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The global distribution of biodiversity is continually being 
shaped by colonization events, species range expansions and 
migration between different geographical regions1–3. Perhaps 

the most enigmatic of these processes is seasonal migration, which 
is evident each year as billions of animals, from blue whales to song-
birds, make biannual journeys between their breeding and winter-
ing grounds (Fig. 1). An important factor predicted to determine 
whether animals move into new areas is the pathogen fauna of their 
native and novel ranges4,5. We use the term ‘pathogen’ in a broad 
sense to cover all infectious agents. When disease risk is high in 
native ranges, selection can favour dispersal to new areas where 
pathogen pressure is lower (‘pathogen escape’)6–8. Alternatively, 
entering new environments can result in the opposite pattern if new 
pathogens, to which species are not adapted, increase mortality; 
(‘pathogen exposure’)9. However, evidence of the effect of pathogens 
on patterns of animal movement is mixed and often limited to sin-
gle species over ecological timescales5,10. Consequently, the general 
effect of pathogens on the evolution of colonization and migration 
is unknown, despite the potential implications for the spread of zoo-
notic diseases and climate-driven host range-shifts2,8.

The main challenge in testing how pathogen escape versus 
pathogen exposure influences colonization and migration has been 
identifying multiple independent evolutionary events where spe-
cies experience a change in pathogen pressure (for example, move-
ment between areas of low and high pathogen diversity) while 
simultaneously quantifying pathogen-mediated selection. Here, 
we address this issue using phylogenetic data on 1,311 species 
of passerine birds (songbirds) to reconstruct colonization events 
across the Palaearctic and sub-Saharan African regions (hereafter, 
‘Africa’). These colonization events represent switches between 
areas with low (the Palaearctic) and high (Africa) pathogen diver-
sity, due to an inverse relationship between pathogen richness and 
latitude11–20. The number of pathogens that species are exposed 
to has repeatedly been shown to increase closer to the Equator 
across a broad range of hosts13–17, including birds18–20. First, we 

examine the evolutionary patterns of colonization between Africa 
and the Palaearctic among resident species, and test whether this 
has altered selection on immune genes (major histocompatibility 
complex class I (MHC-I)). Second, we reconstruct the evolution-
ary history of migratory species and then examine how breeding in 
the Palaearctic and wintering in Africa has influenced selection on 
immune genes (MHC-I) in long-distance migratory birds relative 
to resident species.

Results
Evolutionary patterns of colonization and their influence on 
immune genes. Consistent with the idea that colonization events 
are associated with parasite escape, we found—using stochastic 
character mapping (SCM)—that the rate of evolutionary transitions 
from high (Africa) to low (Palaearctic) pathogen areas was 16 times 
higher than the reverse (Fig. 2; Africa to the Palaearctic =  0.050, 95% 
quantile interval (QI) =  0.040 to 0.060; Palaearctic to Africa =  0.003, 
95% QI =  0.001 to 0.003; percentage of stochastic maps where esti-
mates were different (p) =  0.005; Supplementary Table 1). Similarly, 
reverse-jump Markov chain Monte Carlo (RJ-MCMC) transi-
tion rate models estimated that the transition rate from Africa to 
the Palaearctic was 20 times higher than from the Palaearctic to 
Africa (Fig. 2; Africa to the Palaearctic =  0.040, 95% credible inter-
val (CI) =  0.030 to 0.050, Palaearctic to Africa =  0.002, CI =  0.001 
to 0.003, percentage of transition rates that were higher from 
Africa to the Paleaearctic than the reverse =  0.001; Supplementary  
Table 2). These results suggest that the predominant pattern of col-
onization in Afro-Palaearctic passerine birds has been movement 
‘out of Africa’ northwards to inhabit the Palaearctic.

Moving out of Africa to low-pathogen areas in the north is 
expected to reduce pathogen pressure. One way of testing this pre-
diction is to examine selection on immune genes in species that have 
colonized low-pathogen areas relative to closely related species that 
have remained in high-pathogen areas. A central process to activat-
ing the adaptive immune response is the presentation of antigens 
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to T cells by MHC proteins. Having more MHC alleles (number of 
different alleles per individual), as well as greater genetic divergence 
between alleles (P-distance)—hereafter collectively termed ‘MHC 
diversity’—increases the range of antigens that can be presented to 
T cells by MHC proteins21,22. We used high-throughput sequencing 
to examine MHC-I of 25 resident species. These species were care-
fully selected to span the entire passerine clade, while representing 
closely related species that occur in Africa and the Palaearctic, to 
ensure comparisons across multiple independent evolutionary colo-
nization events between Africa and the Palaearctic (Fig. 2).

