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Abstract
Understanding the mechanisms and genes that enable animal populations to adapt to
pathogens is important from an evolutionary, health and conservation perspective.
Berthelot's pipit (Anthus berthelotii) experiences extensive and consistent spatial heterogeneity in avian pox infection pressure across its range of island populations, thus
providing an excellent system with which to examine how pathogen-mediated selection drives spatial variation in immunogenetic diversity. Here, we test for evidence of
genetic variation associated with avian pox at both an individual and population-level.
At the individual level, we find no evidence that variation in MHC class I and TLR4
(both known to be important in recognising viral infection) was associated with pox
infection within two separate populations. However, using genotype-environment
association (Bayenv) in conjunction with genome-wide (ddRAD-seq) data, we detected strong associations between population-level avian pox prevalence and allele
frequencies of single nucleotide polymorphisms (SNPs) at a number of sites across
the genome. These sites were located within genes involved in cellular stress signalling and immune responses, many of which have previously been associated with
responses to viral infection in humans and other animals. Consequently, our analyses
indicate that pathogen-mediated selection may play a role in shaping genomic variation among relatively recently colonised island bird populations and highlight the utility of genotype-environment associations for identifying candidate genes potentially
involved in host-pathogen interactions.
KEYWORDS

adaptation, avian pox virus, birds, genotype-environment association, pathogen-mediated
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that such an approach could also overcome some of the difficulties
that other individual-based association methods experience when

Infection with pathogens can have considerable impact on individual

used for infectious disease data in wild populations. That is, rather

fitness by reducing reproductive success, via increased mortality or

than test for associations between individual genotypes and disease

morbidity (Anderson & May, 1979; Daszak et al., 2000). Consequently,

status—which could include individuals that have survived infection

pathogen-mediated selection has the potential to affect the popula-

or are yet to be exposed to the pathogen in the same “no infection”

tion dynamics, adaptation, and genetic variation of hosts (Hudson

set—testing for associations between allele frequencies and patho-

et al., 1998; O’Brien & Evermann, 1988; Ortego et al., 2007; Spurgin

gen prevalence represents the selection generated by the pathogen

& Richardson, 2010). Selection on host immunity-related genes—

in the population.

that is, those involved in pathogen recognition and elimination—may

Avian pox is caused by a double-stranded DNA virus (genus

decrease within-population genetic diversity and increase between-

Avipoxvirus; family Poxviridae) and has been reported in numerous

population divergence as the alleles that provide the most benefit

bird species worldwide (Bolte et al., 1999; van Riper & Forrester,

approach fixation (Mukherjee et al., 2009). However, evolutionary

2007; Williams et al., 2021). Transmission occurs by biting insect

dynamics in natural disease systems are often more complex given

vectors, skin-to-skin contact, or indirect contact when virions per-

that interactions between hosts and pathogens promote continual

sist in the environment (van Riper et al., 2002; Smits et al., 2005).

selection for reciprocal adaptations, resulting in an evolutionary

Infection manifests as proliferative lesions: the most common occur

arms race (Dawkins & Krebs, 1979; Paterson et al., 2010).

on featherless skin, but internal lesions can form on the diphthe-

Selection as a result of diverse or rapidly evolving pathogens

ritic membrane of the mouth, respiratory tract and digestive system

can promote and maintain genetic diversity in the host population

(Tripathy, 1993). In severe cases, lesions may lead to impaired vision,

(reviewed in Charlesworth, 2006; Spurgin & Richardson, 2010). Any

feeding, flight and breathing, emaciation and death (Davidson et al.,

selective regime that acts to maintain multiple alleles at a locus can

1980; Docherty et al., 1991; Orós et al., 1997). Pox infections have

be considered a mechanism of such “balancing” selection, including

been shown to have implications for host predation (Laiolo et al.,

heterozygote advantage (Doherty & Zinkernagel, 1975), rare allele

2007), secondary infections (van Riper & Forrester, 2007), male

advantage (Slade & McCallum, 1992), and fluctuating selection (re-

pairing success (Kleindorfer & Dudaniec, 2006), reproductive out-

sulting from spatial and/or temporal changes in infection prevalence;

put (Lachish et al., 2012; Vanderwerf & Young, 2016) and produc-

Hill et al., 1991). However, these mechanisms are complicated and

tivity (Carrete et al., 2009). Severe population declines in endemic

difficult to untangle in any given system, not least because they

island species have even been linked to avian pox outbreaks (Alley

are nonexclusive, and may also interact with each other and with

et al., 2010; Kleindorfer & Dudaniec, 2006; van Riper et al., 2002).

other processes (such as sexual selection) to shape genetic diver-

Although minor pox lesions typically heal, birds are often left with

sity (Apanius et al., 1997; Ejsmond et al., 2014). Understanding how

deformities, including missing digits and misshapen bills (van Riper

pathogens and immune genes covary spatially within and across

et al., 2002; Vanderwerf, 2001), which may affect foraging success.

populations may provide some insight into the mechanisms and

Despite these fitness effects, few studies have investigated how

genes involved in adaptive evolution.

pox infection varies both spatially and temporally (Carrete et al.,

The search for pathogen associated genes has often involved a

2009; Lawson et al., 2012; Samuel et al., 2018; Spurgin et al., 2012;

candidate gene approach (Bernatchez & Landry, 2003; Netea et al.,

Zylberberg et al., 2012), and none have investigated how it shapes

2012); however this is limited in its ability to include preidentified

patterns of host genetic diversity. Such information would provide

loci. Using genome-wide markers would allow for discovery of fur-

insight into the selective pressure exerted by Avipoxvirus and its con-

ther loci but even traditional population-level based approaches may

sequence for host immunogenetic adaptation in wild populations.

have limited power to detect small frequency shifts responsible for

Berthelot's pipit (Anthus berthelotii)—a small passerine, en-

adaptation in polygenic traits (Pritchard et al., 2010). Alternatively,

demic to three archipelagos of Macaronesia—p rovides an excel-

landscape genomic approaches such as genotype-environment as-

lent natural system with which to investigate pathogen-m ediated

sociation studies, also called environmental association analyses,

selection and the evolution of immune genes. The pipit colonised

test for correlations between population patterns of allele fre-

the Canary Islands from Africa 2.5 Ma and from there colonised

quencies and environmental factors across a spatial scale (Hoban

the Selvagens and the Madeiran archipelago in two independent

et al., 2016; Rellstab et al., 2015). This method has been success-

events relatively recently c. 8500 years ago (Illera et al., 2007;

fully employed, for example, to identify adaptation to the climatic

Martin et al., 2021; Spurgin et al., 2014). Population bottlenecks

environment in a range-expanding damselfly (Dudaniec et al., 2018),

associated with these colonisation events, and a lack of subse-

to uncover parallel adaptive responses in congeneric grasshop-

quent gene flow, have resulted in low genetic diversity within

pers along elevational gradients (Yadav et al., 2021), and to under-

these populations and high genetic structuring across archipela-

stand abiotic stress tolerance in barley landraces (Lei et al., 2019).

gos (Armstrong et al., 2018; Illera et al., 2007; Martin et al., 2021;

Comparatively few genotype-environment associations have at-

Spurgin et al., 2014). Importantly, pathogen pressures—specifically

tempted to identify genes that confer resistance to infectious dis-

the prevalence of avian pox and malaria—are temporally consis-

eases (but see Fraik et al., 2020; Mackinnon et al., 2016). We believe

tent within populations but spatially variable between populations
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F I G U R E 1 Map of the 12 islands
sampled for Berthelot's pipits across
its Macaronesian range. Populations
are coloured according to their overall
estimated pox prevalence across the
15-year sampling period. M, Madeira; PS,
Porto Santo; DG, Deserta Grande; SG,
Selvagem Grande; LP, La Palma; EH, El
Hierro; GOM, La Gomera; TF, Tenerife;
GC, Gran Canaria; FV, Fuerteventura;
GRA, La Graciosa; LZ, Lanzarote

(Illera et al., 2008; Spurgin et al., 2012), and at a finer scale within

with pathogen-mediated selection. We further hypothesise that

populations (González-Q uevedo et al., 2014). Therefore, these

differing pox-mediated selective pressure among populations will

pathogens are likely to have shaped host genetic diversity across

shape the distribution of variation across the genome such that al-

populations of Berthelot's pipits.

lele frequencies at the specific loci involved will show exceptional

Candidate loci that may be involved in combating avian pox

correlations with local pox prevalence. To test this, we perform a

infection have already been identified in Berthelot's pipit. At the

genotype-environment association with genome-wide restriction-

population-level, balancing selection appears to have maintained

site associated DNA sequence (RAD-seq) data from populations

functionally divergent loci at the class I major histocompatibility

across the Berthelot's pipit range, encompassing the entire gradient

complex (MHC) in Berthelot's pipit (González-Q uevedo et al., 2015a;

of pox prevalence in this species. Finally, we identify likely candi-

Spurgin et al., 2011). The molecules encoded by these loci are key

date genes in close proximity to the loci identified in the genotype-

receptors involved in the acquired immune system presenting an-

environment association, to assess the potential role they may play

tigens in cells infected by intracellular pathogens, such as viruses

in adaptation to poxvirus.

(Hewitt, 2003). Similarly, while overall patterns of diversity at Toll-
like receptors (TLRs; involved in the innate immune response) are
shaped by drift across the pipit's range, polymorphisms have been
retained in most populations, and evidence for positive selection
at some TLR loci exists (González-Q uevedo et al., 2015b). This in-
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2.1 | Field sampling and data collection

cludes TLR4, a locus that plays a role in virus sensing (Barton, 2007);
TLR4-dependent signalling has been shown to be important against

Berthelot's pipits were caught during periods between 2005–2020

influenza (Shinya et al., 2012) and vaccinia virus (the prototypic

(Table S1) across 12 islands of their range (Figure 1). All sampling

poxvirus; Hutchens et al., 2008). Evidence also exists for pathogen-

undertaken prior to 2019 has been described previously (Armstrong

mediated selection on candidate immune genes within populations

et al., 2019; González-Q uevedo et al., 2014; Illera et al., 2007;

of Berthelot's pipits (Armstrong et al., 2019; González-Q uevedo

Spurgin et al., 2012). The remaining samples were collected in April

et al., 2014, 2016); however, these studies have only focused on

2019 (Lanzarote; n = 83) and February-June 2020 (Lanzarote, La

malaria as the selective agent. Thus, MHC class I and TLR4 are can-

Graciosa, La Gomera and Tenerife; n = 200). Multiple sampling lo-

didates for investigating immunogenetic adaptation to avian poxvi-

calities were chosen across each island to achieve a representative

rus. Nevertheless, these genes only represent a fraction of the 144

sample of the entire island population. In total, n = 1661 individuals

immune-related genes identified in the avian genome (Ekblom et al.,

were sampled.

2010) and it is also important to assess variation at a greater number
of sites throughout the genome.

Birds were captured in spring traps baited with Tenebrio molitor
larvae. A blood sample (c. 25 μl) was taken by brachial venipuncture

Here, we take advantage of the heterogeneity in pox prevalence

and stored in absolute ethanol (800 μl) at room temperature. Birds

within and between populations of Berthelot's pipit to identify loci

were ringed with a uniquely numbered metal band issued by the

that may be important in host response to pox infection. First, we

Spanish or Portuguese authorities as relevant. Age (adult/juvenile)

test the hypothesis that variation at previously identified candidate

was determined according to feather moult pattern (Cramp, 1985),

immune effectors (TLR4 and MHC class I exon 3) will be associated

and mass (±0.1 g), wing (±1 mm), tarsus, head length, and bill height,

with pox infection status in individual-based analyses, consistent

length and width (all ±0.1 mm) were measured.

|
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To date, there is no reliable molecular/serological technique

The 129 samples from Porto Santo (2016) were genotyped using

for diagnosing avian pox infection from blood samples (Baek et al.,

Sanger Sequencing, while the remaining individuals from Tenerife

2020; Farias et al., 2010; Smits et al., 2005; Williams et al., 2014).

and Porto Santo (n = 577) were genotyped using KASP, a proprie-

In our study, each bird was carefully assessed for evidence of pox

tary technology of LGC Genomics, as part of Armstrong et al. (2019).

infection—based on the presence/absence of lesions around the

Five single nucleotide polymorphisms (SNPs) were reported, but one

eyes, beak, feet, legs, or sparsely feathered areas. It is therefore

was later excluded because the SNP had a minor allele frequency

possible that some infected birds may have been asymptomatic and

(MAF) < 0.05 (Armstrong et al., 2019). Another of these SNPs was

incorrectly classified as uninfected. Avipoxvirus DNA has been ampli-

triallelic, therefore the least frequent alternate allele (T) was treated

fied from samples taken from skin lesions for seven pipits included in

as missing (Porto Santo n = 1; Tenerife n = 12). Five nucleotide

this study (six from Porto Santo and one from Lanzarote), and identi-

haplotypes were inferred using DnaSP version 6 (Librado & Rozas,

fied as a single strain (see Illera et al., 2008). There is no evidence of

2009), and translated into four protein haplotypes (Armstrong et al.,

other pathogens that result in similar lesions in this system. Previous

2019; details regarding the SNPs, their positions, and the haplotypes

studies have also identified poxvirus infection in Berthelot's pipit,

are provided in Table S2). Samples with phase probabilities <0.90

and other species in the Canary Islands (Medina et al., 2004; Smits

were excluded from further analyses.

