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Abstract

Understanding the relative role of different evolutionary forces in shaping the level

and distribution of functional genetic diversity among natural populations is a key

issue in evolutionary and conservation biology. To do so accurately genetic data must

be analysed in conjunction with an unambiguous understanding of the historical pro-

cesses that have acted upon the populations. Here, we focused on diversity at toll-like

receptor (TLR) loci, which play a key role in the vertebrate innate immune system and,

therefore, are expected to be under pathogen-mediated selection. We assessed TLR

variation within and among 13 island populations (grouped into three archipelagos) of

Berthelot’s pipit, Anthus berthelotii, for which detailed population history has previ-

ously been ascertained. We also compared the variation observed with that found in

its widespread sister species, the tawny pipit, Anthus campestris. We found strong evi-

dence for positive selection at specific codons in TLR1LA, TLR3 and TLR4. Despite

this, we found that at the allele frequency level, demographic history has played the

major role in shaping patterns of TLR variation in Berthelot’s pipit. Levels of diversity

and differentiation within and across archipelagos at all TLR loci corresponded very

closely with neutral microsatellite variation and with the severity of the bottlenecks

that occurred during colonization. Our study shows that despite the importance of

TLRs in combating pathogens, demography can be the main driver of immune gene

variation within and across populations, resulting in patterns of functional variation

that can persist over evolutionary timescales.
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Introduction

Genetic variation provides the fundamental substrate

for evolution. Consequently, understanding the levels

and distribution of functional genetic diversity among

individuals and populations, and what forces drive

these patterns, is a central component of evolutionary

biology. Given that genetic variation is critical to the

adaptive potential of populations and species, this

understanding also has important implications for con-

servation (Frankham et al. 1999).

Population bottlenecks result in losses of functional

genetic diversity (Cabe 1998; Gautschi et al. 2002; Sutton

et al. 2013) and are a key force in shaping the future

evolution and persistence of populations (Frankham

1996; England et al. 2003). When populations undergo

bottlenecks, genetic drift is usually the dominant force,

reducing genetic diversity within populations and driv-

ing differentiation across them (Hartl & Clark 2007).

However, if selection acts on a specific region of the

genome it can either counteract, or alternatively,
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reinforce the effects of drift depending on the type of

selection operating (Aguilar et al. 2004; Miller & Lam-

bert 2004). Under balancing selection, genetic diversity

will be maintained within the bottlenecked populations,

reducing the amount of differentiation one might expect

under drift alone (Hedrick & Thomson 1983; Hughes &

Nei 1988), at least at the specific loci involved. Alterna-

tively, under purifying or constant directional selection,

genetic diversity will be reduced and the effects of drift,

and resulting population differentiation, will be rein-

forced (Jiggins & Hurst 2003; Winternitz & Wares 2013).

When investigating genetic variation, loci involved in

the immune system are of particular interest, not least

because of their obvious importance for individual and

population survival (reviewed in Sommer 2005; Ace-

vedo-Whitehouse & Cunningham 2006), but also

because they are expected to be under strong and

direct selection from pathogens (Trowsdale & Parham

2004; Ekblom et al. 2010). Over the last few decades,

genes of the major histocompatibility complex (MHC),

which code for receptors central to the acquired

immune system, have been the focus of studies into

functional genetic diversity and pathogen-mediated

selection among wild populations (reviewed in Piertney

& Oliver 2006; Spurgin & Richardson 2010). However,

the MHC is highly complex in terms of its structure

and evolution, making it extremely difficult to disentan-

gle the interacting ecological and evolutionary forces

driving variation in natural populations (Spurgin &

Richardson 2010). Only recently has attention spread to

investigating other important (and potentially more

tractable) immune genes (Acevedo-Whitehouse &

Cunningham 2006; Jensen et al. 2008; Grueber et al.

2012; Turner et al. 2012), and recent studies have started

to investigate the evolutionary forces shaping variation

at these genes (Bollmer et al. 2011; Tschirren et al. 2012;

Grueber et al. 2013, 2015; Hartmann et al. 2014;

Qu�em�er�e et al. 2015).

Toll-like receptors (TLRs) are essential components

of the innate immune response (Roach et al. 2005).

They bind pathogen-associated molecular patterns

(PAMPs), thus triggering an intracellular signalling cas-

cade that results in an inflammatory response and acti-

vation of macrophages, which attack the infection

(Belvin & Anderson 1996; Akira 2003). Vertebrate TLRs

are divided into six families that vary in the type of

PAMPs they recognize (Roach et al. 2005). For example,

the TLR1 family bind bacterial lipoproteins (Takeuchi

et al. 2002), TLR3 binds viral RNA (Yoneyama & Fujita

2010), TLR21—an avian-specific gene—binds bacterial

DNA motifs (Keestra et al. 2010), and TLR4 binds bac-

terial lipopolysaccharide (Poltorak et al. 1998). Recent

studies of the loci that encode these molecules have

shown evidence of positive selection in TLR loci in a

range of organisms including birds (Downing et al.