Consistent with a latitudinal gradient in pathogen richness 
driving the differences in MHC-I diversity between African and 
Palaearctic species, we found that MHC-I diversity declined with 
distance from the Equator (Fig. 3). The two MHC-I diversity mea-
sures (the number of alleles and allele divergence) showed quali-
tatively similar patterns of decline, but differed quantitatively. The 
reduction in allele number with latitude was most pronounced close 
to the Equator; that is, in Africa (Fig. 3; African: posterior mode 
(PM) =  − 0.068, CI =  − 0.109 to − 0.020, pMCMC (the number of 
iterations greater or less than zero for regressions, or the number of 
iterations when one level is greater or less than the other level when 
comparing groups, divided by the total number of iterations) <  0.01; 
Palaearctic: PM =  0.029, CI =  − 0.031 to 0.084, pMCMC =  0.15; 
Supplementary Table 3). In contrast, the decline in allele diver-
gence was mostly at higher latitudes; that is, in the Palaearctic (Fig. 
3; African: PM =  − 0.007, CI =  − 0.029 to 0.013, pMCMC =  0.21; 
Palaearctic: PM =  − 0.049, CI =  − 0.072 to − 0.011, pMCMC <  0.01; 
Supplementary Table 4). In addition to analysing the relationship 
between the centroid latitude of species ranges and MHC-I diver-
sity, we tested whether accounting for latitudinal span (the size 
of the range from north to south of African and Palaearctic spe-
cies) influenced our results. We found that latitudinal span did not 
change the estimates of the relationship between latitude and MHC 
diversity (Supplementary Tables 3–8). The latitudinal gradient  

in MHC-I diversity led to Palaearctic species generally having 
lower MHC-I diversity compared with African species (Fig. 3; not 
controlling for latitude: P-distance PM =  − 0.071, CI =  − 0.338 to 
0.139, pMCMC =  0.18; number of alleles PM =  − 0.237, CI =  − 0.804 
to 0.194, pMCMC =  0.12; number of alleles excluding data from 
Erithacus rubecula (identified as an outlier in a box-and-whiskers 
plot) PM =  − 0.548, CI =  − 0.937 to − 0.036, pMCMC =  0.01; con-
trolling for latitude: P-distance PM =  0.564, CI =  − 0.076 to 1.313, 
pMCMC =  0.04; number of alleles PM =  0.705, CI =  − 0.794 to 
2.423, pMCMC =  0.14; Supplementary Tables 3 and 4).

An alternative explanation for the differences between African 
and Palaearctic species in MHC-I diversity is that it reflects differ-
ences in neutral genetic processes as a result of demographic effects; 
for example, founder events during colonization or post-glacial 
bottlenecks in populations at high latitudes23. To investigate this 
possibility, we tested whether the inclusion of two measures of neu-
tral genetic processes—synonymous substitutions across MHC-I 
alleles and ‘haplotype redundancy’ (whereby more than one allele 
on the nucleotide level encodes the same amino acid sequence)—in 
our statistical models altered the results. We used estimates from 
MHC genes, as opposed to genome-wide markers, as genes under 
balancing selection, such as MHC, are differentially affected by 
demographic events compared with neutral genetic markers24–26. 
Furthermore, the MHC region is known for having distinct patterns 
of evolution compared with the rest of the genome, such as a high 
evolutionary rate and frequent gene duplications27–30.