et al., 2005), including short-toed larks (Calandrella rufescens) which

González-Q uevedo et al. (2015a) used 454 sequencing to screen

inhabit the same shrub steppes. However, the specific strain of avian

variation at exon 3 of MHC class I (which partially encodes the

pox in Berthelot's pipits is not found in any of the other species,

antigen binding region) in 310 individuals from Tenerife (2011). In

and thus appears to be host-specific, potentially indicating long-term

brief, two replicate PCR reactions were performed for each sam-

coevolution between the strain and the host. Phylogenetic studies

ple using different sets of fusion primers. Amplicon products were

place this Berthelot's pipit lineage within the Canarypox virus clade,

purified, pooled in equimolar amounts, and sequenced using a GS

as an outlier to a subclade of lineages formed primarily of passerines

FLX Titanium system. Stringent variant/artefact identification and

(Gyuranecz et al., 2013; Illera et al., 2008).

validation criteria were applied to identify putative MHC alleles

DNA was extracted from blood following a salt extraction pro-

(described in full in González-Q uevedo et al., 2015a) and 22 al-

tocol (Richardson et al., 2001) and host sex was determined molec-

leles were found within this population sample (GenBank accession

ularly (Griffiths et al., 1998). To detect infection with Haemoproteus

numbers: JN799601-JN799604, JN799606, JN799610-JN799612,

and Plasmodium spp. (here termed avian malaria for simplicity), we

JN799623,

used a nested polymerase chain reaction (PCR) method described

KM593305-KM593311). As recommended in González-Q uevedo

JN799625,

JN799636-JN799639,

JN799641,

and

by Waldenström et al. (2004) to screen each sample at least twice

et al. (2015a), we excluded two alleles with low amplification effi-

(three times if the first two attempts gave contrasting results).

ciencies (ANBE3 and ANBE31) from downstream analyses because

Individuals were considered to be infected with malaria if the PCR

their presence/absence cannot always be reliably ascertained for

produced a positive result twice, and all positive and negative con-

every individual, and one sample was discarded due to poor cover-

trols gave expected results. For a subset of 400 infected individu-

age. Here, the term “allele” refers to unique sequence variants am-

als, the amplicon was sequenced to identify the strains present (see

plified across a number of duplicated loci (the estimate for exon 3 of

Armstrong et al., 2019; González-Q uevedo et al., 2014; Illera et al.,

MHC class I genes in Berthelot's pipit is six loci; González-Q uevedo

2008; Spurgin et al., 2012).

et al., 2015a).

2.2 | Sequencing and genotyping of candidate
gene variants

2.3 | RAD sequencing
To explore population-level genetic associations with pox, we ana-

To investigate genetic associations with pox at the individual level,

lysed previously published double digest RAD-seq (ddRAD-seq)

we utilised targeted genotyping of TLR4 and MHC class I loci. The

data from 20 individuals selected from each population (22 from

TLR4 data set had been generated previously for a study of asso-

lowland Tenerife; Armstrong et al., 2018). Pipits on the mountain of

ciations with malaria (Armstrong et al., 2019); a complete descrip-

El Teide (c. 2000 m above sea level) are considered a separate popu-

tion of methods and discussion of TLR4 variation can be found

lation from the rest of lowland Tenerife (Armstrong et al., 2018), thus

therein. In brief, 780 individuals were screened for TLR4 variation

there are 13 populations in this data set. Individuals screened were

from the islands of Porto Santo (n = 190) and Tenerife (n = 590).

selected from the 2006 and 2009 sampling, in even sex ratios where

These include individuals from a previous cross-population study by

possible, and across a wide geographical coverage within each popu-

González-Q uevedo et al. (2015b) in which 23–30 individuals were

lation to reduce the likelihood of including related individuals.

TLR4 genotyped from 13 Berthelot's pipit populations. A section of

Library preparation and initial bioinformatics followed the proto-

the extracellular region (660 bp) of the TLR4 gene (leucine-rich re-

col in DaCosta and Sorenson (2014). Genotyping was performed by

peat domain)—directly involved in pathogen recognition—was ampli-

mapping reads to the zebra finch (Taeniopygia guttata) genome se-

fied using primers PauTLR4F and PauTLR4R (Grueber et al., 2012).

quence (version 3.2.4; Warren et al., 2010). Within the “Berthelot's”
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data set (Armstrong et al., 2018)—used here for analyses—the loci

heterozygosity (homozygote/heterozygote), and (iii) specific protein

that could not be confidently genotyped in a minimum of four sam-

genotype (to investigate whether there is a synergistic effect when

ples, and those with missing or ambiguous genotypes for >10% of

two specific protein haplotypes are present). Rare variants and gen-

samples, were treated as missing data.

otypes (<0.05 in frequency) were removed from analyses (see Table
S2) because they lack sufficient power to test effects. The effect of

2.4 | Identification of genetic variants associated
with individual disease status

individual haplotypes, heterozygosity and genotypes were investigated separately to avoid problems of collinearity.
Associations between MHC class I variation and pox infection
were assessed for birds sampled from Tenerife in 2011 (n = 309). We

Generalised linear models (GLMs), with and without mixed effects,

could not assign alleles to specific loci and resolve haplotypes be-

were used to identify predictors of pox infection at the individual

cause MHC alleles were amplified across multiple unidentified loci,

level. For all models including genetic predictors, each island was

thus we were unable to test for associations at the haplotype-level.

modelled separately because population-specific associations be-

Instead, separate GLMs were performed to evaluate the effects of

tween genetic variation and pox may have evolved, and different ge-

(i) MHC diversity (number of alleles per individual, 3–10) and opti-

netic variants were present in the different populations (Armstrong

mality (the quadratic of allele number; to investigate whether inter-

et al., 2019). Predictor variables were assessed for collinearity using

mediate MHC heterozygosity has the greatest fitness benefit), and

variance inflation factors (VIFs) or, in the case of categorical vari-

(ii) individual MHC alleles (presence/absence). Rare and almost fixed

ables with more than two levels, generalised variance inflation fac-

MHC alleles (<0.05 and >0.95 in frequency) were removed from the

tors (GVIFs; Fox & Monette, 1992). To obtain values equivalent to

second model because they provide no resolution. We also removed

VIFs, GVIFs were transformed by squaring the standardised GVIF

two alleles (ANBE16 and ANBE49) because they only occurred in

(GVIF1/2df, where df is degrees of freedom; Fox & Weisberg, 2019).

individuals that were not infected with pox (12.00 and 7.44 in fre-

VIFs ranged from 1.00–1.95 for all predictor variables used in the fol-

quency, respectively) and therefore prevented model convergence.

lowing models, thus none were excluded (threshold value: VIFs < 3;

We detected a strong positive association between malaria and pox

Zuur et al., 2010).

infection (see Section 3), and therefore considered the possibility

Prior to testing for associations with key candidate genes within

that including malaria as a variable in the minimal model may have

populations, we used a multipopulation data set to model the rela-

masked the genetic effects on pox infection status. Thus, all genetic

tionship between nongenetic variables and pox infection status (not

models above were performed again without malaria infection sta-

infected/infected) to build a base model using the maximum sample

tus as a predictor.

size. This data set consisted of all individuals screened for variation

For all models above, we fitted a binomial error structure and

at candidate genes, but two individuals were excluded because the

used a logit link function. All modelling was performed using R ver-

sexing PCR failed (n = 778). This generalised linear mixed model

sion 4.0.2 (R Development Core Team, 2020), with GLMMs con-

(GLMM) included age class (adult/juvenile), sex (male/female), island

structed using the lme4 package (Bates et al., 2015), VIFs calculated

(Porto Santo/Tenerife) and malaria infection status (not infected/in-

using the car package (Fox & Weisberg, 2019), and the explained

fected) as fixed factors, with sampling year as a random factor. We

variance (R 2) calculated according to the delta method (Nakagawa

also considered interactions between age class and island, and ma-

et al., 2017) using the r.squaredGLMM function in the MuMIn pack-

laria infection status and island. Nonsignificant predictors and inter-

age (Barton, 2020).

action terms (p > .05) were removed sequentially leaving a minimal
model (Bolker et al., 2009). Such an approach can inflate the probability of type 1 errors (Mundry & Nunn, 2009), thus all removed
variables were re-entered into the minimal model one at a time to

2.5 | Identification of SNPs correlated with
population-level pox prevalence

determine their significance and parameter estimates. Genetic variables were later added to the minimal model to assess their signifi-

We applied a Bayesian approach to identify SNPs strongly associ-

cance in explaining variation in pox infection status.

ated with differences in pox prevalence across populations. This was

GLMMs were used to test for associations between TLR4 varia-

implemented by Bayenv2.0, which first estimates a null model based

tion and pox infection status. We focused on associations with pro-

on covariances of observed allele frequencies between populations

tein haplotypes rather than single SNPs because these should better

that arise due to shared evolutionary history, and then assesses each

reflect functional differences at the TLR. Nonetheless, different pro-

SNP individually for linear correlations between population allele

tein haplotypes may have the same functional properties. In future,

frequencies and environmental variables (Coop et al., 2010; Günther

an in silico approach to assess the specific functional/structural/reg-

& Coop, 2013). We used the ddRAD data set, described above, and

ulatory effects of these different variants, and ultimately their con-

performed additional filtering steps in Plink version 1.9 (Chang et al.,

tribution to disease development, could be undertaken. Different

2015) to generate a set of independent markers: a MAF threshold

TLR4 variants were represented as fixed factors in the following

of 0.05 was applied to remove rare SNPs, and the remaining mark-

ways: (i) protein haplotype (presence/absence), (ii) protein haplotype

ers were filtered to remove loci in strong linkage disequilibrium

|
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TA B L E 1 Generalised linear mixed models (GLMM) testing individual-level predictors of pox infection status in Berthelot's pipits on Porto
Santo and Tenerife (n = 778)
Fixed effects

Estimate

Std. error

Z

Intercept

–1.678

0.342

–4.905

Malaria

p-value

1.584

0.280

5.653

<.001***

Island identity

–1.682

0.362

–4.645

<.001***

Age

–0.123

0.406

–0.304

.761

Sex

0.180

0.296

0.608

.543

Random effects

Variance

Sampling year

0.127

5 sampling years

Note: Estimates and significance levels for each predictor represent the values upon re-entry into the minimal model. Those in bold were retained
in the minimal model. Reference categories for each predictor is as follows: malaria infection status = not infected, island identity = Porto Santo,
sex = female, and age = adult. Significant terms: ***p < .001.

(LD; Plink command: –indep-pairwise 50 5 0.5). PGDspider (version

at different numbers of iterations (100,000, 200,000, and 500,000

2.1.1.5; Lischer & Excoffier, 2012) was used to convert to a Bayenv

iterations) and averaging these estimates across runs as advised by

input file format. Population covariance matrices were generated

Blair et al. (2014). At 500,000 iterations, the correlation observed be-

using this pruned marker set in ten replicate runs of Bayenv2.0, each

tween runs consistently reached >0.99 for Spearman's ρ and ranged

of 100,000 iterations and with different seed numbers, to ensure

from 0.08–0.53 for BF values. SNPs were therefore considered can-

convergence. The last matrices of the ten independent runs were

didates if their average BF and average absolute value of Spearman's

averaged to obtain a final, single covariance matrix, and the equiva-

ρ across five replicate runs, each of 500,000 iterations, ranked in the

lent correlation matrix (Table S3) was compared to previously pub-

highest 1% (BF ≥ 7.4) and 10%, respectively. BF values were inter-

lished pairwise FST values derived from both microsatellites and the

preted according to a classification scheme adjusted from Jeffreys’

ddRAD-seq SNPs (Illera et al., 2007; Martin et al., 2021) to ensure

scale of evidence: BF > 3, BF > 10, BF > 30, BF > 100, indicative

population structure was well estimated. In both cases, this matrix

of moderate, strong, very strong and extreme evidence of selection,

was consistent with the previous estimates of structure, indicating

respectively (Lee & Wagenmakers, 2013; modified from Jeffreys,

no problems in the labelling of populations.

