaterdiversity
ofparasites[31,32]. Weused censuspopulationsizeasaproxyfor
effectivepopulationsize, withthecaveatthattheratioof N./N is
approximately0.1onaverage[54]. Populationsizewasestimated
bymultiplyingaveragepopulationdensity (individualsperkm 2
from the PAnTHERIA database [55] by the species geographical
range size (km ?) extracted from spatial data provided by the
2010 International Union for Conservation of Nature Red List
(http://www.iucnredlist.org / technical-documents /spatial-data#-
mammals, last accessed on 6 July 2012). Previous studies have
shownthatthismeasureofpopulationsizeisasignificantpredictor
ofboth N [15,56]andparasiterichness[52].Second, bodymassis
knowntoscalewithmanylife-historytraits, includingpopulation
size,reproductiverate,evolutionaryrate[57]Jandparasitediversity
[31,32,52] andthuswasincludedasacovariate Bodymass(g)data
wereextracted from PanTHERIA [55], orwhennotavailable, the
primary literature. Our full comparative dataset canbefound in
theelectronicsupplementarymaterial S1.Variableswerelogtrans-
formedorsquarerootarcsintransformed(d S ratedata;[58])when
necessary to meet normality assumptions, and no predictor
variablesshowedstrongcollinearity( 7 < 0.07)[59].

(d) Comparative analyses
WetestedwhetherlogMHCallelicdiversityandratesofpositive
selection(d N)atfunctionalsites(astwoseparatedependentvari-
ables) were associated with parasite richness and estimates of
sexualselection. Becausecloselyrelated speciesaremorelikely to
share genetic and life-history traits [60], we used phylogenetic
least-squares(PGLS)regressionsthathandlephylogeneticstructure
throughavariance—covariancematrix[61]. Weassessedtheimpor-
tance of each predictor through a stepwise model selection
procedure, inwhich the fullmodelsincluded the following: cor-
rected parasite richness, relative testes size, log body mass, log
population size, and the interaction between corrected parasite
richness and relative testes size, while also including d S atABS
asacovariatetocontrolforunderlyingsubstitutionrate. Wethen
simplifiedthestartingmodelusingAkaikeinformationcriteriacor-
rectedforsmallersamplesizes(AICc)following[62]andremoved
variables that did notimprove modelfit ( ~ AAICc > 4). To avoid
problemsassociatedwithmissingvaluesinAIC-basedmodelcom-
parison where sample size changes as terms are removed, we
removedanyspeciesfromourdatasetthatdidnothavecomplete
coverageforallofthepredictorvariablesofinterestinthestarting
fullmodel.Totestforassociationsbetweenrelativetestessize(asa
responsevariable)and corrected parasiterichness(predictorvari-
able), we ran PGLS models controlling for the effects of
taxonomicgroup,logpopulationsizeandmalebodymass.

ThePGLSregressionwasconductedusingthe ~ caper package
inR[63]usingPagel’s A toadjustmodelsfortheamountofphy-
logenetic signal observed in each variable. The phylogeny was
constructedusingthemammaliansupertree[64] andpolytomies
wererandomlyresolved (byaddingbranches oflengthequalto
zero) using the multi2di function in the ape R package [65].
Species in the dataset but missing from the supertree assumed
the names of the closest relatives (i.e. Papio cynocephalus was
changedto Papiohamadryas ,and Zalophuswollebaeki waschanged
to Zalophuscalifornianus ).

To test the robustness of our results, we estimated taxon-
specificeffectsizesintheformofcorrelationcoefficients[66]and
ranmeta-analysestocomparetheoveralleffectsizesforpredictor
variablesacrosstaxainexplainingMHC variation. We estimated
grand classwise effect sizes after considering differences in
samplesizeamongorders,andalsoexamined differencesamong
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taxonomicgroups.Meta-analysiswasperformedusingthe  metafor

package[67]inR[68].

3. Results

Ourfinaldatasetcomprised]12mammalspecies(26carnivores;
14chiropterans;37primates;16rodentsand19ungulates),2454
sequences and 2665 hostparasite species combinations (list
of species with full trait and genetic datasets are provided in
the electronic supplementary material, dataset S1 and S2).
Wetestedforrelationshipsbetweenparasitism(usingtotalpara-
siterichness, helminthrichness,and micro-and macroparasite
richness) and sexual selection (using relative testes sizeas an
indicator of mating system) on the rate of positive selection
(dN at ABS)and MHC allelicrichnessacrossmammals. Ana-
lyses controlled for mammal phylogeny, the rate of neutral
substitutions(d S atABS),measuresofsamplingeffortandtwo
hosttraitsknowntobeimportantforparasitismand / orgenetic
diversitybasedonpreviousstudies(bodymassandpopulation
size; electronic supplementary material, tables S1-53). All
predictorandresponsevariablesexceptrelativeallelicrichness
and parasite richness showed strong phylogenetic signal and
were more similar among closer relatives (see the electronic
supplementarymaterial tableS2).