2010; Alcaide & Edwards 2011; Grueber et al. 2014),

fish (Chen et al. 2008) and mammals (Nakajima et al.

2008; Areal et al. 2011; Tschirren et al. 2011; Qu�em�er�e

et al. 2015). Most of the sites identified as being under

positive selection in these studies are located in the

TLR extracellular domain which directly binds the

PAMPs (reviewed in Mikami et al. 2012), and specific

polymorphisms within TLR loci have been associated

with differential disease resistance (Schr€oder &

Schumann 2005; Misch & Hawn 2008; Basu et al. 2010).

These data thus support the idea that pathogen-

mediated selection plays a role in determining patterns

of variation at TLR loci.

While the relationship between individual-level TLR

variation and an organism’s ability to resist infection is

becoming clearer, how different evolutionary forces

interact to shape TLR variation at the level of popula-

tions and species remains poorly understood. Studying

population-level variation at these critical genes, espe-

cially in bottlenecked populations and/or endangered

species, is important from both an evolutionary and

conservation perspective (Grueber et al. 2012; Hartmann

et al. 2014). Although there have been studies of TLR

variation across species (Nakajima et al. 2008; Wlasiuk

& Nachman 2010; Areal et al. 2011; Mikami et al. 2012),

few studies have investigated TLR variation within bot-

tlenecked populations (Grueber et al. 2012; Hartmann

et al. 2014), or how TLR variation is distributed across

multiple natural populations of a single species

(Tschirren et al. 2012; Qu�em�er�e et al. 2015). Furthermore,

most of these studies focus on the effects of recent

demographic events and do not tell us about what

determines among population patterns of TLR variation

over longer timescales.

Berthelot’s pipit, Anthus berthelotii, is a small, insec-

tivorous passerine endemic to the North Atlantic

archipelagos of Madeira, Selvagens and the Canary

Islands where it occurs in relatively isolated popula-

tions of varying size (Cramp & Perrins 1977–1994;
Fig. 1). The species is thought to have colonized the

Macaronesian archipelagos from Africa, where its clos-

est relative the tawny pipit (Anthus campestris) inhab-

its, during the Pleistocene (Voelker 1999). Previous

work on Berthelot’s pipit has provided evidence of

how population bottlenecks of differing severity,

which occurred during the colonization of each archi-

pelago, have been dominant in shaping neutral varia-

tion across the populations (Illera et al. 2007; Spurgin

et al. 2014). These studies have shown that genetic

variation at microsatellites is highest in the Canary

Islands and lowest in the more recently colonized

Madeira and Selvagens archipelagos (c. 8500 years

ago). We have also shown that these populations are
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exposed to spatially varying pathogen pressures that

are consistent over time (Spurgin et al. 2012) and that

MHC genes are rapidly evolving across the popula-

tions as a result of gene conversion and positive selec-

tion (Spurgin et al. 2011). Thus, this species provides

an ideal study system in which to investigate the roles

of selection vs. drift in determining patterns of func-

tional genetic diversity in fragmented bottlenecked

populations. With that as our overall aim, here we

characterized variation at five of the ten known avian

TLR loci in Berthelot’s pipit. Specifically we (i) charac-

terized genetic variation at TLR loci in Berthelot’s

pipit and compared it to that found in other bird spe-

cies, including its sister species, the tawny pipit, (ii)

investigated how TLR genetic diversity is distributed

within and among 13 Berthelot’s pipit populations

and (iii) assessed the relative roles of selection and

drift in shaping the patterns of variation we observed

in these important immune loci.

Methods

Study populations and sampling

We screened individuals from all islands sampled as

part of earlier studies (Illera et al. 2007; Spurgin et al.

2012; Fig. 1, Table S1, Supporting information). A 13th

population was sampled from El Teide, a volcano situ-

ated at the centre of Tenerife rising 3718 m above sea

level (a.s.l.), due to its geographically isolated position

from the others. The El Teide population exists at

>2000 m a.s.l. across an alpine plateau (c. 190 km2), sep-

arated from the rest of the island population by its alti-

tude and a ring of pine forest that extends from

approximately 1600–2000 m a.s.l., which is not suitable

habitat for pipits (Illera et al. 2007). Overall, it is plausi-

ble to consider El Teide a different population. Birds

were captured using clap nets baited with Tenebrio moli-

tor larvae. Blood samples were collected by brachial
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Fig. 1 Distribution of Berthelot’s pipit, Anthus berthelotii, across the Islands of the Macaronesian archipelagos and the populations of

tawny pipits, Anthus campestris, used in this study. The identity of each island and the sample sizes for tawny pipits are shown. Sam-

ple sizes for Berthelot’s pipit from each island are given in Table S1 (Supporting information).
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venipuncture, diluted in 800 lL absolute ethanol in

screw-cap microcentrifuge tubes and stored at room

temperature. We also obtained blood samples from 12

tawny pipits (two from Morocco, four from Mauritania

and six from the Iberian Peninsula), captured using the

same methods as for Berthelot’s pipits.