1961). To check whether BF values of candidate SNPs were driven

To obtain best estimates of pox prevalence for each population

by the overall correlation across the pox prevalence gradient rather

and account for variability across different years due to natural

than a single population, we also visually investigated the allele fre-

fluctuations or sampling error, we used the complete field data set

quency structure of candidate SNPs across populations: MAFs for all

(2005–2020). Prevalence was calculated as the total number of in-

candidate SNPs were calculated within each population using Plink.

dividuals caught with visible pox lesions across all sampling years,

We compiled a list of candidate genes located within 10 kb up-

divided by the total number of individuals caught across all sampling

or downstream of each candidate SNP in the zebra finch assembly

years. One bird from La Palma that was originally identified as having

Taeniopygia_guttata-3.2.4 using NCBI Genome Data Viewer version

pox (Spurgin et al., 2012) was later revised after more experience di-

5.1 (www.ncbi.nlm.nih.gov/genome/gdv/browser). Additionally, we

agnosing such infections, thus no confirmed cases of pox have been

used BEDTools version 2.29.2 (Quinlan & Hall, 2010) and the ge-

identified on La Palma. Prior to analyses with Bayenv2.0, the popu-

nome positions of known immune-related genes within the same

lation prevalence estimates were standardised to a mean of zero and

zebra finch assembly, given by Ekblom et al. (2010), to quantify the

variance of one.

proportion of avian immune genes that will have been overlooked

Using the mean covariance matrix estimated above as a null

for associations with pox prevalence when using our marker set and

model, we ran Bayenv2.0 for five independent replicates, on the

methods. Throughout, SNPs are identified by RAD-t ag ID, followed

same pruned set of SNPs. We report estimates for both Bayes factor

by distance in base pairs from the start of the tag.

(BF) values (measure of support for the alternative model in which
the genotype shows a linear association with the tested environmental variable compared to the null model) and non-parametric
Spearman's rank coefficients (ρ; strength of correlation between allele frequencies and the environmental variable). The latter served to

3
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3.1 | Individual predictors of pox infection status

reduce potential false positives as high BF values can also result from
single outlying populations (Günther & Coop, 2013). Bayenv can also

In Berthelot's pipits on Tenerife and Porto Santo, there was no sig-

show high run-to-run variability (Blair et al., 2014). We sought to re-

nificant association between age or sex and pox infection status

duce false positives due to this variance by testing the concordance

(Table 1). However, there was a highly significant effect of malaria

between BF values and Spearman's ρ across the five replicate runs

infection status and island identity (Table1 and Figure 2; marginal

|
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R 2 = 0.16). Individuals infected with malaria had an increased like-

gradient in pox prevalence (Figure 1), ranging from 25.6% to 5.4%

lihood of pox infection (i.e., 24.3%, compared to just 4.9% among

(prevalence in the mountain population of El Teide was 1.9%).

individuals not infected with malaria) and pox prevalence was higher

Analysis with Bayenv2.0 identified 14 candidate SNPs (0.6%

among individuals on Porto Santo (32.4%) than on Tenerife (6.4%).

of total) where allele frequencies were highly associated with

Thus, malaria infection status was retained as a predictor variable in

population-level pox prevalence, as indicated by their BF value

subsequent genetic models.

and Spearman's ρ (Figure 3) across five independent runs. Raw al-

There was no association between TLR4 protein haplotype,

lele frequency patterns for these candidate SNPs showed variable

heterozygosity, or genotype and pox infection status within individ-

trends across the gradient of pox prevalence (note that Bayenv2.0

uals on either island when controlling for malaria infection status

accounts for patterns of demography in observed allele frequencies

(Table 2), nor when malaria was removed from the models (Table S4).

but the raw data is shown in Figure 4). Within the Canary Islands,

The GLM limited to individuals from Tenerife for which we had

the top candidate SNP (444s109) generally showed higher MAFs

MHC variation information showed no association between MHC

as pox prevalence decreased. The minor allele was also absent in

diversity, optimality, or individual alleles and pox infection status

Porto Santo only (Madeiran archipelago; highest overall pox preva-

after controlling for malaria infection (Table 3) and when malaria was

lence). In contrast, some SNPs (e.g., 3493s67) showed lower MAFs

removed from the models (Table S5).

as pox prevalence decreased. For other SNPs, such as 2177s14 and
1796s91, the minor allele was very rare or absent within populations

3.2 | Signatures of pox-driven selection at the
population level

free of pox in the Canary Islands, but generally had a higher prevalence within populations where pox had been recorded.
Of the 14 SNPs identified by Bayenv2.0, eight were located
within annotated genes in the zebra finch genome (57.1%) identi-

The ddRAD library produced by Armstrong et al. (2018) contained

fied using the NCBI genome browser. For three candidate SNPs, we

9960 high-quality SNPs. After filtering SNPs with a MAF of less than

identified genes within 10 kb up- or downstream, and there were

0.05, we retained 3525. This data set was further reduced by remov-

three SNPs that were not close to genes (21.4%; closest genes

ing SNPs in strong LD to generate a set of independent markers for

27,722–201,990 bp from SNP). In total, we identified 12 candidate

analysis in Bayenv2.0, resulting in a final data set of 2334 SNPs.

genes from 11 SNPs (while SNP 3439s47 was located within the

Pox prevalence varied greatly among populations of Berthelot's

gene MFSD2A, it was also only approximately 4000 bp upstream

pipit, ranging from 0% to 32.6% (shown in Table S6), but was broadly

of another gene, MYCL, so in this case both genes are identified).

consistent within populations across the different sampling years

Ten of these identified genes have been implicated in cellular stress

(Figure S1). Population prevalence levels were highly correlated be-

responses and/or have shown associations with viral infections

tween 2006 and 2009 (2005 and 2009 for Selvagem Grande), when

(Table 4). Specific candidate SNPs that showed very strong evidence

all populations had been sampled (Pearson correlation: R = 0.72,

of selection (BF > 30) include those that were found approximately

p = .005). We have never observed evidence of pox infection in the

6000 bp from the gene HSPA8 (heat shock protein 70 family member

Selvagens, or in three islands of the Canaries (El Hierro, La Palma and

8), within the gene MTHFD1L (methylenetetrahydrofolate dehydro-

La Graciosa) and two islands of the Madeiran archipelago (Deserta

genase NADP+dependent 1 like), and approximately 4000 bp from

Grande and Madeira). Yet, the third island of the Madeiran archipel-

the gene ABLIM3 (actin binding LIM protein family member 3). Of the

ago, Porto Santo, had the highest pox prevalence of all populations.

immune genes identified by Ekblom et al. (2010) for which there was

The remaining Canary Islands generally showed a negative east-west

a mapped location, nine were located within 10 kb of a SNP typed
in the present study, and were therefore assessed for an association

50

Malaria infection status

124

40
Pox prevalence (%)

Not infected
Infected

4

30
20

|

DISCUSSION

We used both a candidate gene approach and landscape genomic

64
189

approach to identify variation associated with spatial heterogeneity in avian pox prevalence within and across island populations.

10

Linear modelling of individual-level infection data within two popu-

401
0

with pox (c. 7%, Table S7).

lations of Berthelot's pipit found no evidence that variation in two
Porto Santo

Tenerife

F I G U R E 2 Prevalence of pox infection among Berthelot's pipits
with and without malaria infection on Porto Santo and Tenerife.
Numbers above the bars represent sample sizes

previously identified candidate genes (TLR4 and MHC class I) was
associated with pox infection. However, we consistently observed
a positive association between pox and malaria infection. At the
population-level across the species range using ddRAD-seq data, we
identified 14 sites across the genome that showed pox-associated
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TA B L E 2 TLR4 variation in relation to pox infection status in Berthelot's pipits on Porto Santo and Tenerife
Porto Santo

Tenerife
Estimate

Std. error

z

p-value

Model (A)

Estimate

Std. error

z

p-value

Model (A)

Fixed effects

Fixed effects

Malaria

1.555

0.444

3.506

<.001***

Malaria

1.660

0.383

4.334

<.001***

TLR4_P1

–0.164

0.506

–0.324

.746

TLR4_P1

0.313

0.368

0.852

.394

TLR4_P2

–0.247

0.413

–0.598

.550

TLR4_P2

0.074

0.661

0.112

.911

TLR4_P3

–0.141

0.381

–0.369

.712

Random effects
Sampling year

Variance
0.151

Random effects
3 sampling years

Sampling year

n = 184

4 sampling years

Malaria

1.655

0.383

4.327

<.001***

TLR4_het

0.279

0.353

0.790

.429

Model (B)

Fixed effects

Fixed effects

Malaria

1.545

0.443

3.486

<.001***

TLR4_het

0.040

0.348

0.116

.908

Sampling year

0.096

n = 578

Model (B)

Random effects

Variance

Variance
0.151

Random effects
3 sampling years

Sampling year

n = 184

Variance
0.094

4 sampling years

n = 578

Model (C)

Model (C)

Fixed effects

Fixed effects

Malaria

1.539

0.486

3.165

.002**

Malaria

1.660

0.383

4.334

<.001 ***

TLR4_
genotype1,2

–0.187

0.511

–0.366

.714

TLR4_
genotype1,2

0.074

0.661

0.112

.911

TLR4_
genotype1,3

–0.005

0.444

–0.011

.991

TLR4_
genotype2,2

–0.239

0.663

–0.361

.718

TLR4_
genotype2,3

–0.054

0.577

–0.094

.925

TLR4_
genotype3,3

–0.165

0.769

–0.215

.830

Random effects
Sampling year

Variance
0.188

Random effects
3 sampling years

n = 168

Sampling year

Variance
0.096

4 sampling years

n = 578

Note: Generalised linear mixed models (GLMMs) were used to test for associations between (A) TLR4 protein haplotype (presence/absence), (B) TLR4
protein haplotype heterozygosity (homozygote/heterozygote), (C) TLR4 protein genotype, and pox infection status. Reference factor levels: malaria
infection status = not infected, TLR_P = absence, TLR4_het = homozygote, and TLR4_genotype = 1,1. Significant terms: **p < .01, and ***p < .001.

clinal patterns in allele frequency after controlling for population ge-

2018). Prevalence is commonly reported to be higher in juvenile

netic structure. At these sites we identified 12 genes, many of which

birds than in adults (Buenestado et al., 2004; Gortázar et al., 2002;

are involved in cellular stress response pathways and have been

Ruiz-Martínez et al., 2016), which authors have linked to immuno-

previously associated with infection by a range of viruses, including

logical naivety. However, opposite patterns have also been observed

poxviruses, and in different animals, including humans (see Table 4).

(Atkinson et al., 2005; Smits et al., 2005).

Within-species variation in pox infection has previously been at-

Malaria infection was the most significant predictor of pox infec-

tributed to ecological (van Riper et al., 2002; Samuel et al., 2018),

tion in our system. This result adds to a growing body of evidence

anthropic (Carrete et al., 2009) and physiological factors (Zylberberg

that avian pox and malaria infections are not independent among in-

et al., 2012). Here, we assessed predictors of pox infection at the

dividuals, but instead show positive associations, as previously doc-

individual-level using two populations of Berthelot's pipits so that

umented in native Hawaiian birds (Atkinson et al., 2005; Atkinson

we could control for these factors in later genetic models. We found

& Samuel, 2010; Samuel et al., 2018) and Berthelot's pipits with a

no evidence for an effect of age or sex on pox infection status.

much smaller data set (Spurgin et al., 2012). Whether this association

Previous studies have shown little indication that sex influences

is due to simultaneous vector-borne transmission, reduced immunity

pox infection prevalence (Ruiz-Martínez et al., 2016; Samuel et al.,

following infection by the first pathogen and therefore susceptibility
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TA B L E 3 Variation at MHC class I exon 3 in relation to pox
infection status in Berthelot's pipits on Tenerife (n = 309)
Estimate

Std.
error

Malaria

1.787

0.570

3.138

N.alleles

–1.403

1.233

0.100

0.093

Fixed effects

z

to secondary infections, or differential mortality among individuals
with singular and concomitant infections needs further investigation.
It is possible the pipit host could contain variants at key genes that

p-value

confer shared resistance/susceptibility to both pathogens. However,

Model (A)

different taxa of pathogens (i.e., virus versus protist) are normally

N.alleles.
squared

.002**

recognised by different receptors, for example, TLR3 specifically rec-

–1.138

.255

ognises viral DNA (Barton, 2007), though other components of the

1.082

.279

immune defences may be shared. In the present study, we did not detect any SNPs that had previously been identified as associated with

