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Abstract
Immunity genes are proposed to be informative about evolutionary processes acting upon 
introduced populations (e.g., showing signatures of selection). This is because immunity 
genes are expected to be under pathogen-mediated selection, and this type of selection can 
be more pronounced when individuals are exposed to new environmental conditions. Here 
we assessed innate immune genetic diversity, via Toll-like receptors (TLRs), to quantify 
genetic differentiation between a deliberately introduced population of dunnocks (Prunella 
modularis) in New Zealand and its source population in the United Kingdom. We also 
asked whether the introduced population shows signatures of intergenerational and current 
selection in TLR. We expect intergenerational and current selection patterns because New 
Zealand dunnocks have been exposed to new environmental conditions following their 
introduction around the late 1800s, which may have driven pathogen-mediated selection. 
Counter to our expectation, we found only weak and non-significant genetic differentiation 
between the introduced and source populations. Further, the levels of genetic differentia-
tion (G′

ST) found in TLRs were similar to those found in microsatellites across the popula-
tions. Dunnocks, in general, have been under strong purifying selection over evolutionary 
time, but we found little evidence to support signatures of contemporary selection in TLR 
in the introduced population. Notably, however, we found a statistically significant hete-
rozygosity advantage for males in TLR3, which lends support to possible current selection 
acting upon the introduced population. Overall, it appears that New Zealand dunnocks have 
retained a high proportion of the immunogenetic diversity of the source population, and 
that such diversity has probably been sufficient to defend against the potential pathogens 
found in New Zealand. Our results may explain—at least in part—why the introduction of 
dunnocks has been so successful; dunnocks have become one of the most common birds in 
New Zealand.
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Introduction

Past intentional biological introductions can serve as unplanned experiments that help us 
to track the genetic effects that introduced populations experience. Evaluating these genetic 
effects is important to determine the underlying causes of the growth or decline of the 
introduced population. For instance, the most common genetic effect following a popu-
lation introduction is a genetic bottleneck, which can reduce genetic diversity, promote 
inbreeding depression, and lead to rapid accumulation of deleterious alleles (Charlesworth 
et  al. 1993; Stockwell et  al. 1996; Briskie and Mackintosh 2004; Dlugosch and Parker 
2008). Yet, often genetic diversity losses are not observed even when few founders (i.e. 
individuals) are introduced (Merilä et al. 1996; Santos et al. 2013). Further, by studying 
the variation in genetic diversity over time, it is possible to assess the role of evolutionary 
forces, such as genetic drift or natural selection, acting upon introduced populations (Grue-
ber et al. 2013; González-Quevedo et al. 2015).

Variation in population genetic processes impacting introduced populations have pri-
marily been evaluated via neutral genetic diversity (e.g., microsatellites, see Dlugosch 
and Parker 2008). Neutral markers are commonly employed to measure genetic distance 
between populations (e.g. genetic distances between native and introduced population), and 
they are very informative about genetic structure and drift, as they are typically not sub-
ject to selection. On the other hand, we expect that functional genetic diversity may be 
more informative of non-neutral evolutionary processes than neutral loci, as the diversity 
of coding and other functional genomics regions is driven by selection. Toll-like receptor 
genes (TLRs), part of the innate immune system, are an ancient family of evolutionarily 
conserved transmembrane receptors that act as the first line of defense against pathogen-
associated molecular patterns (PAMPS), which are derived from pathogens (Aderem and 
Ulevitch 2000; Blasius and Beutler 2010). TLR sequences are expected to evolve under 
pathogen-mediated selection (PMS), a co-evolutionary arms-race between hosts and 
pathogens, promoting genetic changes that should be traceable in TLR genetic diversity 
(Barreiro et  al. 2009; Kloch et  al. 2018). As a consequence of PMS, TLRs can become 
polymorphic and such diversity can be maintained through balancing selection (Alcaide 
and Edwards 2011). However, episodic events of positive selection over long timescales 
(Alcaide and Edwards 2011), purifying selection and genetic drift also contribute to the 
patterns of genetic variation observed in immune genes (González-Quevedo et  al. 2015; 
Grueber et al. 2015; Gilroy et al. 2016; Morrison et al. 2020).

The biological introduction of bird species to New Zealand are particularly ideal to eval-
uate contemporary genetic processes, because there is access to the historical records from 
the Acclimatisation Societies of New Zealand. In this study, we are interested in the intro-
duction of the dunnock (Prunella modularis, Prunellidae), a small passerine bird native 
to Eurasia. Historical records from the Otago Acclimatisation Society indicate that in the 
Otago region (where one of our study populations is located) a total of 185 individuals, 
released in small groups, were introduced from United Kingdom between 1865 and 1907 
(Santos 2012; Santos et al. 2013). Since their introduction, dunnocks have spread success-
fully and colonized all habitat types under 1600 m and are considered as one of the most 
common bird species in the South Island of New Zealand (Kikkawa 1966; Davies 1992).