We found that including synonymous substitutions across 
MHC-I alleles or haplotype redundancy did not explain the differ-
ences in MHC-I diversity between resident African and Palaearctic 
species (Supplementary Tables 3 and 4). There were also two 
African species with Palaearctic ancestry in our dataset (Parus 
leucomelas and Turdus pelios; Supplementary Tables 1 and 9) and 
they had among the highest MHC-I diversity of any of the spe-
cies tested (Supplementary Fig. 1 and Supplementary Table 10). 
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Fig. 1 | Colonization and migration change the pathogens that species face. Colonizations and migrations between Africa and the Palaearctic lead to 
changes in pathogen pressure due to a latitudinal gradient in pathogen richness11–20. Left: schematic representation of the increase in pathogen species 
richness at lower latitudes (adapted from ref. 11, University of Oxford). For example, Meadow pipits (Anthus pratensis, grey) live year-round in the 
Palaearctic and experience fewer pathogens than plain-backed pipits (Anthus leucophrys, orange), which remain year-round in Africa. Tree pipits  
(Anthus trivialis, turquoise (wintering range) and blue (breeding range)) experience both pathogen faunas, as they migrate annually between the 
Palaearctic and Africa. Map created in ArcMap 10.2.2 using distribution data provided by BirdLife International (ref. 58). Photographs courtesy of  
Ray Seagrove (top), Roger Wasley (middle) and Christopher Berry (bottom).
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This is the opposite pattern to the one expected if MHC-I diver-
sity in Palaearctic species were constrained by demographic effects. 
Although this observation is based on just two species, it demon-
strates that colonizations of Africa, and the associated elevated 
pathogen exposure, have been coupled with an increase in MHC-I 
diversity. In fact, the difference between T. pelios (the African resi-
dent) and Turdus merula (the Palaearctic resident) represented 
the greatest rate of change in MHC-I in our dataset: T. pelios had, 
on average, 28 more MHC-I alleles per individual than T. merula, 
which were estimated to have diverged around 10 million years ago 
(a mean change of 2.82 alleles Myr–1).

We also examined evidence of positive selection on MHC-I 
through the proportion of positively selected sites (PSSs) and the 
strength of positive selection on the PSSs (omega values (ω )). 
These measures provide an indication of past selection on pro-
tein-coding changes31. Although we detected PSSs in nearly all 
the species tested, the proportion of PSSs and strength of positive 
selection did not differ either between African and Palaearctic spe-
cies or across latitudes (Supplementary Fig. 2; proportion of PSSs: 
African versus Palaearctic species PM =  − 0.042, CI =  − 0.762 to 
0.454, pMCMC =  0.28; latitude PM <  0.001, CI =  − 0.018 to 0.012, 
pMCMC =  0.42; ω : African versus Palaearctic species PM =  0.146, 
CI =  − 0.376 to 0.837, pMCMC =  0.17; latitude PM =  0.0072, CI =  − 
0.010 to 0.021, pMCMC =  0.25; Supplementary Table 11). This sug-
gests that while lower pathogen richness in the Palaearctic may have 

led to a reduction in MHC diversity, the strength of positive selec-
tion exerted on the antigen binding sites of the remaining alleles 
does not appear to have changed significantly. It is known that cer-
tain MHC alleles may specialize on particular pathogens32–34 and 
that many avian pathogens that are present in Africa are missing in 
the Palaearctic, whereas others are found in both regions35. Together, 
this may have resulted in species that colonized the Palaearctic from 
Africa losing the alleles that no longer interacted with pathogens, 
while other alleles, which continue to interact with pathogens, 
remained and exhibit a similar signal of positive selection.

Evolution of migration and its influence on immune genes. 
Next, we examined the MHC-I diversity and evolutionary ori-
gins of long-distance migratory species that move biannually 
between Africa and the Palaearctic. These species provide a unique 
opportunity to tease apart whether pathogen escape or pathogen 
exposure within species influences immune-gene evolution. For 
instance, migration may enable an escape from pathogens during 
certain critical times of the year6,18,36. Alternatively, migrants may 
experience higher pathogen pressure due to being exposed to two 
separate pathogen communities37.

We tested these two alternative hypotheses and found that 
MHC-I diversity of long-distance migrants was significantly 
lower than that of African residents, but similar to Palaearctic 
residents (Fig. 4; number of alleles: migrants versus African  
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Fig. 2 | Evolutionary history of colonization events. a, Phylogenetic distribution of evolutionary transitions between inhabiting Africa (orange), inhabiting 
the Palaearctic (grey) and being migratory between the two (blue), depicted on a maximum clade credibility tree of the 1,000 trees used in the analysis. 
n =  1,311 species. Branches are coloured according to their predicted ancestral states estimated using a BPMM. Dots at the tips indicate species’  
current distributions and labelled tips indicate the 32 species that were MHC-I genotyped. b, Posterior distribution of transition rate estimates from the 
RJ-MCMC analysis showing that colonizations from Africa to the Palaearctic (orange) were significantly higher than transitions from the Palaearctic to 
Africa (grey).
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residents PM =  − 0.471, CI =  − 0.902 to − 0.119, pMCMC =  0.006; 
migrants versus Palaearctic residents PM =  − 0.100, CI =  − 0.707 
to 0.701, pMCMC =  0.47; P-distance: migrants versus African 
residents PM =  − 0.199, CI =  − 0.390 to 0.004, pMCMC =  0.03; 
migrants versus Palaearctic residents PM =  − 0.048, CI =  − 0.491 to 
0.296, pMCMC =  0.28; Supplementary Tables 5–8). These results 
arise despite the ancestral-state reconstructions indicating that all 
sequenced migrant species originated from African residents and 
thus, based on phylogenetic history, are expected to have high 
MHC-I diversity (Fig. 2 and Supplementary Tables 1 and 9). In 
line with our results on resident species, we found no evidence 
for a difference in positive selection on MHC-I between migrants 
and either Palaearctic or African residents (Supplementary Fig. 2 
and Supplementary Tables 12 and 13). These results suggest that 
the evolution of migration to breed in more northerly regions is 
associated with pathogen escape, similar to resident species that 
have colonized the Palaearctic, resulting in a reduction in MHC-I 
diversity. Migrants may further reduce their pathogen exposure by 
breeding at particularly high latitudes, as we found that the species 
in our dataset bred significantly further north than the Palaearctic 
residents (PM =  − 7.553, CI =  − 13.941 to − 1.935, pMCMC <  0.01; 
Supplementary Table 14).