Model (B)

malaria in Berthelot's pipits (Armstrong et al., 2018, 2019; González-

Malaria

1.937

0.594

3.260

.001**

Quevedo et al., 2016; discussed further below). Alternatively, the

ANBE10

0.341

1.214

0.281

.779

association between avian pox and malaria might reflect increased

ANBE8

–0.881

0.794

–1.109

.267

likelihood of exposure to both pathogens. For example, artificial

ANBE4

–0.059

0.572

–0.104

.917

water sources and poultry farms were associated with increased local

ANBE43

–0.194

0.539

–0.360

.719

ANBE1

0.936

0.530

1.766

.077

ANBE44

0.548

0.765

0.716

.474

ANBE45

1.067

0.967

1.104

.270

ANBE9

1.029

0.680

1.513

.130

ANBE46

0.846

0.866

0.977

.329

ANBE47

–0.624

0.681

–0.917

.359

ANBE11

–0.408

0.705

–0.579

.563

We examined whether host genetic variation could explain the

ANBE6

–0.426

0.917

–0.465

.642

observed variation in patterns of infection among individuals. Both

0.669

0.892

0.751

.453

TLR4 and MHC class I were considered potential candidates that may

ANBE38

prevalence of malaria in the pipit system (González-Q uevedo et al.,
2014), and in multiple birds species across Tenerife (Padilla et al.,
2017), probably due to the increased local density of vectors and
hosts at these sites. The same could be true for pox prevalence, but
as of yet no landscape-scale study has investigated the factors driving local pox prevalence in Berthelot's pipit. Though, similar effects of
animal husbandry on poxvirus infection rates have been documented
in the short-toed lark in the Canary Islands (Carrete et al., 2009).

interact with poxvirus based on evidence of selection at these loci

Absolute Spearman's rank correlation coefficient (ρ)

Note: Generalised linear models (GLMs) were used to test for
associations between (A) MHC diversity (number of alleles per
individual, 3–10) and optimality (quadratic of MHC allele number),
and (B) presence of specific MHC alleles (presence/absence), and pox
infection status. Reference factor levels: malaria infection status = not
infected, and ANBE = absence. Significant terms: **p < .01.

in Berthelot's pipit (González-Q uevedo et al., 2015a,b), and their involvement in the immune pathways associated with poxvirus pathogenesis (Guerin et al., 2002; Hutchens et al., 2008). Some variants
included in this study were previously found to be associated with
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F I G U R E 3 Bayes factor values versus
absolute Spearman's rank correlation
coefficients (ρ), averaged from five
replicate runs, for genome-wide ddRAD
SNPs among 13 Berthelot's pipit
populations. SNPs were considered
candidates for adaptation to population-
level pox prevalence by Bayenv2.0 if they
ranked in the highest 1% of Bayes factor
values (≥7.4, threshold indicated by the
vertical red line) and 10% of Spearman's ρ
(threshold indicated by the horizontal red
line). Fourteen SNPs were identified as
candidates (those in red)

F I G U R E 4 Minor allele frequency (MAF) distribution patterns of 14 candidate SNPs associated with population-level pox prevalence
identified by Bayenv2.0 across populations of Berthelot's pipit. Nearby genes are noted below the SNP names. Populations are first
grouped by archipelago (CI, Canary Islands; M, Madeira; S, Selvagens) and then ordered according to population-level pox prevalence
(highest-lowest). Pox-free populations are indicated by an asterisk. FV, Fuerteventura; LZ, Lanzarote; GC, Gran Canaria; TF, Tenerife; GOM,
La Gomera; TEID, Teide; GRA, La Graciosa; LP, La Palma; EH, El Hierro; PS, Porto Santo; DG, Deserta Grande; M, Madeira; SG, Selvagem
Grande
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malaria infection and risk among pipits in Porto Santo and Tenerife

(Kampinga & Craig, 2010; Mayer & Bukau, 2005). During viral infec-

(Armstrong et al., 2019; González-Q uevedo et al., 2016). However,

tion, the cellular heat shock response is induced and Hsp70 genes

after controlling for other predictors mentioned above, we did not

are upregulated (e.g., Brum et al., 2003; Burch & Weller, 2004;

find any evidence for an association between pox infection and

Howe et al., 2016; Manzoor et al., 2014), however the role these

TLR4 heterozygosity, or individual protein haplotypes or genotypes.

genes serve remains unclear. Although Hsp70 proteins are essential

Nor did we find evidence for a link with MHC diversity, optimality, or

for protecting cells from stress, stabilising the cell's own proteins,

individual alleles as would be expected under different scenarios of

preventing viral replication (Li et al., 2011), and signalling to the in-

heterozygote advantage, fluctuating selection or rare allele advan-

nate immune system (Kim et al., 2013), they may also support viral

tage, and optimized heterozygosity. Given we found such a strong

genome replication (Manzoor et al., 2014; Ye et al., 2013) or be ex-

association between pox and malaria infection, it is perhaps even

ploited as molecular chaperones to process or stabilise viral proteins

more surprising we did not find that any candidate variants were

(Taguwa et al., 2015; Zhang et al., 2015). Indeed, Hsp70 appears to

associated with pox infection. However, some difficulty lies with

play a role in poxvirus replication (Cheng et al., 2018; Jindal & Young,

the complexity of classifying individual infection status. For exam-

1992) and in the suppression of apoptosis, which lengthens the time

ple, individuals with highly susceptible genotypes may be included

the poxvirus has for replication (Kowalczyk et al., 2005). Given the

in the set of noninfected individuals due to them never being ex-

evidence above, HSPA8 should be considered a strong candidate for

posed to Avipoxvirus. Also, most individuals we identified with pox

involvement in interactions between hosts and avian poxvirus, but

are perhaps just those individuals that have successfully survived

further work is needed to understand the mechanistic basis for how

pox, rather than those particularly susceptible to pox. Both of these

variation at this locus affects infection.

factors could obscure association data. Nevertheless, these loci

In addition to HSPA8, many of the genes linked to SNPs identified

may not play a direct role in pox infection. Unfortunately, we could

in our study are involved in enzymatic pathways and cell signalling

not assess these genes for population-level associations with pox

transduction and have been linked to viral infection. Poxviruses,

prevalence because there were no markers close enough to these

and other large viruses such as herpesvirus, have dedicated much

genes in our ddRAD data set. The closest SNP (SNP 3201s69) to the

of their genomes to encoding proteins that allow them to subvert

TLR4 gene was approximately 30 kb away. Passerine MHC genes

antiviral mechanisms and regulatory controls (reviewed in Leão &

are difficult to map (He et al., 2021); MHC class I genes have been

Fonseca, 2014; McFadden & Murphy, 2000; Seet et al., 2003; Smith

identified on chromosomes 16 and 22 in zebra finch (Balakrishnan

& Kotwal, 2002). These include proteins that mimic extracellular

et al., 2010; Ekblom et al., 2011) but exact locations are unknown.

host immune molecules and block the innate immune response

The candidate gene approach is also limited to key genes with

(Alcami, 2007; Alcami & Smith, 1992; Kotwal & Moss, 1988; Mann

an already hypothesised role in the host's response to a partic-

et al., 2008). Other proteins may mask signals between the infected

ular pathogen, thereby excluding the possibility of identifying

cell and the acquired immune system, (Boshkov et al., 1992; Guerin

new genes, especially those that participate in hitherto unknown

et al., 2002), or interfere with intracellular pathways such as signal-

mechanisms underlying host-pathogen interactions. That said, the

ling from cytokines, the ubiquitin pathway (Zhang et al., 2009), and

concentrated sampling effort, largely within the same population,

other processes that promote cell death (reviewed in Nichols et al.,

focused on a single or few gene(s), tends to offer higher statistical

2017). Among the avian pox-associated loci in this study, we specif-

power compared to genome-wide approaches (Amos et al., 2011).

ically found genes that are involved in ubiquitin pathways and cyto-

Therefore, it is possible to detect population-specific associations

kine signalling: UBE2H, which probably catalyses the modification of

between genetic variants and infection with pathogens with such

proteins for degradation (Stewart et al., 2016), and SMAD2, a down-

an approach (e.g., Bonneaud et al., 2006). Further, candidate gene

stream effector of the transforming growth factor (TGF)-β signalling

approaches allow for thorough investigation of highly polymorphic

pathway, which regulates the transcription of target genes including

loci, where we might expect alleles to differ across populations,

those leading to apoptosis (Derynck et al., 1998). Interestingly, the

while the genome-wide population-level Bayenv approach only

genome of avian fowl pox virus contains a putative homologue of the

used SNPs that are consistent across populations. Accordingly, the

eukaryotic TGF-β gene, which is unique to this genera of poxviruses

candidate gene approach is very useful, but may be more relevant

and is likely to have immunomodulatory effects (Afonso et al., 2000).

once further candidates—potentially those involved in polygenic re-

Thus, our findings fit well with the known mechanisms of immune

sponses or understudied mechanisms—have been identified using

evasion employed by poxviruses and their interactions with host

genome scans or GWAS.

proteins.

We identified novel candidate loci associated with population-

Despite the strong association we observed between pox and

level avian pox prevalence using a ddRAD-seq marker set. The

malaria infection at the individual-level, we could not control for

highest-ranking SNP identified (444s109) was located on chro-

malaria prevalence in the population-level analysis. However, none

mosome 24, c. 6000 bp from the gene HSPA8. This gene encodes

of the 14 candidate SNPs identified in this study were located near

a member of the heat shock protein 70 (Hsp70) family—molecular

(within 10 kb) the malaria-associated SNPs previously identified

chaperones that assist in protein folding, degradation, and trafficking

using the same genome-wide data set for Berthelot's pipit and an

43.39

43.07

33.60

21.12

19.90

19.21

18.60

24:3526218

3:56769033

13:1724905

21:5744237

1A:217173

17:4549983

11:1265660

Z:421273

444s109

1941s110

2177s14

909s118

1063s41

3493s67

2862s117

1796s91

8.71

BF

Genomic location
(Chr: BP)

SNP

0.33

0.38

0.30

0.30

0.37

0.50

0.28

0.49

ρ

SMAD2(in gene)

MLYCD(3598 bp DS)

—

UBE2H(in gene)

—

ABLIM3(4111 bp US)

MTHFD1L(in gene)

HSPA8(6319 bp US)

Candidate gene(s)

SMAD family member 2

Malonyl-CoA decarboxylase

—

Uubiquitin conjugating enzyme E2 H

—

Actin binding LIM protein family member
3

Methylenetetrahydrofolate
dehydrogenase (NADP + dependent)
1 like

Heat shock protein family A (Hsp70)
member 8

Gene name/description

Transcriptional modulator and
downstream effector of the
transforming growth factor (TGF)-β
signalling pathway

Catalyses the conversion of malonyl-
CoA to acetyl-CoA during fatty acid
metabolism

—

Catalyses the attachment of ubiquitin
to other proteins in the ubiquitin/
proteasome degradation pathway

—

Interacts with actin filaments and may
occur within adherens junctions

Catalyses the synthesis of
tetrahydrofolate in mitochondria in
the folic acid cycle

ATP-dependent molecular chaperone
that plays a role in protein folding
processes

Putative function

|
(Continues)

Linked to West Nile virus
(Slonchak et al., 2016),
Epstein-Barr virus (Wood
et al., 2007), herpesvirus
(Xu et al., 2011), and
polyomavirus (Sung et al.,
2014).

Highly expressed in cells
infected with influenza virus
(Coombs et al., 2010; Dove
et al., 2012; Kroeker et al.,
2012).

—

Linked to herpes simplex
virus (Lutz et al., 2017) and
identified in response to
infection with Aleutian mink
disease virus (Karimi et al.,
2021).

—

Silencing reduced the replication
of hepatitis C virus
(Blackham et al., 2010).

Linked to avian influenza, may
have regulatory role in
replication (Zhang et al.,
2020).

Hsp70 isoforms play a role in
viral infection (Santoro et al.,
2009), upregulated during
poxvirus infection (Brum
et al., 2003; Cheng et al.,
2018; Jindal & Young, 1992;
Kowalczyk et al., 2005;
Sedger & Ruby, 1994).

Evidence for role in the
response to viral infection

TA B L E 4 SNPs identified as associated with population-level pox prevalence by Bayenv2.0 in Berthelot's pipits (those ranked in the highest 1% and 10% of Bayes factor [BF] values and
Spearman's ρ respectively)

SHEPPARD et al.
3165

8.55

8.28

8.26

8.05

7.45

9:25142202

6:32665728

23:3676275

10:14176084

Z:50640938

1425s80

4301s71

3439s47

1526s83

1916s23

0.27

0.29

0.42

0.41

0.52

0.35

ρ

CWC27(in gene)

AKAP13(in gene)

MFSD2A(in gene)
MYCL(4164 bp US)

OAT(in gene)

—

IQSEC1(in gene)

Candidate gene(s)

CWC27 spliceosome associated
cyclophilin

A-kinase anchoring protein 13

Major facilitator superfamily domain
containing 2A
MYCL proto-oncogene, bHLH
transcription factor

Ornithine aminotransferase

—

IQ motif and sec7 domain ArfGEF 1

Gene name/description

Note: Candidate genes identified within ±10 kb windows upstream (US) or downstream (DS) of the focal SNP.

8.60

12:1391473

3400s90

BF

Genomic location
(Chr: BP)

SNP

TA B L E 4 (Continued)

Pre-mRNA splicing factor recruited by
the spliceosome

Scaffold protein involved in assembling
signalling complexes

Sodium-dependent
lysophosphatidylcholine transporter
Transcription activity, regulating the
expression of many proproliferative
genes

Catalyses ornithine-glutamate
interconversion during metabolism
of arginine and glutamine

—

Guanine nucleotide exchange factor,
involved in the regulation of ADP-
ribosylation factor (ARF) protein
signal transduction

Putative function

Many cyclophilins play a role
in infection by diverse
viruses (Frausto et al., 2013),
including some poxviruses
(Castro et al., 2003; Zhou
et al., 2021).