The introduction of dunnocks to New Zealand resulted in a new population that has 
been isolated from its source for over 30 generations and, most likely, has been exposed to 
novel environmental conditions. The ecosystem in New Zealand differs substantially from 
the dunnocks’ ancestral conditions in United Kingdom, as New Zealand has been under 
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substantial isolation (over 25 Ma) in the cool-temperate south Pacific (McDowall 2008), 
which, along with biogeographical and biological patterns has generated a distinct biota 
compared to north-temperate continental areas (Goldberg et al. 2008). Pathogens in both 
countries likely differ as a consequence of distance-decay and species sorting (Green and 
Bohannan 2006; Hanson et al. 2012; Székely and Langenheder 2014). So, there seems to 
be a plausible scenario to test whether there has been an immunogenetic response in dun-
nocks, via selection, to the novel environment.

In this study, our first goal is to evaluate genetic differentiation between the introduced 
population of dunnocks from Dunedin (New Zealand) and a population of dunnocks from 
Cambridge (United Kingdom). Our second goal is to test for signatures of selection acting 
upon the introduced population with a major emphasis on short evolutionary scales (inter-
generational and current selection). Both goals were examined using sequences of eight 
TLR genes and 16 microsatellites. For our first goal, we hypothesized that the introduc-
tion process could have caused a genetic bottleneck, so a plausible outcome is a reduc-
tion immune genetic diversity in New Zealand dunnocks compared to the source popula-
tion (Santos et  al. 2013). For our second goal, according to theory, we predict that over 
evolutionary time purifying selection is the main force shaping TLR variation (Mukherjee 
et al. 2009, 2014). We also predict that if the microbe-specific molecular signatures (i.e. 
pathogens) found in New Zealand have challenged the introduced dunnock population, 
we could detect signatures of (1) intergenerational selection by observing deviations from 
Hardy–Weinberg Equilibrium (HWE) and/or from Tajima’s D, and (2) current selection via 
heterozygosity-fitness correlations.

Methods

Study populations

The introduced population, hereafter the Dunedin population, consists of approximately 
70 breeding adult individuals per year (from 2009 and January 2016), which are resident 
and territorial at the Dunedin Botanic Garden (45°51′25″ S–170°31′08″ E, 8 m a.s.l., New 
Zealand). We closely monitored the breeding biology of this population over six breeding 
seasons (Holtmann et al. 2017; Santos et al. 2015). The dunnock breeding season in Dun-
edin starts in September and finishes in late December (austral spring to early summer). 
We have previously observed two main social mating systems in this population: monoga-
mous pairs (45%) and polyandrous trios (54%), and their territory sizes were on average 
0.24 and 0.25 ha, respectively (Santos and Nakagawa, 2013). The Dunedin Botanic Garden 
consists of 7.1 ha of a diversity of human-made habitats, such as open lawns, hedgerows, 
flower beds, and open woodland. The climate in Dunedin under the Köppen system can be 
classified as Cfb (temperate oceanic climate) with an average temperature of 10.8 °C and a 
rainfall of 775 mm per year (climate-data.org).

The source or ancestral population, hereafter named the Cambridge population, consists 
of approximately 80 breeding adult individuals per year, and it is located in the Cambridge 
Botanic Garden (52°11′37″ N–0°07′37″ E, 17 m a.s.l.), United Kingdom. This population 
was monitored over nine breeding seasons (1981–1990) by Professor Nick Davies and 
colleagues (Davies 1986; Burke et al. 1989; Davies 1992). The dunnock breeding season 
in Cambridge starts in April and finishes in July (boreal spring and summer). The mat-
ing system in Cambridge was more diverse as it included monogamous pairs (42.5%), 
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polyandrous trios (29.5%), polygynandrous groups (23.6%), and polygynous groups (4.3%) 
(Burke et  al. 1989). Compared to the Dunedin population, territory sizes in Cambridge 
are similar for monogamous pairs (0.29  ha), but larger for polyandrous trios (0.59  ha). 
The Cambridge Botanic Garden is 16 ha and also consists of a mosaic of open woodland, 
hedgerows, shrubs; all human-made habitats (Davies 1992). The climate in Cambridge, 
also following the Köppen classification system, can be classified as Cfb (temperate oce-
anic climate) with a slightly lower average temperature of 9.7 °C and slightly less rainfall 
per year of 553 mm (climate-data.org), compared to the weather in Dunedin. Note that we 
cannot determine the exact location of the UK source population used to establish the New 
Zealand population, but we assume that dunnocks from Cambridge are representative of 
this source, because dunnocks, as other passerine bird species in the UK, have shown very 
little population structure and very low genetic differentiation among sites (Kekkonen et al. 
2011).