Estimation of divergence time between Berthelot’s and
tawny pipits

Berthelot’s and tawny pipits shared some haplotypes at

TLRs (see Results). To assess whether this was the

result of limited time for lineage sorting to occur since

the two species split or whether it was evidence of

trans-species polymorphism we estimated time of diver-

gence between the two species. Previously, the timing

of divergence between Berthelot’s and tawny pipits had

been estimated using DNA from a tawny pipit from

Denmark (Voelker 1999). However, a phylogenetic anal-

ysis suggests that the migratory behaviour of tawny

pipits evolved after the split between Berthelot’s and

tawny pipits (Outlaw & Voelker 2006). Thus Berthelot’s

pipits likely evolved from an ancestral sedentary popu-

lation that existed near to the Canary Islands and,

therefore, the divergence time might have been overes-

timated. We therefore re-estimated divergence time

based on mitochondrial gene cytochrome oxidase sub-

unit I (COI) sequence data, using tawny pipits from the

Iberian Peninsula and northern Africa (Mauritania and

Morocco, Appendix S1, Supporting information).

TLR genotyping

DNA was extracted using a salt extraction method fol-

lowing Richardson et al. (2001). In both Berthelot’s and

tawny pipits we amplified TLR1LA, TLR1LB and TLR3

using the primers published by Alcaide & Edwards

(2011), and TLR4 and TLR21 with the primers pub-

lished by Grueber et al. (2012). These primers amplify

fragments (mean size = 862 bp, ranging from 622 to

1041 bp) of the TLRs extracellular domains, the regions

directly involved in pathogen recognition. We were

unable to successfully amplify a further four TLRs

(TLR2A, TLR2B, TLR5 and TLR15) using either the pri-

mers available in Alcaide & Edwards (2011) or Grueber

et al. (2012). Polymerase chain reactions (PCR) were per-

formed in a Tetrad thermocycler (MJ Research) using

the following profile: initial denaturing at 94 °C for

4 min, followed by 35 cycles of denaturing at 94 °C for

40 s, annealing at 60 °C (TLR1LA, TLR3, TLR4 and

TLR21) or 64 °C (TLR1LB) for 40 s and extension at

72 °C for 80 s; a final extension step was performed at

72 °C for 10 min. Reactions were conducted in 10 lL
volumes using the TopTaq polymerase master mix kit

(Qiagen), 0.5 lM of each primer and c. 30 ng of DNA.

Amplified fragments were visualized on 2% agarose

gels stained with ethidium bromide and purified using

a mixture of recombinant alkaline phosphatase and

exonuclease I, incubating at 37 °C for 30 min, followed

by enzyme inactivation at 95 °C for 5 min. Amplified

fragments were sequenced using the BigDye terminator

kit (Applied Biosystems) using the following thermal

profile: 96 °C for 2 min, followed by 25 cycles of 96 °C
for 10 s, 50 °C for 5 s and 60 °C for 4 min. Products

were visualized using an ABI genetic analyzer (Applied

Biosystems). Sequences were aligned and edited in BIOE-

DIT 7.0.9.0 (Hall 1999) and single nucleotide polymor-

phisms (SNPs) were detected by visually examining

chromatograms. The International Union of Pure and

Applied Chemistry code for degenerate nucleotides was

used for heterozygous positions. Individual haplotypes

were resolved using the PHASE algorithm (Stephens

et al. 2001) implemented in DNASP 5.10.01 (Librado &

Rozas 2009). All haplotypes were confirmed by repeat

PCR and sequencing from at least two samples.

Analyses

All analyses were carried out in R version 3.0.2 (R

Development Core Team 2011), unless stated otherwise.

To determine the relationship between alleles from each

TLR across different bird species, we constructed maxi-

mum-likelihood trees for each locus using 1000 boot-

strap replications and the general time reversible

substitution model using MEGA 6 (Tamura et al. 2013).

These trees included sequences from the two pipit spe-

cies obtained in this study and three species obtained

from GenBank: the house finch, Carpodacus mexicanus,

lesser kestrel, Falco naumanni (Alcaide & Edwards 2011),

and the New Zealand robin, Petroica australis rakiura

(Grueber et al. 2012). To further visualize relationships

between TLR genes in Berthelot’s and tawny pipits, we

built haplotype networks using HAPSTAR 0.5 (Teacher &

Griffiths 2011).