Multivariatemodelsshowedthatthestrengthofselection
at ABS increased with relative testes size across all five
mammalorderstestedhere(figurel a andtheelectronicsup-
plementary material, table S1). Effect sizes differed among
orders with approximately 64% of the variability attributed
to heterogeneity among the true effects [67] ( Q= 8.43,
p=0.04, I* = 63.84%), possibly owing to biological differ-
ences among mammal groups or the methodology used in
different studies. When corrected parasite richness was
includedasapredictorinthe fullmodel withrelative testes
size, its main effect and interaction with relative testes size
was non-significant. However, removing the relative testes
size variable (and including 21 additional species that were
missing testes data) showed that the strength of selection at
ABS increased with total parasite richness (corrected for
sampling effort) for bats and ungulates and decreased with
parasiterichness forcarnivores(figurel b andtheelectronic
supplementary material, tableS1).

Tests using data from parasite subgroups, including
microparasites, macroparasites and helminths, showed that
selectionon ABSdecreased withhelminthand macroparasite
richnessforcarnivores,andalsodecreasedwithmicroparasite
richness for primates (figure 2; electronic supplementary
material figureS2).Ratiosofd N :dS increasedwithmacropar-
asiteand microparasite richness forcarnivoresand ungulates
(seetheelectronicsupplementarymaterial, figureS2).Neutral
substitutionrate(d S atABS)wasapositivepredictorofd N at
ABS(seetheelectronicsupplementarymaterial, figureS4)but
onlyinmodelswithoutrelativetestessize (andlargersample
sizes). Taxonomicgroupwasalsoasignificantpredictorofalle-
licsubstitutionatABS,withbothd =~ N andd S beinggreatestfor
bats and primates and lowest for carnivores and ungulates
(figure3 c).

Wetestedallelicrichnessasaseparatemeasureofselection
on ABS. This measure differed among mammal taxonomic
groups and increased with population size for ungulates
(electronicsupplementarymaterial, tablesS1andS3e)butdid
not depend on measures of parasite richness or testes size.
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Figure 1. Forest plots showing predictors of the rate of non-synonymous sub-
stitutions(d N')atABS.PGLSmodelsshowtheeffectof(  a)relativetestessizeand
(b) parasiterichness, runseparately foreach mammal group. The vertical dotted
lineispositionedatzeroanderrorbarsdenote95%(ls. N referstothenumberof
speciesincluded;REmodel, randomeffectsmodel. Heterogeneity testforrelative
testes size: Q = 8.433, p = 0.038, = 63.84%; parasite richness: Q =
17.408, p = 0.002, I*= 79.06%.

Allelicrichnesswassignificantlylowerforungulatesthanany
othermammalgroup(figure3 b).AposthocANOVArevealed
thatungulatesalsohadsignificantlyfewerduplicated DRBloci
than other mammal orders, whereas primates had the most
(F1,39= 8.359, p = 0.006;figure3 a).

Finally, wetested forarelationshipbetweenrelativetestes
sizeandcorrectedparasiterichness toaskwhetherthestrength
of sexual selection might covary positively with parasite
pressure. Acrossallorders, wefoundaweaknegativeassoci-
ation between relative testes size and total parasite richness
(p = 0.09;electronicsupplementary material, figureS5a) with
homogeneous effect sizes across taxa ( Q= 1.079, p=0.18,
I* = 0.00%), although other components of parasite richness
showednotrend( p > 0.1;electronicsupplementary material,
figureS5).

4. Discussion

Wefoundevidencethatpressurefromadiverseparasitefauna
(represented by corrected parasite richness at the host
species level) was associated with positive selection at the
MHCDRBIlocusinbatsand ungulatesonly. Speciesinthese
two groups that harboured greater parasite richness also
showed higher rates of functionally significant evolutionary
changewithinthe MHC. By comparison, greaterpotential for
sexualselection (represented by relativetestessizeasanindi-
catorofmatingsystem)predicted greaterpositiveselectionon
functionally important MHC sites across all five orders of
mammalsexaminedhere.
Veryfewstudieshaveconsideredpredictorsofcross-species
variationinMHCpolymorphism,andthoseconductedtodate
focusedontherelationshipbetweenparasiterichnessandMHC
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taxa, N standardized effect size (95% CI)
carnivore, 14 — -0.85 (-1.44,-0.26)
bat, 10 —_— 0.34 (-0.40, 1.08)
primate, 25 —— 0.01 (-0.41, 0.43)
rodent, 14 At 0.08 (-0.51, 0.67)
ungulate, 13 —— (.59 (-0.03,1.21)
RE model e 0.02 (~0.45, 0.49)

[ I I 1 1
-1.97 -0.11 082 1.75
()
taxa, N standardized effect size (95% CI)

carnivore, 14
bat, 4

—-—i ~0.83 (-1.42, -0.23)
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Figure 2. Forest plots showing predictors of the rate of non-synonymous
substitutions at ABS. The results of PGLS models showing the effect of
(@) microparasite richness, (b) macroparasite richnessand ( ¢) helminth richness,
runseparatelyforeach hostand parasitegroup. Nometa-analysisrandomeffects
modelwasfoundtobesignificantfortheparasite predictorvariables( p>0.1).
Thevertical dottedlineispositionedatzeroforFisher's  z transformed correlation
coefficient. N refers to number of species; RE model, random effects model.
Heterogeneity test for microparasite richness: Q = 5.186, p = 0.159,
I} = 4324%; macroparasite richness: Q = 6.506, p = 0.089, I* = 55.08%;
helminth richness: Q = 4.329, p = 0.228, 2= 0.00%.