DNA extraction and TLR genotyping

We analyzed blood samples from dunnocks between 2009 and 2016 in the Dunedin popu-
lation (N[Dunedin] = 55), and Professor Terry Burke (University of Sheffield) kindly provided 
us with blood samples from the Cambridge population (N[Cambridge] = 43), collected between 
1983 and 1990. We extracted DNA following an ammonium acetate protocol (Nicholls 
et al. 2000). We used primers that targeted the TLR extracellular domain of each gene, as 
this region of the gene is associated with pathogen recognition (Alcaide and Edwards 2011; 
Grueber et  al. 2012; Grueber and Jamieson 2013), and it is also the most polymorphic 
part of the gene (Wang et al. 2016). We successfully amplified TLR1LB and TLR4 with 
primers developed by Alcaide and Edwards (2011) and by Grueber and Jamieson (2013), 
respectively (Table S1). Using partial dunnock sequences obtained using published primers 
(Alcaide and Edwards 2011; Grueber et al. 2012), for TLR1LA, TLR3, TLR5, and TLR15, 
we generated redesigned, optimized primers for dunnock with Codon Code Aligner version 
5.0 (Table S1). We attempted to amplify TLR7 and TLR21 using primers from Alcaide and 
Edwards (2011) and Grueber and Jamieson (2013), and attempted to redesign primers as 
above, but none produced clear DNA sequences in our samples (Table S1).

We conducted polymerase chain reactions (PCRs) in a total volume of 12  µL, which 
contained dried DNA (10 ng), 6.0 µL MyTaq Mix 2x (Bioline Ltd), and 500 nM of each 
primer (Sigma-Aldrich). PCRs were performed on an Eppendorf Mastercycler Pro S using 
a three-step process: (i) denaturation for 15 min at 95 °C, followed by 12 cycles of denatur-
ation for 30 s at 94 °C, annealing with touch down (65 °C to 52 °C for TLR1LA or 70 °C 
to 58 °C for all other genes) for 90 s, and extension for 60 s at 52 °C; (ii) 25 cycles of dena-
turation for 30 s at 94 °C, annealing for 90 s at 58 °C (52 °C for TLR1LA), and extension 
for 60 s at 52 °C; and (iii) a final extension for 90 min at 60 °C. Amplified products were 
visualized on a 1% agarose 1 × TAE gel stained with SYBR safe DNA gel stain (Invitro-
gen). A 10 µL aliquot of the PCR product was cleaned up with 1 µL of ExoSAP-IT, mixed 
and incubated at 37 °C for 30 min, followed by inactivation at 80 °C for 15 min. The final 
PCR products were sequenced on an ABI 3730xl Genetic Analyzer.

We confirmed correct amplification of the target sequence using Geneious version R7 
(Biomatters) by aligning our data to the TLR sequences obtained by Alcaide and Edwards 
(2011) and Grueber and Jamieson (2013). We generated consensus sequences for each 
gene for each individual, from forward and reverse reads, in Geneious using the soft-
ware’s default settings. We confirmed single nucleotide polymorphisms (SNPs) by visual 
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evaluation of chromatograms. We did not find stop codons or frameshift mutations in any 
of the sequences. We only sequenced a portion of the TLR’s ectodomains and the final 
alignment sizes were: TLR1LA 462 bp, TLR1LB 627 bp, TLR2A 435 bp, TLR2B 300 bp, 
TLR3 597 bp, TLR4 657 bp, TLR5 618 bp, TLR15 552 bp. We used the Bayesian PHASE 
algorithms (Stephens and Donnelly 2003) implemented in DnaSP version 5.10.1 using 
default settings (Librado and Rozas 2009) to infer haplotypes. In addition, we genotyped 
a set of 16 polymorphic microsatellites for the same individuals following our previously 
published methods (Santos et al. 2013). The main goal of obtaining microsatellite data was 
to compare functional genetic diversity (TLRs) with neutral genetic diversity (as the for-
mer is subject to selection and drift, whereas the latter is only subject to drift).

Genetic diversity and differentiation among populations

We conducted our sequence and genotype analysis in R version 3.6.1 (R Core Team 2020). 
As measures of genetic diversity for TLRs we calculated haplotype diversity (Hd), nucleo-
tide diversity (π), mean nucleotide diversity (k), and number of SNPs, with the packages 
adegenet (Jombart 2008) and pegas (Paradis 2010). To measure the extent of population 
differentiation between Dunedin and Cambridge, we quantified TLR genetic differentiation 
using G′

ST (Hedrick 2005). We calculated this metric and its respective confidence intervals 
(to test for statistical significance) using the mmod package (Winter 2012) and its chao 
bootstrapping function (10,000 bootstraps). Similarly, we obtained genetic differentiation 
for microsatellites using G′

ST and also applied the same bootstrapping process. As G′
ST is a 

standardized (scaled) metric of genetic differentiation, we contrasted the 10,000 G′
ST dis-

tributions (obtained via bootstrapping) for TLRs and microsatellites to determine whether 
the level of differentiation between the two types of genetic markers was different. Finally, 
to visualize genetic relationships between the two populations for each TLR locus, we built 
haplotype networks in pegas (Paradis 2010).

Signatures of selection

First, to examine signatures of selection over evolutionary time acting upon TLRs in dun-
nocks, we used the ratio between the number of non-synonymous and synonymous sub-
stitutions, dN/dS (Nei and Gojobori 1986). We obtained dN/dS ratios and their confidence 
intervals for each TLR and for each population based exclusively in the polymorphic 
sequences. We employed the SLAC method on the Datamonkey webserver (Delport et al. 
2010—accessed December 2019). We assumed purifying selection when dN/dS < 1 and 
positive selection when dN/dS > 1 (Nei and Gojobori 1986).