The ratio (x) of nonsynonymous to synonymous sub-

stitutions per site (dN/dS) was calculated in MEGA 6

(Tamura et al. 2013) for each locus using the haplotype

sequences identified in Berthelot’s and tawny pipits.

Significance of the relationship between dN and dS

(dN < dS, dN > dS) was tested with 10 000 bootstrap

replications. This whole haplotype method gives an

indication of selection averaged over all sites in the

sequence but requires a strong signal to detect selection

(Pond & Frost 2005b). To explore whether specific

codons, rather than the entire sequence, were under

positive selection, two codon-based methods were used:

fast unbiased Bayesian approximation (FUBAR) (Mur-

rell et al. 2013) and the mixed-effects model of evolution

© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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(MEME; Murrell et al. 2012). These approaches are the

most up-to-date for detecting pervasive (FUBAR) and

episodic (MEME) selection at individual codons and are

intended to supersede older methods (e.g. REL, SLAC,

FEL) due to their improved power and efficiency

(Murrell et al. 2012, 2013). Sites with posterior probabili-

ties >0.9 for FUBAR, and P values <0.1 for MEME were

considered to support positive selection. Prior to run-

ning analyses, the best fitting nucleotide substitution

model was determined for each locus using a model

selection approach (Pond & Frost 2005a). These tests

were all run in Datamonkey (http://datamonkey.org,

Pond & Frost 2005a) with sequences from the two pipit

species. Gene conversion and recombination were esti-

mated for each locus using methods described by

Betr�an et al. (1997) and Hudson (2007), respectively,

implemented in DNASP 5.10.01 (Librado & Rozas 2009).

To best visualize genetic diversity among Berthelot’s

pipit populations, islands were pooled into archipela-

gos. This is in accordance with findings from previous

research, which showed that most structure is at the

archipelago level (Spurgin et al. 2014), and analysis of

structure at TLRs confirmed the validity of this

approach (see Results). We calculated measures of TLR

nucleotide diversity in MEGA 6 (Tamura et al. 2013) and

tested for differences between the two pipit species,

and among archipelagos for Berthelot’s pipit, using

randomization tests (Manly 2007). Tests of Hardy–
Weinberg equilibrium were carried out using the web

version of GENEPOP (http://genepop.curtin.edu.au/, Ray-

mond & Rousset 1995). Nucleotide diversity compar-

isons involving Selvagem Grande were not possible

because of the low number of haplotypes detected in

this population (see Results). In addition to nucleotide

diversity, for each TLR locus and population, we calcu-

lated the number of alleles and expected heterozygosity

using custom R scripts. We also calculated allelic rich-

ness after correcting for differences in sample size

between the archipelagos (as a result of there being dif-

ferent numbers of populations per archipelago) using

the software HP-RARE 1.0 (Kalinowski 2005).

We limited analyses of genetic differentiation to the

Berthelot’s pipit, due to the low sample size available

for tawny pipits. A previous study of Berthelot’s pipits

identified a pattern of ‘isolation by colonization’,

whereby neutral genetic structure (at microsatellites)

among populations was largely the product of the rela-

tive bottleneck severity of populations (hereafter ‘bottle-

neck distance’; Spurgin et al. 2014). Here, we assessed

whether TLR genetic structure among islands was con-

sistent with this pattern. As an index of bottleneck dis-

tance, we used a modified version of Garza &

Williamson’s (2001) M ratio, developed to reflect the

relative bottleneck severity of pairs of islands based on

microsatellite variation (Spurgin et al. 2014). We calcu-

lated pairwise FST between all islands in ARLEQUIN v3.5

(Excoffier & Lischer 2010). For every microsatellite and

TLR locus, we tested whether pairwise FST was related

to bottleneck distance with a Mantel test, implemented

in the R package ECODIST (Goslee & Urban 2007). We

then compared the distribution of correlation coeffi-

cients from the Mantel tests for microsatellite and TLR

loci. A strong correlation between the pairwise FST val-

ues based on TLR variation and bottleneck distance

would indicate that the distribution of TLR variation

among populations follows the same pattern of isolation

by colonization as the microsatellites. If no correlation

is found, the patterns of genetic structure may be the

product of population specific patterns of selection.

Results

Divergence time between Berthelot’s and tawny pipits

We found eight and three variable sites within the

tawny and Berthelot’s pipit COI haplotypes, respec-

tively. The mean estimated time to most recent common

ancestor of all Berthelot’s and tawny pipit haplotypes

was 2.34 Myr (95% HPD = 1.57–3.13 Myr).