Plays a role in the initiation of
human immunodeficiency
virus replication (König et al.,
2008).

Plays a role in the pathogenesis
of Zika virus (Zhou et al.,
2019).
—

Decreased expression in
influenza infected cells (Ding
et al., 2016) and herpes
infected spat (Jouaux et al.,
2013).

—

—

Evidence for role in the
response to viral infection
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EigenGWAS analysis (Armstrong et al., 2018). Clearly further work

profiling among infected and noninfected individuals or a direct

is needed to explore the interacting effects of avian pox and malaria

assay (Pardo-Diaz et al., 2015). We acknowledge this is more difficult

infection and to identify which specific candidate genes respond

for a non-model organism and endemic species such as Berthelot's

to either disease agent. This is an important question if we aim to

pipit. Testing for signatures of selection using resequencing of candi-

understand the mechanisms and agents driving genetic variation in

date SNPs in individual birds would also corroborate whether selec-

these genes.

tion is acting on specific genes. In addition, resequencing candidates

When identifying candidate SNPs, we applied strict criteria to

across temporal samples either across generations in contemporary

reduce false positive associations with pox prevalence. We acknowl-

populations (e.g., Davies et al., 2021) or over longer time spans using

edge that this could also mean that other avian pox-associated loci

museum samples (e.g., Alves et al., 2019) could enable inference of

may have gone undetected. That our Bayenv analysis detected 14

selection and may help to elucidate the mechanisms of adaptation by

candidate loci that were strongly (BF > 7.4) associated with avian pox

testing for allele frequency changes at these loci (Bank et al., 2014;

prevalence after using the stringent cutoffs suggests that this patho-

Malaspinas, 2016).

gen may have influence on genetic variation within—and structuring
among—populations of Berthelot's pipit. While RAD sequencing is a
cost-effective method for rapidly genotyping large numbers of poly-

5

|
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morphisms, such reduced representation sequencing approaches
are only able to assess a small portion of the genome for genotype-

Our study is one of the first to attempt to identify loci involved in

environment associations. Indeed, we were only able to evaluate c.

avian poxvirus response across wild passerine populations. Using

7% of the previously identified avian immune-related genes (Ekblom

two different approaches, we were able to test for associations be-

et al., 2010) for associations with pox prevalence. However, this is

tween disease and host genetic variation at both an individual and

a consideration for any genome scan or genome-wide association

population level. Genotype-environment associations were detected

study (GWAS) that does not use high resolution whole-genome

across populations of Berthelot's pipits exposed to different pox

sequencing. It does not undermine the validity of the associations

prevalence levels after controlling for demographic history/neutral

that we do detect. The aim of this study was not to identify every

genetic population structure. Thus, the results potentially evidence

possible correlation between allele frequencies and pox prevalence,

the evolution of hosts in in response to local pathogen pressure,

but rather, to identify some strong candidate SNPs for future study

but this needs to be confirmed in the future using extensive within-

of pathogen-mediated selection in wild bird populations. Generally,

population level analyses to link variants to the presence/absence of

the approach applied in this study should be considered just one of

pox and/or individual survival. We identified novel pox-associated

many complementary tools that can be used in the search for genes

genes involved in cellular stress signalling and immune responses,

involved in host-pathogen interactions; however, it is by no means

such as the heat shock response, cytokine signalling pathways, and

exhaustive.

apoptosis. We suggest that these genes represent promising new

Further studies in Berthelot's pipits and/or other pox-infected
avian populations are needed to validate the candidate loci identified

candidates with which to understand pathogen-mediated selection
in wild bird populations.

in the current study and to identify other loci under selection from
avian pox. In Berthelot's pipit, spatial variation in pox prevalence is
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independent of neutral population structure across the range, but
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that is, smaller and more isolated islands are less likely to be infected
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with pox. This suggests that biogeographical factors, and other en-
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that the associations we observed between avian pox prevalence

ring Berthelot’s pipits for this research, the Regional Governments

and specific SNPs were due to the prior distribution of susceptibility

of the Canary Islands and Madeira for providing accommodation,

alleles caused by demographic history; rather associations are likely
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Computing Cluster supported by the Research and Specialist

populations are necessary to verify the role of the candidate loci in

Computing Support service at the University of East Anglia. This

pox resistance. Ultimately, these tests provide evidence of an asso-

work was supported by Natural Environment Research Council

ciation, not necessarily a causal link and thus, an empirical demon-

(NERC) studentships awarded to ECS through the ARIES DTP (NE/

stration of their function is required, either using gene expression

S007334/1), and to CAM and CA through the EnvEAST DTP (NE/

3168

|

SHEPPARD et al.

L002582/1), a PhD grant awarded to CG-Q from COLCIENCIAS
(Departamento Administrativo de Ciencia, Tecnología e Innovación,
Colombia), and a Heredity Fieldwork Grant from the Genetics
Society awarded to CAM.
AU T H O R C O N T R I B U T I O N
Eleanor C. Sheppard and David S. Richardson designed the study,
with input from Lewis G. Spurgin and Claudia A. Martin. Fieldwork
was undertaken by Eleanor C. Sheppard, Claudia A. Martin, Claire
Armstron, Catalina González-Quevedo, Juan Carlos Illera, Lewis
G. Spurgin and David S. Richardson. Claire Armstrong and Catalina
González-Q uevedo developed the genetic data sets. Eleanor C.
Sheppard performed data analysis and drafted the manuscript
with supervision from David S. Richardson, Lewis G. Spurgin and
Alexander Suh. All authors provided critical contributions to this
study and approved the submission of this manuscript.
C O N FL I C T O F I N T E R E S T
The authors declare that they have no conflict of interest.
DATA AVA I L A B I L I T Y S TAT E M E N T
All data and the code used to perform the data analysis within this
article are openly available in the Dryad Digital Repository: https://
doi.org/10.5061/dryad.6t1g1jx0r.
ORCID
Eleanor C. Sheppard

https://orcid.org/0000-0002-4986-7268
https://orcid.org/0000-0003-2645-0790

Claudia A. Martin

https://orcid.org/0000-0003-3874-4243

Claire Armstrong

Catalina González-Quevedo

https://orcid.

org/0000-0003-0256-6721
https://orcid.org/0000-0002-4389-0264

Juan Carlos Illera
Alexander Suh

https://orcid.org/0000-0002-8979-9992

Lewis G. Spurgin
David S. Richardson

https://orcid.org/0000-0002-0874-9281
https://orcid.org/0000-0001-7226-9074

REFERENCES
Afonso, C. L., Tulman, E. R., Lu, Z., Zsak, L., Kutish, G. F., & Rock, D. L.
(2000). The genome of fowlpox virus. Journal of Virology, 74, 3815–
3831. https://doi.org/10.1128/JVI.74.8.3815-3831.2000
Alcami, A. (2007). New insights into the subversion of the chemokine
system by poxviruses. European Journal of Immunology, 37, 880–
883. https://doi.org/10.1002/eji.200737215
Alcami, A., & Smith, G. L. (1992). A soluble receptor for interleukin-1β
encoded by vaccinia virus: A novel mechanism of virus modulation
of the host response to infection. Cell, 71, 153–167. https://doi.
org/10.1016/0092-8674(92)90274-G
Alley, M. R., Ha, H. J., Howe, L., Hale, K. A., & Cash, W. (2010). Concurrent
avian malaria and avipox virus infection in translocated South Island
saddlebacks (Philesturnus carunculatus carunculatus). New Zealand
Veterinary Journal, 58, 218–223.
Alves, J. M., Carneiro, M., Cheng, J. Y., Lemos de Matos, A., Rahman,
M. M., Loog, L., Campos, P. F., Wales, N., Eriksson, A., Manica,
A., Strive, T., Graham, S. C., Afonso, S., Bell, D. J., Belmont, L.,
Day, J. P., Fuller, S. J., Marchandeau, S., Palmer, W. J., … Jiggins,
F. M. (2019). Parallel adaptation of rabbit populations to myxoma

virus. Science, 363, 1319–1326. https://doi.org/10.1126/scien
ce.aau7285
Amos, W., Driscoll, E., & Hoffman, J. I. (2011). Candidate genes versus
genome-wide associations: which are better for detecting genetic
susceptibility to infectious disease? Proceedings of the Royal Society
B: Biological Sciences, 278, 1183–1188. https://doi.org/10.1098/
rspb.2010.1920
Anderson, R. M., & May, R. M. (1979). Population biology of infectious diseases: Part I. Nature, 280, 361–367. https://doi.
org/10.1038/280361a0
Apanius, V., Penn, D., Slev, P. R., Ruff, L. R., & Potts, W. K. (1997). The nature of selection on the major histocompatibility complex. Critical
Reviews in Immunology, 17, 179–224. https://doi.org/10.1615/CritR
evImmunol.v17.i2.40
Armstrong, C., Davies, R. G., González-Q uevedo, C., Dunne, M.,
Spurgin, L. G., & Richardson, D. S. (2019). Adaptive landscape
genetics and malaria across divergent island bird populations.
Ecology and Evolution, 9, 12482–12502. https://doi.org/10.1002/
ece3.5700
Armstrong, C., Richardson, D. S., Hipperson, H., Horsburgh, G. J., Küpper,
C., Percival-Alwyn, L., Clark, M., Burke, T., & Spurgin, L. G. (2018).
Genomic associations with bill length and disease reveal drift and
selection across island bird populations. Evolution Letters, 2, 22–36.
https://doi.org/10.1002/evl3.38
Atkinson, C. T., Lease, J. K., Dusek, R. J., & Samuel, M. D. (2005).
Prevalence of pox-like lesions and malaria in forest bird communities on Leeward Mauna Loa Volcano, Hawaii. The Condor, 107, 537–
546. https://doi.org/10.1093/condor/107.3.537
Atkinson, C. T., & Samuel, M. D. (2010). Avian malaria Plasmodium relictum in native Hawaiian forest birds: epizootiology and demographic
impacts on àapapane Himatione sanguinea. Journal of Avian Biology,
41, 357–366.
Baek, H. E., Bandivadekar, R. R., Pandit, P., Mah, M., Sehgal, R. N. M.,
& Tell, L. A. (2020). TaqMan quantitative real-time PCR for detecting Avipoxvirus DNA in various sample types from hummingbirds. PLoS One, 15, e0230701. https://doi.org/10.1371/journ
al.pone.0230701
Balakrishnan, C. N., Ekblom, R., Völker, M., Westerdahl, H., Godinez, R.,
Kotkiewicz, H., Burt, D. W., Graves, T., Griffin, D. K., Warren, W.
C., & Edwards, S. V. (2010). Gene duplication and fragmentation in
the zebra finch major histocompatibility complex. BMC Biology, 8.
https://doi.org/10.1186/1741-7007-8-29
Bank, C., Ewing, G. B., Ferrer-Admettla, A., Foll, M., & Jensen, J. D. (2014).
Thinking too positive? Revisiting current methods of population genetic selection inference. Trends in Genetics, 30, 540–546. https://
doi.org/10.1016/j.tig.2014.09.010
Barton, G. M. (2007). Viral recognition by Toll-like receptors.
Seminars in Immunology, 19, 33–4 0. https://doi.org/10.1016/j.
smim.2007.01.003
Barton, K. (2020). MuMIn: Multi-model inference. https://cran.r-proje
ct.org/package=MuMIn
Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear
mixed-effects models using lme4. Journal of Statistical Software, 67,
1–48.
Bernatchez, L., & Landry, C. (2003). MHC studies in nonmodel vertebrates: What have we learned about natural selection in 15 years?
Journal of Evolutionary Biology, 16, 363–377.
Blackham, S., Baillie, A., Al-Hababi, F., Remlinger, K., You, S., Hamatake,
R., & McGarvey, M. J. (2010). Gene expression profiling indicates
the roles of host oxidative stress, apoptosis, lipid metabolism,
and intracellular transport genes in the replication of hepatitis C
virus. Journal of Virology, 84, 5404–5414. https://doi.org/10.1128/
JVI.02529- 09
Blair, L. M., Granka, J. M., & Feldman, M. W. (2014). On the stability of the Bayenv method in assessing human SNP-e nvironment

SHEPPARD et al.