Second, to infer intergenerational selection, we used two approaches. First, we calcu-
lated observed heterozygosity (HO) and expected heterozygosity (HE) per gene per popula-
tion and tested for Hardy–Weinberg Equilibrium (HWE) in each TLR gene as well as in 
each microsatellite locus both using pegas (Paradis 2010) with 1,000,000 iterations. Statis-
tical significance of HWE was corrected for false discovery rates (Benjamini and Hochberg 
1995) using the function fdr implemented in the mcp.project R package. We infer balanc-
ing selection when heterozygosity excess was present and when it deviated from HWE. We 
also used the Tajima’s D neutrality test (calculated in pegas) to test for balancing or purify-
ing selection. Statistically significant positive Tajima’s D values are interpreted as evidence 
of balancing selection, while negative Tajima’s D is interpreted as purifying selection.
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Third, in addition to our sequence-based and genotype-based inferences around recent 
past selection, we examined current selection on TLRs in the Dunedin population, as het-
erozygosity advantage, using heterozygosity-fitness correlations (HFCs). Our reproduc-
tive fitness metric of interest (response variable) was number of chicks produced per indi-
vidual per breeding season (n[individuals] = 55, n[observations] = 476, n[females] = 26, n[males] = 29), 
monitored during a six-year period (2009-2015, see: Holtmann et al. 2016, 2017; Santos 
and Nakagawa 2013; Santos et  al. 2015). We fitted a Bayesian generalized linear mixed 
model (BLMM) using Markov chain Monte Carlo (MCMC) techniques implemented in the 
MCMCglmm R package (Hadfield 2010) with a Poisson error distribution (log-link func-
tion). We included TLR standardized heterozygosity (SH), a metric of multilocus heterozy-
gosity (Coltman et al. 1999) as a fixed effect. To calculate SH we used the package Rhh 
implemented in R (Alho et al. 2010). We also include sex and the individual’s age as fixed 
effects. Note that we included sex and age because these two proxies may influence fit-
ness, the former given the social conflict among sexes in dunnocks (Davies 1986; Santos 
et al. 2015), and the later given the reproductive senescence with aging in passerine birds 
(Brommer et al. 2007; Bouwhuis et al. 2012). SH and age were z-transformed so that the 
regression coefficients were on a comparable scale (Schielzeth 2010). We included indi-
vidual identity, mating system, and breeding season as random effects. We also tested the 
role of each individual TLR locus by fitting eight additional BLMMs using the same model 
structure described above. The only difference is that instead of using SH as a covari-
ate, we separately included in each BLMM, TLR as a 1/0 predictor (1 = heterozygote, 
0 = homozygote). With these additional BLMMs, we attempted to capture individual-locus 
and specific-sex effects. Note that the covariate SH represents a real slope (one for males 
and one for females), whereas specific-locus heterozygosity (1/0 predictor) applied to the 
eight additional BLMMs represents the difference between two intercepts [HO–HE]. For all 
the BLMMs, we report estimates of regression coefficients as the mean of 1000 posterior 
samples along with Highest Posterior Density (HPD) intervals (95%) and considered the 
effects to be statistically significant if the HPD intervals did not overlap zero. To obtain 
1000 posterior samples, we ran each BLMM for 2,600,000 MCMC iterations with a burn-
in period of 600,000 iterations and a thinning interval of 2000. We used default priors for 
the fixed and for the random effects. We expect that if balancing selection does occur, this 
would generate a positive correlation between multilocus standardized heterozygosity of 
TLRs and fitness, and/or between each specific-locus and fitness.

Results

Genetic diversity and differentiation among populations

We found that six TLRs (TLR1LA, TLR1LB, TLR2, TLR4, TLR15) were polymorphic 
in both dunnock populations, whereas TLR3 and TLR5 showed low numbers of polymor-
phisms (Fig. 1). In general, measures of TLR genetic diversity were similar in both popu-
lations, but slightly lower in Dunedin than in Cambridge (Table 1), reflecting what could 
have been a very minor bottleneck effect in functional genetic diversity. This slightly low-
ered diversity in the Dunedin population is reflected in the average number of haplotypes, 
referred here also as number of alleles, that were lower in Dunedin (10.37) compared to 
Cambridge (11.00 haplotypes). It is also reflected in the average haplotype diversity (0.636 
in Dunedin vs. 0.639 in Cambridge, from Table 1) and in the average nucleotide diversity 
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Fig. 1   Number of alleles for 16 microsatellites and eight Toll-like receptor genes (TLRs) in two popula-
tions of dunnocks, Prunella modularis. Cyan corresponds to the Dunedin population and red corresponds 
to the Cambridge population. Number of alleles are presented above the bars and sample size (number of 
individuals) under the bars

Table 1   Genetic diversity 
measurements of eight Toll-like 
receptor genes (TLRs) in two 
populations (n[Dunedin] = 55, 
n[Cambridge] = 43) of dunnocks, 
Prunella modularis 