TLR variation within and across species

We initially screened variation at each TLR locus in

5 individuals per population. The highest levels of func-

tional variation were observed at TLR3 and TLR4, so an

additional 25 individuals per population were screened

at these loci to ensure we detected all functional vari-

ants. The remaining loci were genotyped at an addi-

tional 5 individuals per population (see Table 1 for final

sample sizes). Twelve tawny pipits were all screened at

all five TLR loci. A summary of variation across the five

TLR loci is given in Table S2 (Supporting information).

No SNPs resulted in frame shifts or stop codons. A

total of 41 alleles were identified in Berthelot’s pipits

(Table S3, Supporting information), of which 24

occurred as homozygotes and the remaining 17 were

inferred using PHASE. We found 5–10 haplotypes per

locus, which translated to between 3 and 6 different

amino acid variants at each locus (Table 1). In tawny

pipits, we identified a total of 62 alleles (Table S3, Sup-

porting information), with between 7–18 haplotypes

and 5–11 amino acid variants per locus (Table 1).

The maximum-likelihood phylogenies consistently

show that alleles of each TLR locus cluster by species,

except for the pipit species, which are paraphyletic

(Figs S1–S5, Supporting information). Haplotype net-

works (Figs S6–S10, Supporting information) show that

the two pipit species are very closely related at all TLRs

© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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and that they share haplotypes at TLR1LA and TLR3

(one shared allele each, Figs S6 and S8, Supporting

information). In Berthelot’s pipit, most haplotypes are

separated from one another by a single point mutation.

Haplotype networks of TLR1LB, TLR3 and TLR4 (Figs

S7–S9, Supporting information) show a star-like pattern,

where most haplotypes are connected to one central

haplotype present in all three archipelagos. The

networks of TLR1LA and TLR21 haplotypes show

chain-like patterns in Berthelot’s pipits (Figs S6 and

S10, Supporting information). We found no evidence

for gene conversion or recombination among the TLR

loci (DNASP; Number of gene conversion tracts = 0). At

the haplotype level, we found evidence for purifying

selection at all loci, with x values ranging from 0.13 to

0.71 in Berthelot’s pipit and from 0.18 to 0.39 when

including sequences from tawny pipit (Table S4,

Supporting information). The FUBAR method for

detecting pervasive, codon-specific selection identified

three sites under positive selection in TLR1LA, and two

sites under positive selection in both TLR3 and TLR4

(Table S5, Supporting information). The MEME method

for detecting episodic selection identified four of the

seven sites identified by FUBAR, plus an extra nine

sites under positive selection in TLR3 (Table S5, Sup-

porting information).

Genetic structure across TLR loci was very low

within (mean pairwise FST = 0.006), but not across

(mean pairwise FST = 0.15) archipelagos, so island pop-

ulations could be pooled into archipelagos for compar-

isons of polymorphism. All TLR loci were polymorphic

in all archipelagos, except TLR4 in the Selvagem popu-

lation. Significant deviations from Hardy–Weinberg

equilibrium were observed for TLR1LB in Selvagem,

Table 1 Polymorphism at five toll-like receptor loci in the three Berthelot’s pipit (Anthus berthelotii) archipelago populations

(CI = Canary Islands, M = Madeira, S = Selvagem Grande) and the sister species, the tawny pipit (Anthus campestris)