associations.
Human Genomics,
8,
1–13.
https://doi.
org/10.1186/1479-7364-8 -1
Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R.,
Stevens, M. H. H., & White, J. S. S. (2009). Generalized linear
mixed models: A practical guide for ecology and evolution. Trends
in Ecology & Evolution, 24, 127–135. https://doi.org/10.1016/j.
tree.2008.10.008
Bolte, A. L., Meurer, J., & Kaleta, E. F. (1999). Avian host spectrum
of avipoxviruses. Avian Pathology, 28, 415–432. https://doi.
org/10.1080/03079459994 434
Bonneaud, C., Federici, P., Sorci, G., Pérez-Tris, J., & Chastel, O. (2006).
Major histocompatibility alleles associated with local resistance
to malaria in a passerine. Evolution, 60, 383–389. https://doi.
org/10.1111/j.0014-3820.2006.tb01114.x
Boshkov, L. K., Macen, J. L., & McFadden, G. (1992). Virus-induced loss
of class I MHC antigens from the surface of cells infected with
myxoma virus and malignant rabbit fibroma virus. The Journal of
Immunology, 148.
Brum, L. M., Lopez, M. C., Varela, J. C., Baker, H. V., & Moyer, R. W.
(2003). Microarray analysis of A549 cells infected with rabbitpox
virus (RPV): A comparison of wild-t ype RPV and RPV deleted for
the host range gene, SPI-1. Virology, 315, 322–334. https://doi.
org/10.1016/S0042-6822(03)00532- 4
Buenestado, F., Gortázar, C., Millán, J., Höfle, U., & Villafuerte, R. (2004).
Descriptive study of an avian pox outbreak in wild red-legged partridges (Alectoris rufa) in Spain. Epidemiology and Infection, 132,
369–374.
Burch, A. D., & Weller, S. K. (2004). Nuclear sequestration of cellular
chaperone and proteasomal machinery during herpes simplex virus
type 1 infection. Journal of Virology, 78, 7175–7185. https://doi.
org/10.1128/JVI.78.13.7175-7185.2004
Carrete, M., Serrano, D., Illera, J. C., López, G., Vögeli, M., Delgado,
A., & Tella, J. L. (2009). Goats, birds, and emergent diseases:
Apparent and hidden effects of exotic species in an island environment. Ecological Applications, 19, 840–853. https://doi.
org/10.1890/07-2134.1
Castro, A. P. V., Carvalho, T. M. U., Moussatché, N., & Damaso, C. R.
A. (2003). Redistribution of cyclophilin A to viral factories during
vaccinia virus infection and its incorporation into mature particles. Journal of Virology, 77, 9052–9068. https://doi.org/10.1128/
JVI.77.16.9052-9068.2003
Chang, C. C., Chow, C. C., Tellier, L. C. A. M., Vattikuti, S., Purcell, S. M.,
& Lee, J. J. (2015). Second-generation PLINK: Rising to the challenge of larger and richer datasets. GigaScience, 4, 1–16. https://doi.
org/10.1186/s13742-015-0 047-8
Charlesworth, D. (2006). Balancing selection and its effects on sequences in nearby genome regions. PLoS Genetics, 2, 379–384.
https://doi.org/10.1371/journal.pgen.0020064
Cheng, W., Jia, H., Wang, X., He, X., Jin, Q., Cao, J., & Jing, Z. (2018).
Ectromelia virus upregulates the expression of heat shock protein
70 to promote viral replication. International Journal of Molecular
Medicine, 42, 1044–1053.
Coombs, K. M., Berard, A., Xu, W., Krokhin, O., Meng, X., Cortens,
J. P., Kobasa, D., Wilkins, J., & Brown, E. G. (2010). Quantitative
proteomic analyses of influenza virus-infected cultured human
lung cells. Journal of Virology, 84, 10888–10906. https://doi.
org/10.1128/JVI.00431-10
Coop, G., Witonsky, D., Di Rienzo, A., & Pritchard, J. K. (2010). Using
environmental correlations to identify loci underlying local adaptation. Genetics, 185, 1411–1423. https://doi.org/10.1534/genet
ics.110.114819
Cramp, S. (1985). The birds of the western palearctic (Vol. 5). Oxford
University Press.
DaCosta, J. M., & Sorenson, M. D. (2014). Amplification biases and consistent recovery of loci in a double-digest RAD-seq protocol. PLoS
One, 9, e106713. https://doi.org/10.1371/journal.pone.0106713

|

3169

Daszak, P., Cunningham, A. A., & Hyatt, A. D. (2000). Emerging infectious diseases of wildlife—Threats to biodiversity and human
health. Science, 287, 443–4 49. https://doi.org/10.1126/scien
ce.287.5452.443
Davidson, W. R., Kellogg, F. E., & Doster, G. L. (1980). An epornitic of
avian pox in wild bobwhite quail. Journal of Wildlife Diseases, 16,
293–298. https://doi.org/10.7589/0090-3558-16.2.293
Davies, C. S., Taylor, M. I., Hammers, M., Burke, T., Komdeur, J., Dugdale,
H. L., & Richardson, D. S. (2021). Contemporary evolution of the
innate immune receptor gene TLR3 in an isolated vertebrate population. Molecular Ecology, 30, 2528–2542.
Dawkins, R., & Krebs, J. R. (1979). Arms races between and within species. Proceedings of the Royal Society B: Biological Sciences, 205,
489–511.
Derynck, R., Zhang, Y., & Feng, X.-H. (1998). Transcriptional activators of TGF-β responses: Smads. Cell, 95, 737–740. https://doi.
org/10.1016/S0092-8674(00)81696-7
Ding, X., Lu, J., Yu, R., Wang, X., Wang, T., Dong, F., Peng, B. O., Wu, W.,
Liu, H., Geng, Y., Zhang, R., Ma, H., Cheng, J., Yu, M., & Fang, S.
(2016). Preliminary proteomic analysis of A549 cells infected with
avian influenza virus H7N9 and influenza A virus H1N1. PLoS One,
11, e0156017. https://doi.org/10.1371/journal.pone.0156017
Docherty, D. E., Long, R. I., Flickinger, E. L., & Locke, L. N. (1991). Isolation
of poxvirus from debilitating cutaneous lesions on four immature
grackles (Quiscalus sp.). Avian Diseases, 35, 244–247. https://doi.
org/10.2307/1591324
Doherty, P. C., & Zinkernagel, R. M. (1975). Enhanced immunological surveillance in mice heterozygous at the H-2 gene complex. Nature,
256, 50–52. https://doi.org/10.1038/256050a0
Dove, B. K., Surtees, R., Bean, T. J. H., Munday, D., Wise, H. M., Digard, P.,
Carroll, M. W., Ajuh, P., Barr, J. N., & Hiscox, J. A. (2012). A quantitative proteomic analysis of lung epithelial (A549) cells infected with
2009 pandemic influenza A virus using stable isotope labelling with
amino acids in cell culture. Proteomics, 12, 1431–1436. https://doi.
org/10.1002/pmic.201100 470
Dudaniec, R. Y., Yong, C. J., Lancaster, L. T., Svensson, E. I., & Hansson,
B. (2018). Signatures of local adaptation along environmental gradients in a range-expanding damselfly (Ischnura elegans). Molecular
Ecology, 27, 2576–2593.
Ejsmond, M. J., Radwan, J., & Wilson, A. B. (2014). Sexual selection and
the evolutionary dynamics of the major histocompatibility complex. Proceedings of the Royal Society B: Biological Sciences, 281,
20141662.
Ekblom, R., French, L., Slate, J., & Burke, T. (2010). Evolutionary analysis and expression profiling of zebra finch immune genes. Genome
Biology and Evolution, 2, 781–790. https://doi.org/10.1093/gbe/
evq061
Ekblom, R., Stapley, J., Ball, A. D., Birkhead, T., Burke, T., & Slate, J. (2011).
Genetic mapping of the major histocompatibility complex in the
zebra finch (Taeniopygia guttata). Immunogenetics, 63, 523–530.
https://doi.org/10.1007/s00251-011-0525-9
Farias, M. E. M., la Pointe, D. A., Atkinson, C. T., Czerwonka, C., Shrestha,
R., & Jarvi, S. I. (2010). Taqman real-time PCR detects Avipoxvirus
DNA in blood of Hawaìi Amakihi (Hemignathus virens). PLoS One, 5,
e10745. https://doi.org/10.1371/journal.pone.0010745
Fox, J., & Monette, G. (1992). Generalized collinearity diagnostics.
Journal of the American Statistical Association, 87, 178–183. https://
doi.org/10.1080/01621459.1992.10475190
Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd
ed). Sage.
Fraik, A. K., Margres, M. J., Epstein, B., Barbosa, S., Jones, M., Hendricks,
S., Schönfeld, B., Stahlke, A. R., Veillet, A., Hamede, R., McCallum,
H., Lopez-Contreras, E., Kallinen, S. J., Hohenlohe, P. A., Kelley, J.
L., & Storfer, A. (2020). Disease swamps molecular signatures of
genetic-environmental associations to abiotic factors in Tasmanian
devil (Sarcophilus harrisii) populations. Evolution, 74, 1392–1408.

3170

|

Frausto, S. D., Lee, E., & Tang, H. (2013). Cyclophilins as modulators of
viral replication. Viruses, 5, 1684–1701. https://doi.org/10.3390/
v5071684
González-Q uevedo, C., Davies, R. G., Phillips, K. P., Spurgin, L. G., &
Richardson, D. S. (2016). Landscape-scale variation in an anthropogenic factor shapes immune gene variation within a wild population. Molecular Ecology, 25, 4234–4246. https://doi.org/10.1111/
mec.13759
González-Q uevedo, C., Davies, R. G., & Richardson, D. S. (2014).
Predictors of malaria infection in a wild bird population:
landscape-level analyses reveal climatic and anthropogenic
factors. Journal of Animal Ecology, 83, 1091–1102. https://doi.
org/10.1111/1365-2656.12214
González-Q uevedo, C., Phillips, K. P., Spurgin, L. G., & Richardson, D.
S. (2015a). 454 screening of individual MHC variation in an endemic island passerine. Immunogenetics, 67, 149–162. https://doi.
org/10.1007/s00251-014-0 822-1
González-Q uevedo, C., Spurgin, L. G., Illera, J. C., & Richardson, D. S.
(2015b). Drift, not selection, shapes toll-like receptor variation
among oceanic island populations. Molecular Ecology, 24, 5852–
5863. https://doi.org/10.1111/mec.13437
Gortázar, C., Millán, J., Höfle, U., Buenestado, F. J., Villafuerte, R., &
Kaleta, E. F. (2002). Pathology of avian pox in wild red-legged partridges (Alectoris rufa) in Spain. Annals of the New York Academy of
Sciences, 969, 354–357.
Griffiths, R., Double, M. C., Orr, K., & Dawson, R. J. G. (1998). A DNA
test to sex most birds. Molecular Ecology, 7, 1071–1075. https://doi.
org/10.1046/j.1365-294x.1998.00389.x
Grueber, C. E., Wallis, G. P., King, T. M., & Jamieson, I. G. (2012). Variation
at innate immunity Toll-like receptor genes in a bottlenecked population of a New Zealand robin. PLoS One, 7, e45011. https://doi.
org/10.1371/journal.pone.0045011
Guerin, J.-L ., Gelfi, J., Boullier, S., Delverdier, M., Bellanger, F.-A .,
Bertagnoli, S., Drexler, I., Sutter, G., & Messud-Petit, F. (2002).
Myxoma virus leukemia-associated protein is responsible for major
histocompatibility complex class I and Fas-CD95 down-regulation
and defines scrapins, a new group of surface cellular receptor abductor proteins. Journal of Virology, 76, 2912–2923. https://doi.
org/10.1128/JVI.76.6.2912-2923.2002
Günther, T., & Coop, G. (2013). Robust identification of local adaptation from allele frequencies. Genetics, 195, 205–220. https://doi.
org/10.1534/genetics.113.152462
Gyuranecz, M., Foster, J. T., Dán, Á., Ip, H. S., Egstad, K. F., Parker, P.
G., Higashiguchi, J. M., Skinner, M. A., Höfle, U., Kreizinger, Z.,
Dorrestein, G. M., Solt, S., Sós, E., Kim, Y. J., Uhart, M., Pereda, A.,
González-Hein, G., Hidalgo, H., Blanco, J.-M., & Erdélyi, K. (2013).
Worldwide phylogenetic relationship of avian poxviruses. Journal
of Virology, 87, 4938–4951. https://doi.org/10.1128/JVI.03183-12
He, K., Minias, P., & Dunn, P. O. (2021). Long-read genome assemblies
reveal extraordinary variation in the number and structure of MHC
loci in birds. Genome Biology and Evolution, 13, evaa270. https://doi.
org/10.1093/gbe/evaa270
Hewitt, E. W. (2003). The MHC class I antigen presentation pathway:
strategies for viral immune evasion. Immunology, 110, 163–169.
https://doi.org/10.1046/j.1365-2567.2003.01738.x
Hill, A. V. S., Allsopp, C. E. M., Kwiatkowski, D., Anstey, N. M., Twumasi,
P., Rowe, P. A., Bennett, S., Brewster, D., McMichael, A. J., &
Greenwood, B. M. (1991). Common West African HLA antigens are
associated with protection from severe malaria. Nature, 352, 595–
600. https://doi.org/10.1038/352595a0
Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G.,
Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M.
C. (2016). Finding the genomic basis of local adaptation: Pitfalls,
practical solutions, and future directions. American Naturalist, 188,
379–397. https://doi.org/10.1086/688018

SHEPPARD et al.