allelicrichness [15—-17]. In spite of the extensive intraspecific
empirical evidence for MHC—parasite associations (reviewed
in [7,69]), there is surprisingly weak support for parasites
drivingvariationinMHCdiversityamongspecies.Onestudy
found that allelic richness increased with helminth richness
across 10 rodent species [16], and another study found that
therate of positive selection at ABS (but not allelic richness)
waspositivelyrelatedtonematoderichness(butnottotalpara-
siterichness)across27primates[15]. Ourstudy differed from
priorstudiesbyusing geneticdatafrommultiplepopulations
perspecies byincludingbroadertaxonomicgroupsinparasite
richnessestimates bynotdelineatingallelesbytheirfunctional
lineages, and by not separately analysing nematode richness
(forwhichinsufficientdatawereavailablefromallorders).

The negative relationship between parasite richness
and measures of the strength of selection on MHC in carni-
vores ran counter to our expectations. One reason for this
pattern could be due to interactions between threat status
and infectious disease risk, such that carnivores might be
more vulnerable to population bottlenecks and genetic drift
thatconcurrentlyreducetheirgeneticdiversityandincreases
theirsusceptibilitytoparasitism.Manyhigh-profilethreatened
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carnivores have depleted MHC diversity (wild dogs [70];
Ethiopianwolves[71];cheetahs[72])andhavesimultaneously
experienceddeclinesfromintroducedinfectiousdiseasessuch
asrabies,caninedistemperandsarcopticmange[73,74];these
carnivore species might be exceptionally well studied and
better represented in our dataset. One way to examine this
issuefurthermightbetoincludeestimatesofeffectivepopu-
lation size in comparative analyses and to distinguish
between native versus introduced parasites and pathogens.
Analternativeexplanationisthatdifferenttaxaareindifferent
stages of the coevolutionary arms race. If parasites lead the
game,evidencemightsupportparasitismasadriverofMHC
polymorphism (leading toa positive relationship). However,
ifhostslead the game, greater MHC diversity might reduce
parasitepressure(leadingtoanegativerelationship).

In contrast to the taxon-specific evidence of parasite-
mediated selection, we found that relative testes size, as an
indicator of sperm competition and the potential for sexual
selection to operate at the species level [27], was positively
associated with the rate of evolution at ABS across all
mammal groups in our study. This finding provides evi-
dence that species with high potential for mate choice tend
to have higher MHC nucleotide diversity at functionally
importantsites. Thereareseveralnon-exclusive explanations
for this result. First, species with greater relative testes size
and sperm competitionmighthavefasterreproductiverates,
increasing the speed of selection for new variants. Indeed,
Sommer etal .[75]foundhigherlevelsof MHC variationina
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fast-reproducingandpromiscuousrodentrelativetoamonog-
amous and slower reproducing relative, and hypothesized
thatslowreproductionmightconstrainMHC polymorphism.
A second hypothesis is that greater sperm competitionindi-
catesgreater promiscuity and increased exposure tosexually
orsociallytransmitteddiseases,whichcouldenhanceselection
onimmune defences [76,77]. As a third possibility, females
with more potential mates might select genetically comp-
lementary or non-related mates and by doing so, serve to
increaseMHC variability. A fourthhypothesisisthatrelative
testessizeiscorrelated withandrogenlevels[78], whichcan
suppress immune function or mediate male behaviour and
increase exposure to and selection by parasites [79,80]. Our
findingofaweaknegativerelationshipbetweenparasiterich-
nessandrelativetestessize, however,isnotconsistentwiththis
hypothesis. Importantly, each of these mechanisms predicts
thatgreaterpromiscuitywilllead togreatergeneticdiversity,
aresultalreadyobservedforMHCandneutralgeneticdiver-
sityacross passerinebirds[81]. Ouranalysisdid notsupport
an interactive effect between parasite richness and relative
testessize, asmightbeexpectedifbothhighparasitepressure
andthepotentialformatechoicewerenecessarytodrivehigh
MHCdiversity.

Our study strongly supported taxonomic group as an
important predictor for MHC allelicand sequence diversity.
Specifically, ungulateshad significantly lowerallelicrichness
than any other order, possibly owing to fewer duplicated
DRBloci(figure2 a).Primates,incomparisonhadsignificantly
greaterallelicrichnessandmoreduplicatedDRBloci.Average
nucleotide divergence ( ) is positively associated with the
numberofduplicated DRBlociinrodents[44]and thiscould
beanimportant mechanism providingbaseline genetic vari-
ation. Life-history traits or ecological conditions that affect
thelikelihoodofMHCgeneduplicationeventsmighttherefore
helppredictMHCpolymorphisminnaturalpopulations.
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