Locus Population (N) Sites* Alleles† p (SD)‡ AA§ AR¶ Hd** Ho
†† He

‡‡ HWE P§§

TLR1LA A. berthelotii (146) 8 10 24.2 (3.3) 5

CI (100) 8 10 24.2 (3.3) 5 5.15 0.73 0.65 0.72 0.379

S (14) 1 2 9.9 (4.9) 1 2.00 0.48 0.28 0.46 0.240

M (32) 3 4 16.5 (4.4) 2 3.94 0.62 0.53 0.58 0.075

A. campestris (12) 21 15 38.4 (5.7) 9 9.27 0.89 0.92 0.87 0.881

TLR1LB A. berthelotii (145) 9 10 23.1 (2.8) 5

CI (99) 6 7 21.5 (3.6) 3 3.37 0.50 0.59 0.50 0.134

S (14) 1 2 10.3 (5.1) 2 2.00 0.45 0.07 0.44 0.003

M (32) 6 7 19.5 (3.1) 2 5.57 0.75 0.69 0.74 0.713

A. campestris (12) 18 10 44.8 (5.8) 5 5.50 0.62 0.75 0.75 1.000

TLR3 A. berthelotii (371) 8 9 17.1 (1.8) 6

CI (266) 7 8 16.8 (2.0) 5 6.56 0.53 0.49 0.58 0.114

S (25) 1 2 9.6 (4.8) 1 2.00 0.39 0.52 0.38 0.144

M (80) 3 4 14.4 (3.5) 2 4.00 0.70 0.74 0.69 0.942

A. campestris (12) 15 12 30.6 (4.0) 8 7.76 0.76 1.00 0.83 1.000

TLR4 A. berthelotii (372) 5 7 29.5 (4.5) 6

CI (266) 4 5 25.8 (5.6) 5 4.22 0.58 0.52 0.58 0.027

S (23) 0 1 0.0 (0.0) 1 1.00 0.00 0.00 0.00 N/A

M (83) 4 4 30.3 (8.2) 4 4.00 0.74 0.75 0.74 0.415

A. campestris (12) 22 18 73.1 (7.4) 11 10.24 0.96 0.83 0.93 0.353

TLR21 A. berthelotii (144) 4 5 28.9 (6.2) 3

CI (97) 3 4 28.9 (6.2) 3 2.79 0.53 0.49 0.52 0.042

S (17) 1 2 16.1 (8.0) 1 2.00 0.40 0.41 0.39 1.000

M (30) 1 2 16.1 (8.0) 1 2.00 0.44 0.36 0.43 0.414

A. campestris (12) 6 7 32.2 (5.0) 5 4.50 0.66 0.75 0.66 0.981

Significant deviations from Hardy–Weinberg equilibrium are underlined.

*Number of polymorphic sites.
†Number of alleles.
‡Nucleotide diversity 9 104 (Standard deviation).
§Number of amino acid variants.
¶Allelic richness corrected for sampling difference.

**Haplotype diversity.
††Observed heterozygosity.
‡‡Expected heterozygosity.
§§P-value of the Hardy–Weinberg equilibrium exact test with 1 million Markov chain steps.
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and TLR4 and TLR21 in the Canary Islands. In all

instances a deficit of heterozygotes was found (Table 1).

All measures of genetic diversity showed the same pat-

tern, with highest levels of variation in tawny pipits,

followed by Berthelot’s pipit populations on the Canary

Islands, then Madeira and then Selvagens, respectively

(Fig. 2; Table 1). Importantly, these patterns still held

when allelic richness was rarefacted, to control for sam-

pling differences across archipelagos (Table 1). Of the

Berthelot’s pipit populations, the Canary Islands had

the most private alleles across all loci (20), while

Madeira had six and Selvagem Grande had none.

To assess whether neutral processes govern patterns

of TLR variation among islands, we compared pairwise

structure at TLRs to that at microsatellites, and with bot-

tleneck distance. Pairwise structure averaged over TLR

loci was strongly positively related to both of these vari-

ables (Mantels tests: microsatellites r = 0.89, P < 0.001;

bottleneck distance r = 0.88, P < 0.001; Fig. 3A). Mantel

r values from relationships between pairwise structure

at individual TLR genes and bottleneck distance fell

within the upper range of values obtained from Mantel

tests between individual microsatellites and bottleneck

distance (Fig. 3B). Indeed, we found a strong and signif-

icant positive relationship between island pairwise FST
and bottleneck distance for TLR1LA (r = 0.56,

P = 0.003), TLR1LB (r = 0.51, P = 0.012), TLR3 (r = 0.73,

P < 0.001) and TLR4 (r = 0.89, P < 0.001), and a margin-

ally nonsignificant positive relationship for TLR21

(r = 0.52, P = 0.06) (Fig. 4).

Discussion

Here, we show that Berthelot’s pipits have reduced

TLR variation compared to tawny pipits, most likely

due to founder effects associated with the colonization

of Macaronesia by Berthelot’s pipits. In addition, in

Berthelot’s pipits variation at these TLR loci was further

reduced as a result of the bottlenecks experienced dur-

ing the recent colonization events to the Madeiran and

Selvagens archipelagos from the Canaries. Importantly,

despite evidence of historical selection at some TLR loci,

we found that levels of population differentiation

observed at the TLR loci in Berthelot’s pipits reflect the

bottleneck history of this species, mirroring a pattern

previously found with microsatellites (Spurgin et al.

2014). We discuss each of these findings below.
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Fig. 2 Distribution of allelic richness of five toll-like receptor

loci (after accounting for differences in sample size) across the

three archipelago populations of Berthelot’s pipit, Anthus berth-

elotii (Canary Islands, Madeira and Selvagens), and of tawny

pipits, Anthus campestris. Centre lines show the medians.