Howe, M. K., Speer, B. L., Hughes, P. F., Loiselle, D. R., Vasudevan, S., &
Haystead, T. A. J. (2016). An inducible heat shock protein 70 small
molecule inhibitor demonstrates anti-dengue virus activity, validating Hsp70 as a host antiviral target. Antiviral Research, 130, 81–92.
https://doi.org/10.1016/j.antiviral.2016.03.017
Hudson, P. J., Dobson, A. P., & Newborn, D. (1998). Prevention of population cycles by parasite removal. Science, 282, 2256–2258. https://
doi.org/10.1126/science.282.5397.2256
Hutchens, M. A., Luker, K. E., Sonstein, J., Núñez, G., Curtis, J. L., & Luker,
G. D. (2008). Protective effect of toll-like receptor 4 in pulmonary
vaccinia infection. PLoS Path, 4, 1000153. https://doi.org/10.1371/
journal.ppat.1000153
Illera, J. C., Emerson, B. C., & Richardson, D. S. (2007). Population history of Berthelot’s pipit: Colonization, gene flow and morphological divergence in Macaronesia. Molecular Ecology, 16, 4599–4612.
https://doi.org/10.1111/j.1365-294X.2007.03543.x
Illera, J. C., Emerson, B. C., & Richardson, D. S. (2008). Genetic characterization, distribution and prevalence of avian pox and avian
malaria in the Berthelot’s pipit (Anthus berthelotii) in Macaronesia.
Parasitology Research, 103, 1435–1443. https://doi.org/10.1007/
s00436-0 08-1153-7
Jeffreys, H. (1961). Theory of probability (Third). Oxford University Press.
Jindal, S., & Young, R. A. (1992). Vaccinia virus infection induces a
stress response that leads to association of Hsp70 with viral proteins. Journal of Virology, 66, 5357–5362. https://doi.org/10.1128/
jvi.66.9.5357-5362.1992
Jouaux, A., Lafont, M., Blin, J.-L ., Houssin, M., Mathieu, M., & Lelong,
C. (2013). Physiological change under OsHV-1 contamination in Pacific oyster Crassostrea gigas through massive mortality events on fields. BMC Genomics, 14, 1–14. https://doi.
org/10.1186/1471-2164-14-590
Kampinga, H. H., & Craig, E. A. (2010). The HSP70 chaperone machinery: J proteins as drivers of functional specificity. Nature Reviews
Molecular Cell Biology, 11, 579–592. https://doi.org/10.1038/
nrm2941
Karimi, K., Farid, A. H., Myles, S., & Miar, Y. (2021). Detection of selection signatures for response to Aleutian mink disease virus infection in American mink. Scientific Reports, 11, 1–13. https://doi.
org/10.1038/s41598-021-82522-8
Kim, M. Y., Shu, Y., Carsillo, T., Zhang, J., Yu, L., Peterson, C., Longhi, S.,
Girod, S., Niewiesk, S., & Oglesbee, M. (2013). Hsp70 and a novel
axis of type I interferon-dependent antiviral immunity in the measles virus-infected brain. Journal of Virology, 87, 998–1009. https://
doi.org/10.1128/JVI.02710-12
Kleindorfer, S., & Dudaniec, R. Y. (2006). Increasing prevalence of
avian poxvirus in Darwin’s finches and its effect on male pairing success. Journal of Avian Biology, 37, 69–76. https://doi.
org/10.1111/j.0908-8857.2006.03503.x
König, R., Zhou, Y., Elleder, D., Diamond, T. L., Bonamy, G. M. C., Irelan,
J. T., Chiang, C.-Y., Tu, B. P., De Jesus, P. D., Lilley, C. E., Seidel,
S., Opaluch, A. M., Caldwell, J. S., Weitzman, M. D., Kuhen, K. L.,
Bandyopadhyay, S., Ideker, T., Orth, A. P., Miraglia, L. J., … Chanda,
S. K. (2008). Global analysis of host-pathogen interactions that regulate early-stage HIV-1 replication. Cell, 135, 49–60. https://doi.
org/10.1016/j.cell.2008.07.032
Kotwal, G. J., & Moss, B. (1988). Vaccinia virus encodes a secretory
polypeptide structurally related to complement control proteins.
Nature, 335, 176–178. https://doi.org/10.1038/335176a0
Kowalczyk, A., Guzik, K., Slezak, K., Dziedzic, J., & Rokita, H. (2005).
Heat shock protein and heat shock factor 1 expression and localization in vaccinia virus infected human monocyte derived
macrophages. Journal of Inflammation, 2, 1–10. https://doi.
org/10.1186/1476-9255-2-12
Kroeker, A. L., Ezzati, P., Halayko, A. J., & Coombs, K. M. (2012). Response
of primary human airway epithelial cells to influenza infection: A

SHEPPARD et al.

quantitative proteomic study. Journal of Proteome Research, 11,
4132–4146. https://doi.org/10.1021/pr300239r
Lachish, S., Bonsall, M. B., Lawson, B., Cunningham, A. A., & Sheldon,
B. C. (2012). Individual and population-level impacts of an emerging poxvirus disease in a wild population of great tits. PLoS One, 7,
48545. https://doi.org/10.1371/journal.pone.0048545
Laiolo, P., Serrano, D., Tella, J. L., Carrete, M., Lopez, G., & Navarro, C.
(2007). Distress calls reflect poxvirus infection in lesser short-toed
lark Calandrella rufescens. Behavioral Ecology, 18, 507–512. https://
doi.org/10.1093/beheco/arm008
Lawson, B., Lachish, S., Colvile, K. M., Durrant, C., Peck, K. M., Toms,
M. P., Sheldon, B. C., & Cunningham, A. A. (2012). Emergence of a
novel avian pox disease in British tit species. PLoS One, 7, 40176.
https://doi.org/10.1371/journal.pone.0040176
Leão, T. L., & da Fonseca, F. G. (2014). Subversion of cellular stress responses by poxviruses. World Journal of Clinical Infectious Diseases,
4, 27–4 0. https://doi.org/10.5495/wjcid.v4.i4.27
Lee, M. D., & Wagenmakers, E.-J. (2013). Bayesian cognitive modeling: A
practical course. Cambridge University Press.
Lei, L. I., Poets, A. M., Liu, C., Wyant, S. R., Hoffman, P. J., Carter, C.
K., Shaw, B. G., Li, X., Muehlbauer, G. J., Katagiri, F., & Morrell,
P. L. (2019). Environmental association identifies candidates for
tolerance to low temperature and drought. G3: Genes, Genomes,
Genetics, 9, 3423–3 438. https://doi.org/10.1534/g3.119.400401
Li, G., Zhang, J., Tong, X., Liu, W., & Ye, X. (2011). Heat shock protein
70 inhibits the activity of influenza a virus ribonucleoprotein and
blocks the replication of virus In Vitro and In Vivo. PLoS One, 6,
e16546. https://doi.org/10.1371/journal.pone.0016546
Librado, P., & Rozas, J. (2009). DnaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics, 25, 1451–1452.
https://doi.org/10.1093/bioinformatics/btp187
Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: An automated data
conversion tool for connecting population genetics and genomics
programs. Bioinformatics, 28, 298–299. https://doi.org/10.1093/
bioinformatics/btr642
Lutz, G., Jurak, I., Kim, E. T., Kim, J. Y., Hackenberg, M., Leader, A., Stoller,
M. L., Fekete, D. M., Weitzman, M. D., Coen, D. M., & Wilson, A.
C. (2017). Viral ubiquitin ligase stimulates selective host microRNA
expression by targeting ZEB transcriptional repressors. Viruses, 9,
1–26. https://doi.org/10.3390/v9080210
Mackinnon, M. J., Ndila, C., Uyoga, S., Macharia, A., Snow, R. W., Band,
G., Rautanen, A., Rockett, K. A., Kwiatkowski, D. P., & Williams, T.
N. (2016). Environmental correlation analysis for genes associated
with protection against malaria. Molecular Biology and Evolution, 33,
1188–1204. https://doi.org/10.1093/molbev/msw004
Malaspinas, A. S. (2016). Methods to characterize selective sweeps
using time serial samples: An ancient DNA perspective. Molecular
Ecology, 25, 24–41. https://doi.org/10.1111/mec.13492
Mann, B. A., Huang, J. H., Li, P., Chang, H.-C ., Slee, R. B., O’Sullivan, A.,
Anita, M., Yeh, N., Klemsz, M. J., Brutkiewicz, R. R., Blum, J. S., &
Kaplan, M. H. (2008). Vaccinia virus blocks Stat1-dependent and
Stat1-independent gene expression induced by type I and type II interferons. Journal of Interferon and Cytokine Research, 28, 367–379.
https://doi.org/10.1089/jir.2007.0113
Manzoor, R., Kuroda, K., Yoshida, R., Tsuda, Y., Fujikura, D., Miyamoto,
H., Kajihara, M., Kida, H., & Takada, A. (2014). Heat shock protein
70 modulates influenza A virus polymerase activity. Journal of
Biological Chemistry, 289, 7599–7614. https://doi.org/10.1074/jbc.
M113.507798
Martin, C. A., Armstrong, C., Illera, J. C., Emerson, B. C., Richardson, D. S., &
Spurgin, L. G. (2021). Genomic variation, population history and within-
archipelago adaptation between island bird populations. Royal Society
Open Science, 8, 201146. https://doi.org/10.1098/rsos.201146
Mayer, M. P., & Bukau, B. (2005). Hsp70 chaperones: Cellular functions
and molecular mechanism. Cellular and Molecular Life Sciences, 62,
670–684. https://doi.org/10.1007/s00018-0 04-4 464-6

|

3171

McFadden, G., & Murphy, P. M. (2000). Host-related immunomodulators encoded by poxviruses and herpesviruses. Current Opinion
in Microbiology, 3, 371–378. https://doi.org/10.1016/S1369
-5274(00)00107-7
Medina, F. M., Ramírez, G. A., & Hernández, A. (2004). Avian
pox in white-t ailed laurel-pigeons from the Canary Islands.
Journal of Wildlife Diseases, 40, 351–355. https://doi.
org/10.7589/0090-3558-4 0.2.351
Mukherjee, S., Sarkar-Roy, N., Wagener, D. K., & Majumder, P. P. (2009).
Signatures of natural selection are not uniform across genes of innate immune system, but purifying selection is the dominant signature. Proceedings of the National Academy of Sciences of the United
States of America, 106, 7073–7078.
Mundry, R., & Nunn, C. L. (2009). Stepwise model fitting and statistical inference: turning noise into signal pollution. The American
Naturalist, 173, 119–123. https://doi.org/10.1086/593303
Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient
of determination R2 and intra-class correlation coefficient from
generalized linear mixed-effects models revisited and expanded.
Journal of the Royal Society Interface, 14, 20170213.
Netea, M. G., Wijmenga, C., & O’Neill, L. A. J. (2012). Genetic variation
in Toll-like receptors and disease susceptibility. Nature Immunology,
13, 535–542. https://doi.org/10.1038/ni.2284
Nichols, D. B., De Martini, W., & Cottrell, J. (2017). Poxviruses utilize
multiple strategies to inhibit apoptosis. Viruses, 9, 215. https://doi.
org/10.3390/v9080215
O’Brien, S. J., & Evermann, J. F. (1988). Interactive influence of infectious disease and genetic diversity in natural populations. Trends in Ecology & Evolution, 3, 254–259. https://doi.
org/10.1016/0169-5347(88)90058- 4
Orós, J., Rodríguez, F., Rodríguez, J. L., Bravo, C., & Fernández, A. (1997).
Debilitating cutaneous poxvirus infection in a Hodgson’s grandala (Grandala coelicolor). Avian Diseases, 41, 481–483. https://doi.
org/10.2307/1592210
Ortego, J., Aparicio, J. M., Calabuig, G., & Cordero, P. J. (2007). Risk
of ectoparasitism and genetic diversity in a wild lesser kestrel population. Molecular Ecology, 16, 3712–3720. https://doi.
org/10.1111/j.1365-294X.2007.03406.x
Padilla, D. P., Illera, J. C., Gonzalez-Q uevedo, C., Villalba, M., &
Richardson, D. S. (2017). Factors affecting the distribution of
haemosporidian parasites within an oceanic island. International
Journal for Parasitology, 47, 225–235. https://doi.org/10.1016/j.
ijpara.2016.11.008
Pardo-D iaz, C., Salazar, C., & Jiggins, C. D. (2015). Towards the identification of the loci of adaptive evolution. Methods in Ecology
and Evolution, 6, 445–4 64. https://doi.org/10.1111/2041-210X.
12324
Paterson, S., Vogwill, T., Buckling, A., Benmayor, R., Spiers, A. J.,
Thomson, N. R., Quail, M., Smith, F., Walker, D., Libberton, B.,
Fenton, A., Hall, N., & Brockhurst, M. A. (2010). Antagonistic coevolution accelerates molecular evolution. Nature, 464, 275–278.
https://doi.org/10.1038/nature 08798
Pritchard, J., Pickrell, J., & Coop, G. (2010). The genetics of human
adaptation: Hard sweeps, soft sweeps, and polygenic adaptation. Current Biology, 20, 208–215. https://doi.org/10.1016/j.
cub.2009.11.055
Quinlan, A. R., & Hall, I. M. (2010). BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics, 26, 841–8 42.
https://doi.org/10.1093/bioinformatics/btq033
R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing. https://www.R-
projec t.org/
Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, R.
(2015). A practical guide to environmental association analysis in
landscape genomics. Molecular Ecology, 24, 4348–4370. https://
doi.org/10.1111/mec.13322