Hd = haplotype diversity; π = nucleotide diversity × 1000; k = aver-
age number of nucleotide differences; s = number of SNPs; 
nsyn:syn = non-synonymous vs. synonymous SNPs

Loci Population Hd π k s nsyn:syn

TLR1LA Cambridge 0.920 7.603 3.513 11 3:8
Dunedin 0.886 7.263 3.356 12 4:8

TLR1LB Cambridge 0.690 4.232 2.654 12 7:5
Dunedin 0.717 3.479 2.181 12 5:7

TLR2A Cambridge 0.703 3.091 1.461 8 5:3
Dunedin 0.707 3.545 1.542 7 4:3

TLR2B Cambridge 0.894 7.720 2.316 8 6:2
Dunedin 0.881 7.768 2.346 10 7:3

TLR3 Cambridge 0.154 0.262 0.157 2 1:1
Dunedin 0.139 0.238 0.142 3 2:1

TLR4 Cambridge 0.871 2.936 1.929 12 4:8
Dunedin 0.818 2.949 1.938 9 3:6

TLR5 Cambridge 0.046 0.074 0.046 1 0:1
Dunedin 0.106 0.173 0.107 3 1:2

TLR15 Cambridge 0.831 3.622 1.999 9 2:7
Dunedin 0.836 4.064 2.244 10 1:9

Mean Cambridge 0.639 3.692 1.759 7.88 3.50:4.38
Dunedin 0.636 3.685 1.732 8.25 3.38:4.88
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(3.685 Dunedin vs. 3.692 Cambridge, from Table  1). In contrast, we found a few more 
SNPs in the Dunedin population (66 SNPs) compared to the Cambridge population (63 
SNPs). Of those SNPs, however, Dunedin and Cambridge had a very similar number of 
non-synonymous mutations (27 and 28, respectively). Microsatellites, on the other hand, 
showed a lower average number of alleles (either including both populations or separately 
averaging the totals found in Dunedin and in Cambridge) compared to the TLR average 
allelic diversity (Fig. 1). Also, the average number of alleles in microsatellites was slightly 
higher in Dunedin (4.18 alleles) compared to Cambridge (3.75 alleles), which opposes a 
potential bottleneck effect, at least in neutral genetic diversity. However, Fig. S1 shows a 
small, but non-statistically significant, decline in heterozygosity in microsatellites.

Overall, we found low and non-significant genetic differentiation of TLRs between 
the Dunedin and the Cambridge population (Global G′

ST = 0.0209, 95% CI = − 0.0009 to 
0.0427, Table  2). This pattern of non-significant genetic differentiation between the two 
populations also held for each locus, when evaluated separately (Table 2). Further, haplo-
type networks showed no apparent genetic structure between the two populations (Fig. 2). 
In terms of microsatellites, we found statistically significant global genetic differentiation 
of G′

ST (0.0469, 95% CI = 0.0203 to 0.0734) between the two populations. Note, however, 
that 15 (out of 16) microsatellites loci did not present statistically significant genetic dif-
ferentiation (Table S2). Finally, we found that genetic differentiation for TLRs (TLR G′

ST 
global) was not statistically different from that observed in microsatellites (microsatellites 
G′

ST global). In other words, the contrast between the 10,000 distributions of TLR G′
ST 

global minus the 10,000 distributions of microsatellites G′
ST global (distributions obtained 

via bootstrapping), overlapped with zero [-0.0535, 0.0140], see details in Fig. S2).

Signatures of selection

Selection over evolutionary time

Except for the mean dN/dS of TLR2 in Cambridge, all the TLRs in both populations 
scored low means of dN/dS (< 1) (Fig. 3). Further, four TLRs (TLR1LA, TLR2A, TLR4, 
TLR15) also had their 95% confidence below 1 (dN/dS < 1) (Fig.  3). These findings 
reflect that TLRs have been primarily subject to purifying selection over an evolutionary 

Table 2   Estimates of genetic 
differentiation for eight Toll-like 
receptor genes (TLRs) and global 
differentiation of G′

ST between 
two populations (n[Dunedin] = 55, 
n[Cambridge] = 43) of dunnocks 
(Prunella modularis)

95% confidence intervals were obtained by bootstrapping with 10,000 
iterations

Loci G′
ST

TLR1LA 0.1476 (− 0.0017 to 0.2968)
TLR1LB 0.0294 (− 0.0319 to 0.0906)
TLR2A − 0.0037 (− 0.0626 to 0.0551)
TLR2B 0.0613 (− 0.0504 to 0.1729)
TLR3 − 0.0003 (− 0.0296 to 0.0291)
TLR4 0.0450 (− 0.0772 to 0.1672)
TLR5 − 0.0018 (− 0.0381 to 0.0345)
TLR15 0.0083 (− 0.0893 to 0.1060)
Global 0.0209 (− 0.0009 to 0.0427)
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Fig. 2   Network of haplotypes (allelic diversity) for the eight Toll-like receptor genes (TLRs) in two popula-
tions (n[Dunedin] = 55, n[Cambridge] = 43) of dunnocks (Prunella modularis). Each circle represents a haplotype, 
and its size is directly proportional to its frequency. Cyan corresponds to the Dunedin population and Red 
corresponds to the Cambridge population