Box limits indicate the 25th and 75th percentiles; whiskers

extend 1.5 times the interquartile range from the 25th and 75th

percentiles, and outliers are represented by dots.
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Fig. 3 (A) Relationship between pairwise population structure

at toll-like receptor (TLR) and microsatellite loci among Berth-
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vidual microsatellite and TLR loci and pairwise bottleneck dis-
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Our phylogenetic trees—including sequences from

Berthelot’s pipit, tawny pipit, house finch, New Zealand

robin and lesser kestrel—indicate that within each TLR

locus, variation groups according to the taxonomic rela-

tionship between the species (Figs S1–S5, Supporting

information)—a finding consistent with other studies of

TLR variation across species (Roach et al. 2005; Naka-

jima et al. 2008; Alcaide & Edwards 2011). We found no

evidence of gene conversion and recombination among

the TLR loci. Thus, contrary to other gene families, such

as the MHC, where gene conversion and trans-species

evolution are frequent (Ohta 1995; Klein et al. 1998;

Spurgin et al. 2011), vertebrate TLRs seem to evolve

independently and (notwithstanding rare whole gene

duplication events) by point mutation (Roach et al.

2005). Our results confirm that TLR loci can provide

simpler and more tractable immunogenetic loci—

compared to the MHC—with which to explore the

forces shaping important functional diversity within

and among populations. In our data the sequences from

the two pipit species clustered together within the tree

and share two alleles (one allele in TLR1LA and one in

(A) (B)

(C) (D)

(E) (F)

Fig. 4 Pairwise FST for each of five toll-

like receptor (TLR) loci in relation to

pairwise bottleneck distance between the

13 populations of Berthelot’s pipit,

Anthus berthelotii. (A–E) Scatter plot of

pairwise FST in relation to pairwise bot-

tleneck distance; (F) lines fit to the Man-

tel correlation coefficient between

pairwise FST and pairwise bottleneck dis-

tance of the five TLRs shown in (A–E).
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TLR3, Figs S1 and S3, Supporting information). How-

ever much lower interspecific TLR compared to mtDNA

divergence is expected when we consider (i) the recent

separation time between the two species, and (ii) the

larger effective population size of nuclear compared to

mitochondrial DNA. The retained ancestral polymor-

phism between Berthelot’s and tawny pipits is therefore

most likely due to incomplete lineage sorting.

There is now evidence from within and across multiple

species that overall TLR sequences are characterized by

stabilizing selection, but with specific TLR codons show-

ing evidence of positive selection (Alcaide & Edwards

2011; Areal et al. 2011; Forn�uskov�a et al. 2013; Grueber

et al. 2014; Qu�em�er�e et al. 2015). In line with this, we

found evidence for purifying selection at all the TLR loci

amplified, but also found that specific codons were

under positive selection (Table S5, Supporting informa-

tion). Of particular interest in our study is the large num-

ber of selected sites detected at TLR3 using the MEME

method, which models lineage-specific selection (Murrell

et al. 2012). In fact, the haplotype network for TLR3

(Fig. S8, Supporting information) suggests that nonsyn-

onymous variants have been generated from a central

widespread haplotype that arrived in the initial coloniza-

tion of the islands, and have been selected for and main-

tained in the Canary Islands (four amino acid variants)

and Madeira (one amino acid variant). Thus it may be

this gene has undergone strong, positive selection at

some point in the evolutionary history of Berthelot’s and

tawny pipits—however, data from a range of closely

related species are required to confirm this. In general,

while the dN/dS values in this study should be inter-

preted with caution due to the recent separation time of

our species (see Kryazhimskiy & Plotkin 2008), that TLR

genes are functionally important is beyond doubt.

Much less clear is how selection and drift shape pat-

terns of TLR variation across ecological timescales in nat-

ural populations. Some recent studies provide evidence

suggesting that drift is the main force shaping diversity

at TLR loci in recently bottlenecked or expanding popula-

tions (Grueber et al. 2013; Hartmann et al. 2014; Qu�em�er�e

et al. 2015). Our study indicates that even though balanc-

ing selection has played an important role in maintaining

variants at some TLR loci over long-term time frames,

genetic drift can be the main driver of TLR allele fre-

quency variation over shorter timescales encompassing

the recent evolutionary history of species. The tests of

selection we implemented can detect signatures of evolu-

tionary forces that may have acted long ago. Thus the

finding of codons under positive selection at TLR3 may

be the result of selection on this locus previous to the

recent bottlenecks that Berthelot’s pipit populations went

through. If signatures of selection are strong enough they

will not be erased by the bottleneck events (Oliver &

Piertney 2012). The lower TLR diversity in Berthelot’s

compared to tawny pipits is consistent with a founder

effect during the initial colonization of the islands.

Indeed, levels of TLR variation in Berthelot’s pipit (5–10
alleles per locus) are comparable to those reported for

recently bottlenecked species (Grueber et al. 2012),

whereas TLR variation in tawny pipits (7–18 alleles per

locus) is more comparable to those in widespread species

(Alcaide & Edwards 2011; Qu�em�er�e et al. 2015). The sec-

ondary colonization of Madeira and Selvagens by Berth-

elot’s pipits from the Canary Islands (c. 8500 years ago)

also involved bottlenecks (Spurgin et al. 2014), and the

lower levels of TLR variation on these archipelagos is

consistent with this. Moreover, the levels of pairwise dif-

ferentiation at TLR loci among Berthelot’s pipit popula-

tions are extremely strongly correlated with those found

at microsatellites (Fig. 3A), and are consistent with the

pattern of colonization, bottlenecks and subsequent isola-

tion in this species (Illera et al. 2007; Spurgin et al. 2014).