3172

|

Richardson, D. S., Jury, F. L., Blaakmeer, K., Komdeur, J., & Burke,
T. (2001). Parentage assignment and extra-group paternity in
a cooperative breeder: the Seychelles warbler (Acrocephalus
sechellensis). Molecular Ecology, 10, 2263–2273. https://doi.
org/10.1046/j.0962-1083.2001.01355.x
Ruiz-Martínez, J., Ferraguti, M., Figuerola, J., Martínez-de la Puente, J.,
Williams, R. A. J., Herrera-Dueñas, A., Aguirre, J. I., Soriguer, R.,
Escudero, C., Moens, M. A. J., Pérez-Tris, J., & Benítez, L. (2016).
Prevalence and genetic diversity of avipoxvirus in house sparrows
in Spain. PLoS One, 11, e0168690. https://doi.org/10.1371/journ
al.pone.0168690
Samuel, M. D., Woodworth, B. L., Atkinson, C. T., Hart, P. J., & LaPointe,
D. A. (2018). The epidemiology of avian pox and interaction with
avian malaria in Hawaiian forest birds. Ecological Monographs, 88,
621–637. https://doi.org/10.1002/ecm.1311
Santoro, M. G., Amici, C., & Rossi, A. (2009). Role of heat shock proteins in viral infection. In A. G. Pockley, S. K. Calderwood, & M.
G. Santoro (Eds.), Prokaryotic and eukaryotic heat shock proteins in
infectious disease (Vol. 4, pp. 51–8 4). Springer.
Sedger, L., & Ruby, J. (1994). Heat shock response to vaccinia virus infection. Journal of Virology, 68, 4685–4689. https://doi.org/10.1128/
jvi.68.7.4685-4689.1994
Seet, B. T., Johnston, J. B., Brunetti, C. R., Barrett, J. W., Everett, H.,
Cameron, C., Sypula, J., Nazarian, S. H., Lucas, A., & McFadden,
G. (2003). Poxviruses and immune evasion. Annual Review of
Immunology, 21, 377–423. https://doi.org/10.1146/annurev.immun
ol.21.120601.141049
Shinya, K., Ito, M., Makino, A., Tanaka, M., Miyake, K., Eisfeld, A. J., &
Kawaoka, Y. (2012). The TLR4-TRIF pathway protects against H5N1
influenza virus infection. Journal of Virology, 86, 19–24. https://doi.
org/10.1128/JVI.06168-11
Slade, R. W., & McCallum, H. I. (1992). Overdominant vs. frequency-
dependent selection at MHC loci. Genetics, 132, 861–862. https://
doi.org/10.1093/genetics/132.3.861
Slonchak, A., Shannon, R. P., Pali, G., & Khromykh, A. A. (2016). Human
microRNA miR-532-5p exhibits antiviral activity against West Nile
virus via suppression of host genes SESTD1 and TAB3 required for
virus replication. Journal of Virology, 90, 2388–2402. https://doi.
org/10.1128/JVI.02608-15
Smith, S. A., & Kotwal, G. J. (2002). Immune response to poxvirus infections in various animals. Critical Reviews in Microbiology, 28, 149–
185. https://doi.org/10.1080/1040-8 40291046722
Smits, J. E., Tella, J. L., Carrete, M., Serrano, D., & Lopez, G. (2005). An
epizootic of avian pox in endemic short-toed larks (Calandrella
rufescens) and Berthelot’s pipits (Anthus berthelotti) in the Canary
Islands, Spain. Veterinary Pathology, 42, 59–65.
Spurgin, L. G., Illera, J. C., Jorgensen, T. H., Dawson, D. A., &
Richardson, D. S. (2014). Genetic and phenotypic divergence in
an island bird: Isolation by distance, by colonization or by adaptation? Molecular Ecology, 23, 1028–1039. https://doi.org/10.1111/
mec.12672
Spurgin, L. G., Illera, J. C., Padilla, D. P., & Richardson, D. S. (2012).
Biogeographical patterns and co-occurrence of pathogenic infection across island populations of Berthelot’s pipit (Anthus berthelotii). Oecologia, 168, 691–701. https://doi.org/10.1007/s0044
2-011-2149-z
Spurgin, L. G., & Richardson, D. S. (2010). How pathogens drive genetic
diversity: MHC, mechanisms and misunderstandings. Proceedings
of the Royal Society B: Biological Sciences, 277, 979–988. https://doi.
org/10.1098/rspb.2009.2084
Spurgin, L. G., Van Oosterhout, C., Illera, J. C., Bridgett, S., Gharbi, K.,
Emerson, B. C., & Richardson, D. S. (2011). Gene conversion rapidly generates major histocompatibility complex diversity in recently founded bird populations. Molecular Ecology, 20, 5213–5225.
https://doi.org/10.1111/j.1365-294X.2011.05367.x

SHEPPARD et al.

Stewart, M. D., Ritterhoff, T., Klevit, R. E., & Brzovic, P. S. (2016). E2
enzymes: More than just middle men. Cell Research, 26, 423–4 40.
https://doi.org/10.1038/cr.2016.35
Sung, C. K., Yim, H., Andrews, E., & Benjamin, T. L. (2014). A mouse
polyomavirus-encoded microRNA targets the cellular apoptosis pathway through Smad2 inhibition. Virology, 468–470, 57–62.
https://doi.org/10.1016/j.virol.2014.07.052
Taguwa, S., Maringer, K., Li, X., Bernal-Rubio, D., Rauch, J. N., Gestwicki, J.
E., Andino, R., Fernandez-Sesma, A., & Frydman, J. (2015). Defining
Hsp70 subnetworks in dengue virus replication reveals key vulnerability in flavivirus infection. Cell, 163, 1108–1123. https://doi.
org/10.1016/j.cell.2015.10.046
Tripathy, D. N. (1993). Avipox viruses. Virus infections of birds (pp. 5–15).
Elsevier.
van Riper, C., & Forrester, D. J. (2007). Avian pox. Infectious diseases of
wild bird (pp. 131–176). Wiley Blackwell Publishing.
van Riper, C., van Riper, S. G., & Hansen, W. R. (2002). Epizootiology and
effect of avian pox on Hawaiian forest birds. The Auk, 119, 929–942.
https://doi.org/10.2307/4090224
Vanderwerf, E. A. (2001). Distribution and potential impacts of avian
poxlike lesions in ’ elepaio at hakalau forest national wildlife refuge.
Studies in Avian Biology, 22, 247–253.
Vanderwerf, E. A., & Young, L. C. (2016). Juvenile survival, recruitment,
population size, and effects of avian pox virus in Laysan Albatross
(Phoebastria immutabilis) on Oahu, Hawaii, USA. Condor, 118, 804–814.
Waldenström, J., Bensch, S., Hasselquist, D., & Östman, Ö. (2004). A new
nested polymerase chain reaction method very efficient in detecting
Plasmodium and Haemoproteus infections from avian blood. Journal of
Parasitology, 90, 191–194. https://doi.org/10.1645/GE-3221RN
Warren, W. C., Clayton, D. F., Ellegren, H., Arnold, A. P., Hillier, L. D. W.,
Künstner, A., Searle, S., White, S., Vilella, A. J., Fairley, S., Heger, A.,
Kong, L., Ponting, C. P., Jarvis, E. D., Mello, C. V., Minx, P., Lovell,
P., Velho, T. A. F., Ferris, M., … Wilson, R. K. (2010). The genome
of a songbird. Nature, 464, 757–762. https://doi.org/10.1038/natur
e08819
Williams, R. A. J., Escudero Duch, C., Pérez-Tris, J., & Benítez, L. (2014).
Polymerase chain reaction detection of avipox and avian papillomavirus in naturally infected wild birds: Comparisons of blood,
swab and tissue samples. Avian Pathology, 43, 130–134. https://doi.
org/10.1080/03079457.2014.886326
Williams, R. A. J., Truchado, D. A., & Benitez, L. (2021). A review on the
prevalence of poxvirus disease in free-living and captive wild birds.
Microbiology Research, 12, 403–418. https://doi.org/10.3390/micro
biolres12020028
Wood, V. H. J., O’Neil, J. D., Wei, W., Stewart, S. E., Dawson, C. W., &
Young, L. S. (2007). Epstein-Barr virus-encoded EBNA1 regulates cellular gene transcription and modulates the STAT1 and
TGFβ signaling pathways. Oncogene, 26, 4135–4147. https://doi.
org/10.1038/sj.onc.1210496
Xu, S., Xue, C., Li, J., Bi, Y., & Cao, Y. (2011). Marek’s disease virus type
1 microRNA miR-M3 suppresses cisplatin-induced apoptosis by
targeting SMAD2 of the transforming growth factor beta signal
pathway. Journal of Virology, 85, 276–285. https://doi.org/10.1128/
JVI.01392-10
Yadav, S., Stow, A. & Dudaniec, R. Y. (2021). Microgeographical adaptation corresponds to elevational distributions of congeneric montane grasshoppers. Molecular Ecology, 30, 481–498. https://doi.
org/10.1111/mec.15739
Ye, J., Chen, Z., Zhang, B. O., Miao, H., Zohaib, A., Xu, Q., Chen, H., & Cao,
S. (2013). Heat shock protein 70 is associated with replicase complex of Japanese encephalitis virus and positively regulates viral
genome replication. PLoS One, 8, e75188. https://doi.org/10.1371/
journal.pone.0075188
Zhang, C., Kang, K., Ning, P., Peng, Y., Lin, Z., Cui, H., Cao, Z., Wang, J.,
& Zhang, Y. (2015). Heat shock protein 70 is associated with CSFV

|

SHEPPARD et al.

NS5A protein and enhances viral RNA replication. Virology, 482, 9–
18. https://doi.org/10.1016/j.virol.2015.02.014
Zhang, L., Villa, N. Y., & McFadden, G. (2009). Interplay between poxviruses and the cellular ubiquitin/ubiquitin-like pathways. FEBS Letters,
583, 607–614. https://doi.org/10.1016/j.febslet.2009.01.023
Zhang, X., Lin, X., Qin, C., Huang, K., Sun, X., Zhao, L., & Jin, M. (2020).
Avian chaperonin containing TCP1 subunit 5 supports influenza A
virus replication by interacting with viral nucleoprotein, PB1, and
PB2 proteins. Frontiers in Microbiology, 11, 538355. https://doi.
org/10.3389/fmicb.2020.538355
Zhou, J., Chi, X., Cheng, M., Huang, X., Liu, X., Fan, J., Xu, H., Lin, T., Shi,
L., Qin, C., & Yang, W. (2019). Zika virus degrades the ω-3 fatty acid
transporter Mfsd2a in brain microvascular endothelial cells and impairs lipid homeostasis. Science Advances, 5, eaax7142. https://doi.
org/10.1126/sciadv.aax7142
Zhou, Y., Gao, F., Lv, L., Wang, S., He, W., Lan, Y., Li, Z. I., Lu, H., Song, D., Guan,
J., & Zhao, K. (2021). Host factor cyclophilin B affects Orf virus replication by interacting with viral ORF058 protein. Veterinary Microbiology,
258, 109099. https://doi.org/10.1016/j.vetmic.2021.109099
Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data exploration to
avoid common statistical problems. Methods in Ecology and Evolution,
1, 3–14. https://doi.org/10.1111/j.2041-210X.2009.00001.x

3173

Zylberberg, M., Lee, K. A., Klasing, K. C., & Wikelski, M. (2012). Increasing
avian pox prevalence varies by species, and with immune function,
in Galápagos finches. Biological Conservation, 153, 72–79. https://
doi.org/10.1016/j.biocon.2012.04.022

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Sheppard, E. C., Martin, C. A.,
Armstrong, C., González-Q uevedo, C., Illera, J. C., Suh, A.,
Spurgin, L. G., & Richardson, D. S. (2022). Genomic
associations with poxvirus across divergent island
populations in Berthelot's pipit. Molecular Ecology, 31,
3154–3173. https://doi.org/10.1111/mec.16461