Fig. 3   dN/dS ratios for eight Toll-
like receptor genes (TLRs) in 
two populations (n[Dunedin] = 55, 
n[Cambridge] = 43) of dunnocks, 
Prunella modularis. Mean dN/dS 
ratio represented as dots with 
their associated confidence inter-
vals represented as horizontal 
lines. Cyan corresponds to the 
Dunedin population and Red cor-
responds to the Cambridge popu-
lation. The vertical blue dashed 
line separates dN/dS>1 suggestive 
of positive selection and dN/dS<1 
suggestive of purifying selection
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timescale. In addition, both populations showed relatively similar patterns in their TLR 
dN/dS ratios and their corresponding confidence intervals (Fig. 3).

Selection over intergenerational time

We found that the average TLR heterozygosity, both observed and expected, was 
very similar between the two dunnock populations (TLRs: HO[Dunedin] = 0.604 and 
HO[Cambridge] = 0.581, HE[Dunedin] = 0.598 and HE[Cambridge] = 0.602, see results for each 
locus in Table 3). We found no statistically significant deviations from Hardy–Weinberg 
equilibrium in any TLRs in any population (either before or after correction for false dis-
covery rates, Table 3), providing no evidence of short term (intergenerational) selection 
on genotype frequencies. Also, none of the TLR loci evaluated deviated (statistically 
significant) from neutrality (Tajima’s D), indicating no evidence of purifying nor bal-
ancing selection acting on TLRs in the introduced population (Table 3). In microsatel-
lites, we found a relatively low heterozygosity (Table S3, Fig. S1) compared to TLRs. In 
general, the observed and expected heterozygosity for microsatellites were very similar 
between the populations (Microsatellites: HO[Dunedin] = 0.429 and HO[Cambridge] = 0.496, 
HE[Dunedin] = 0.429 and HE[Cambridge] = 0.491, see results for each locus in Table S3, also 
see Fig. S1). There were no statistically significant deviations from Hardy–Weinberg 
equilibrium in any microsatellite in any population.

Table 3   Observed versus expected heterozygosity and tests of deviation from Hardy–Weinberg Equilibrium 
(HWE) for eight Toll-like receptor genes (TLRs) in two populations (n[Dunedin] = 55, n[Cambridge] = 43) of dun-
nocks, Prunella modularis 

We obtained the p values for HWE from the exact test with 1,000,000 permutations. We estimated false dis-
covery rates for HWE with the fdr method implemented in R

Loci Population HO HE HWE
(p values)

HWE
(fdr)

Tajima’s D
(p values)

TLR1LA Cambridge 0.906 0.909 0.241 0.551 1.613 (0.106)
Dunedin 0.927 0.878 0.365 0.649 1.244 (0.214)

TLR1LB Cambridge 0.651 0.681 0.682 0.992 0.302 (0.762)
Dunedin 0.709 0.710 0.199 0.550 − 0.108 (0.914)

TLR2A Cambridge 0.651 0.689 0.317 0.634 0.291 (0.771)
Dunedin 0.709 0.700 0.218 0.551 0.374 (0.709)

TLR2B Cambridge 0.697 0.728 0.119 0.550 1.130 (0.258)
Dunedin 0.527 0.631 0.008 0.131 1.282 (0.199)

TLR3 Cambridge 0.162 0.152 1.000 1.000 − 0.960 (0.337)
Dunedin 0.145 0.138 1.000 1.000 − 1.322 (0.186)

TLR4 Cambridge 0.744 0.787 0.213 0.551 − 0.521 (0.602)
Dunedin 0.854 0.793 0.018 0.142 0.334 (0.739)

TLR5 Cambridge 0.046 0.045 1.000 1.000 − 0.910 (0.363)
Dunedin 0.109 0.104 1.000 1.000 − 1.432 (0.152)

TLR15 Cambridge 0.790 0.819 0.409 0.655 0.298 (0.766)
Dunedin 0.854 0.828 0.956 1.000 0.462 (0.644)
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Selection over the current generation

The Bayesian linear mixed model (BLMM) that assessed whether standardized hete-
rozygosity (SH) reflects any advantage in reproductive fitness (HFC), showed no sta-
tistically significant associations (Fig.  4 and Table  S4—SH BLMM). This finding 
held true for both sexes (SH BLMM: SH female’s slope = -0.031 [95% CI = − 0.262 to 
0.315], SH male’s slope = − 0.020 [95% CI = − 0.315 to 0.280], Fig.  4 and Table  S4, 
values are on the log-link scale). In general, for the additional fitted BLMMs that tar-
geted specific-locus effects, we found similar results (i.e. limited evidence to support 
current signatures of selection). Notably, however, we found statistically significant 
heterozygote advantage, exclusively for males, in TLR3 (BLMM TLR3: male’s differ-
ence [HO–HE] = 0.335 [95% CI = 0.086 to 0.616], Fig. 4 and Table S4). This heterozy-
gote advantage indicates, in the original scale (back-transformed as = exp(Intercept 
males[Ho] + Diff. males[He–Ho]) − exp(Intercept males[Ho])), that males that are heterozy-
gous at TLR3 have on average 0.167 chicks more than homozygous males. We stress 
that this effect is the only one with statistical support that let us infer current selection in 
the Dunedin population.