These results indicate that the TLR variation observed

across populations has largely been shaped by founder

effects and that these patterns have persisted over rela-

tively long timeframes, at least from an ecological per-

spective (1000s of years).

TLR genes offer an interesting comparison to MHC

genes, which have been the most widely used candidate

genes for studying adaptation in wild populations (Spur-

gin & Richardson 2010). Selection can have profound

effects on MHC allele frequency variation within and

across populations, even through strong population bot-

tlenecks (e.g. Oliver & Piertney 2012). However, in other

instances demographic processes can also play an impor-

tant role in shaping MHC variation within and among

small or bottlenecked populations (Bollmer et al. 2011;

Girard & Angers 2011; Oliver & Piertney 2012; Sutton

et al. 2013). To our knowledge, there is not yet any evi-

dence of selection producing pronounced effects on TLR

allele frequencies within or among natural populations,

perhaps suggesting selection at TLRs is generally weaker

than at MHC genes. This may be in part due to structural

differences between the two gene families. In Berthelot’s

pipits, there are low levels of within-island MHC varia-

tion, but functional variants have been rapidly regener-

ated as a result of gene conversion and selection (Spurgin

et al. 2011). There is no evidence from this study or any

other that we are aware of that gene conversion generates

TLR variation. Consequently, bottlenecked populations

are not able to regenerate TLR variation anywhere near

the rates that can be achieved for MHC genes, reducing

the efficacy with which selection can act. However, more

studies of species undergoing known bouts of pathogen-

mediated selection are required to confirm this.

In conclusion, founder effects appear to have been

the main determinant of patterns of TLR variation in
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the Berthelot’s pipit. Thus even at functional loci where

allelic diversity is known to be important in combating

pathogens (and hence where balancing selection may be

expected), drift can be the predominant force shaping

variation within and among populations. Our results do

not discount the importance of selection or variation at

functional loci such as TLRs but rather highlight that

drift can have pronounced effects on allelic variation,

which need to be accurately assessed and controlled for

if we are to be able to determine where and when selec-

tion has been important in wild populations.
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Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Figs S1–S5 Maximum likelihood phylogenetic trees of haplo-

types at five TLR loci in five bird species: Came = house finch,

Carpodacus mexicanus; Peau = New Zealand robin, Petroica aus-

tralis rakiura; Fana = Lesser kestrel, Falco naumanni;

Anbe = Berthelot’s pipit, Anthus berthelotii, and Anca = tawny

pipit, Anthus campestris. Figure S1 = TLR1LA, S2 = TLR1LB,

S3 = TLR3, S4 = TLR4, S5 = TLR21. Node values represent

bootstrap support. Subtrees for Peau, Anca and Fana were col-

lapsed. Height of the collapsed subtree is proportional to the

number of haplotypes in the subtree.

Figs S6–S10 Networks of TLR haplotypes found in populations

of Berthelot’s pipits (Yellow: Canary Islands, Blue: Selvagens,

Green: Madeira) and in tawny pipits (white circles). Each circle

represents one haplotype. Connections between circles denote

the number of nucleotide substitutions needed to change from

one haplotype to another. Nonsynonymous substitutions are

marked in red. Haplotype number is denoted beside each cir-

cle and size of the circle is proportional to the abundance of

the haplotype in Berthelot’s pipits. Circles representing tawny

pipit haplotypes are drawn at a standard size, and are for com-

parison of relationships with Berthelot’s pipit haplotypes only.

Appendix S1 Methodology for obtaining sequences of cyto-

chrome oxidase subunit I (COI).

Table S1 Number of individuals screened per island at each

TLR locus.

Table S2 Variation at the exons encoding the extracellular

domains of five toll-like receptor genes in Berthelot’s pipit

(Anthus berthelotii).

Table S3 Haplotypes identified at the five TLR loci in Berth-

elot’s pipit, Anthus berthelotii and tawny pipit, A. campestris,

populations.

Table S4 Mean ratio of nonsynonymous to synonymous substi-

tutions (x, P values for hypothesis of purifying selection,

dN < dS, in brackets) across identified alleles of the five TLR

loci in 1) Berthelot’s pipit (Aber) and 2) both Berthelot’s and

tawny pipits (Aber + Acam).

Table S5 Codons in TLR1LA, TLR3 and TLR4 identified as

being under positive selection across Berthelot’s and tawny

pipits, using two different methods: FUBAR and MEME.
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