Fig. 4   Forest plots for the 
Bayesian linear mixed models 
(BLMMs) that assessed whether 
standardized TLR heterozy-
gosity (SH) and specific-TLRs 
heterozygosity predicted 
fitness in dunnocks (Prunella 
modularis) within the Dunedin 
population. Dots represent the 
posterior mean (i.e. regression 
coefficients) of the heterozygo-
sity slope (SH model) and the 
difference in heterozygosity 
(for the specific-locus models), 
and horizontal bars represent 
the 95% Highest Posterior 
Density (HPD) intervals. The 
only red dot and red horizonal 
bar represent the statistically 
significant difference observed in 
heterozygosity. Values presented 
in log-link scale. Sample size 
as follows: n[individuals] = 55, 
n[observations] = 476, n[females] = 26, 
n[males] = 29
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Discussion

The present study, using sequences of eight Toll-like receptors and genotypes of 16 micros-
atellites of dunnocks, evaluated genetic differentiation between an introduced population to 
New Zealand and a source population from United Kingdom, and tested whether signatures 
of contemporary and current selection are acting upon the introduced population. First, we 
found that measures of TLR genetic diversity were similar in the introduced population 
compared to the source population, and that genetic population differentiation was non-
statistically significant. For microsatellites, our findings are similar to the ones observed in 
TLRs (i.e. small genetic differentiation across the populations). Second, we found limited 
evidence to support either balancing or purifying contemporary selection as we did not 
observe any statistically significant deviations from HWE or neutrality (Tajima’s D). Our 
evaluation of current selection, via heterozygosity-fitness correlations (HFC), conditionally 
supported (males only) heterozygote advantage for a single locus (TLR3). Nonetheless, 
the other BLMMs using standardized multi-locus heterozygosity (SH), or other TLR loci, 
failed to detect heterozygotes advantage in the introduced population.

Genetic diversity and differentiation among populations

The relatively small reduction in TLR genetic diversity that was observed in the introduced 
population (Table 1) implies that the dunnock introduction to New Zealand resulted in a 
minor bottleneck. However, we found limited evidence to support a bottleneck in TLR 
genetic diversity. The genetic differentiation (G′

ST) between the source and introduced pop-
ulation was not statistically significant, and we did not observe a reduction in TLR het-
erozygosity (Fig. S1). A bottleneck was detectable using microsatellites, as the global G′

ST 
differentiation was statistically significant, however we stress that 15 (out of 16) microsat-
ellites did not show significant differentiation when analyzed separately. Even accepting 
statistically significant differentiation at microsatellites between the populations, levels of 
differentiation were very low (Table S2). In addition, there was no reduction in microsatel-
lite heterozygosity from Cambridge to Dunedin, which mirrors the findings reported by 
Santos et al. (2013) in the same study populations. Altogether, there was no strong support 
for a bottleneck at functional nor neutral genetic diversity. We conclude that the impact of 
the introduction at both types of genetic markers was minor.

Our findings of little TLR genetic differentiation between the two populations also 
imply that it is very plausible that the introduced population has retained most of the origi-
nal TLR genetic diversity brought from the ancestral source population. We suggest that 
the number of individuals introduced in the Otago region, estimated by Santos et al. (2013) 
to be about 185 individuals, and their subsequent rapid population expansion (Kikkawa 
1966; Davies 1992), were likely sufficient to bring and maintain virtually all extant TLR 
diversity from the source population in the United Kingdom.

Signatures of selection

Along with previous studies of TLR sequence variation (Alcaide and Edwards 2011; Grue-
ber et al. 2014; Raven et al. 2017), we found that TLRs in dunnocks display a consistent 
pattern of purifying selection over an evolutionary timescale, and such pattern was con-
sistent between the two populations for all the loci evaluated (Fig. 3). When considering 
an intergenerational timescale, on the other hand, we did not find support for our initial 
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hypothesis that pathogen-mediated selection would strongly shape dunnock immunoge-
netic variation as a consequence of the new environmental conditions. In other words, we 
neither observe significant deviations from HWE nor Tajima’s D null hypotheses for any 
TLR region. However, we found that TLR3 may be the subject to current selection and 
this finding deserves further discussion (see below). Given that we gathered little evidence 
of recent selection we below consider alternative interpretations of our findings, and then 
discuss the findings for TLR3.

First, it is possible that introduced dunnocks, instead of facing novel and challeng-
ing pathogens, were instead released from co-evolving pathogens present in their ances-
tral habitat. A lack of exposure to co-evolved pathogens is known as the enemy release 
hypothesis (Lee and Klasing 2004; White and Perkins 2012), and may partially explain 
the absence of signatures of recent selection. To test this hypothesis directly, we would 
need to characterize the pathogens interacting with dunnocks in New Zealand and in the 
United Kingdom, but such data is currently limited. Yet, we know from a few studies, 
particularly on bacteria found in dunnocks in Europe, that dunnocks are associated with a 
high diversity of bacteria, which do not appear to cause disease (e.g., Yersinia sp., Erwinia 
sp., Pseudomonas sp., Stenotrophomonas sp., and Salmonella sp., among others, Benskin 
et  al. 2009; Kisková et  al. 2012). Similarly, the United Kingdom’s dunnock populations 
do not decline as a consequence of protozoan diseases caused by Trichomonas gallinae, 
whereas other species (Carduelis chloris and Fringilla coelebs) are susceptible (Robinson 
et al. 2010). There are no specific studies of such a kind for dunnocks in New Zealand, but 
studies in New Zealand’s native passerine species indicate that bacterial diversity can be 
lower than bacterial diversity found on England. For instance, an evaluation of the bacteria 
in several New Zealand bird species only reports Salmonella sp. and Yersinia sp. (Cork 
et al. 1995; Ewen et al. 2012). In addition, it has been found that New Zealand has not been 
invaded by serious exotic viruses (Alley and Gartrell 2019).

Nonetheless, there are reports of some introduced viruses from Europe, such as the most 
prevalent strains of avian pox viruses in New Zealand that were introduced by the Euro-
pean avian hosts (Ha et al. 2011). This introduced virus may have been in contact with dun-
nocks even before the introduction to New Zealand, so instead of a release-enemy hypoth-
esis, the arms-race between dunnocks and their co-evolving pathogens may have continued 
in New Zealand. This idea partially supports our observation of heterozygote advantage at 
TLR3, as this locus plays a key role in recognizing viruses such as the avian influenza virus 
(Chen et al. 2013). Hence, TLR3 heterozygous individuals may cope better against these 
types of RNA viruses. Yet, our findings of a positive association between fitness and TL3 
heterozygosity should be taken with caution, given that the HFC advantage only occurred 
within males, and we see no reason why females would not show the same pattern. It could 
be plausible that the intricate sexual conflict among dunnocks (Davies 1986; Santos et al. 
2015) caused the observed association.

Another alternative explanation for the lack of signatures of contemporary selection is 
that even if the pathogens found in New Zealand are challenging dunnocks, the species’ 
high TLR diversity can counteract the selective forces exerted by pathogens. Dunnock 
TLR diversity is substantially similar to or higher than values reported in many other bird 
species (González-Quevedo et al. 2015; Grueber et al. 2015; Nelson-Flower et al. 2018). 
Hence, we may suggest that the current TLR diversity, brought through the introduction 
process, has most likely been adequate to cope with the possible extant pathogens of New 
Zealand, but there is limited evidence to fully support this alternative hypothesis.

Lastly, it is possible that the short period of isolation (150 years) has not been enough 
to fully capture such signatures of contemporary selection. However, we can argue against 
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this alternative view. As mentioned above, we found a positive HFC effect, that although 
conditional to one locus and one sex, it is representative evidence of selection in the cur-
rent generation. In addition, a recent study by Grueber et al. (2013) is a good example of 
selection acting at TLRs over a short timescale. Grueber et  al. (2013) reported a strong 
association between specific TLR genotypes and individual survival in the South Island 
robin (Petroica australis). Similarly, in our study populations, we have previously found 
statistically significant differentiation in functional genetic diversity at dopamine DRD4 
and serotonin SERT genes, which are candidate genes for personality traits (Holtmann et al. 
2016). Taken together, our findings and the ones reported in these two previous studies 
lend support to the idea that divergence in functional genetic diversity between our two 
dunnock populations can occur within short timescales. Hence, overall, we believe our 
results are more indicative of alternative hypotheses, such as the enemy release hypothesis 
and/or sufficient TLR diversity enough to counteract NZ pathogens as a result of little to no 
genetic bottleneck.

Conclusions

In conclusion, we showed that TLR genes are diverse in dunnocks, and that the biological 
introduction of dunnocks to New Zealand has not led to a significant loss of immunoge-
netic diversity nor neutral genetic diversity. Although we predicted positive selection, as 
the deliberate introduction of dunnocks in a new environment created a seemingly good 
scenario, we only captured limited indications of current selection and none for intergener-
ational selection. This result could be caused by the enemy release hypothesis or sufficient 
diversity to respond to the pathogens found in New Zealand. While we characterize the 
introduction of dunnocks in New Zealand via functional genetic diversity, we encountered 
limitations to fully infer the evolutionary processes due to the lack of knowledge of patho-
gen profiles. We suggest pathogen profiling should be the focus of future studies to fully 
disentangle the selective pressures acting upon the immune system of dunnocks and to bet-
ter understand how TLR diversity is shaped by selection over short timescales. Particu-
larly, it would be interesting to explore the underlying causes of the heterozygote advantage 
observed at TLR3 and perhaps the association with a possible virus strain. Overall, our 
observation of retained TLR genetic diversity may explain—at least in part—the remark-
able success of dunnocks in colonizing New Zealand.
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