Discussion
Moving away from areas with high pathogen richness—either 
by colonizing more northerly regions or migrating to breed at 
higher latitudes—appears to have resulted in an evolutionary loss 
of genetic diversity in the immune system of passerine birds. This 
implies that high MHC diversity is costly to maintain, potentially 
due to an increased risk of immunopathology through self-reactive 
T cells38,39. However, evidence of the costs of high MHC diversity 
has been difficult to demonstrate. Our data suggest that the relative 
benefits of recognizing and eliminating a diverse range of patho-
gens are increased in African resident birds compared with the pos-
sible costs of immunopathology. For Palaearctic species, the reverse 
seems to be true, leading to different levels of optimal MHC-I diver-
sity between these regions. The rate at which such immunological 
adaptations evolve remains to be accurately dated. However, exami-
nation of the divergence times between the Palaearctic and migra-
tory species that we genotyped for MHC-I and their most recent 
African ancestors across the dated phylogeny40 indicates that this 
has occurred within the past 10.6 Myr (range: 4.5 to 27.2 Myr).

The reduction in MHC-I diversity seen in migratory species indi-
cates that selection from pathogens during the breeding phase is par-
ticularly important for shaping the evolution of immunity. This may 
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Fig. 3 | Changes in MHC-i diversity during the colonization process. a,b, MHC-I diversity (mean number of MHC-I alleles (a) and mean allelic divergence 
(b)) in African (orange, n =  15 species) and Palaearctic (grey, n =  10 species) residents with lines indicating taxonomically paired species (species from the 
same family or genus). c,d, Relationship between the absolute centroid latitude of species’ ranges and MHC-I diversity (mean number of MHC-I alleles (c) 
and mean allelic divergence (d)) in African and Palaearctic residents. Latitude is plotted as absolute decimal degrees, regardless of orientation, to reflect 
the latitidinal gadient in parasite diversity seen both north and south of the Equator. Plotted lines are from linear regressions (log mean number of alleles in 
c and logit mean P-distance in d), with shaded areas representing 95% confidence intervals. No species were sampled from the Sahara Desert due to the 
paucity of bird species inhabiting this region.
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be due to a number of factors. First, breeding imposes high physi-
ological demands on adults, so the trade-off between investment in 
reproduction and immunity is expected to be strongest during this 
time41,42. Second, exposure to pathogens during the juvenile phase, 
when the immune system is naïve, may be particularly important 
for the development of immunity. These two factors combined may 
mean that selection from pathogens on immune-gene diversity in 
migratory species is more similar to that of Palaearctic resident spe-
cies, as opposed to African resident species. Nevertheless, processes 
occurring during the wintering period in Africa may also play a role 
in the reduction of MHC-I diversity. For example, migrants could 
avoid high pathogen pressure by occupying regions with low local 
pathogen richness18,43.

The evolutionary origins of migration in the Afro-Palaearctic 
radiation from Africa northwards is different from that found in 

the New World migratory passerines. In the New World clade, 
migration appears to have evolved in North America and facilitated 
colonization of the tropics44. As such, the New World radiation of 
passerines includes Neotropical migrant and resident species that 
have evolved from temperate ancestors in North America. Although 
the immune genes of these species are yet to be characterized, the 
New World radiation provides a contrasting situation to test how 
colonization of high-pathogen areas is related to evolution of the 
immune system. We would expect Neotropical migrants to have 
similar levels of immune-gene diversity to the temperate resi-
dents in North America, as our results from the Afro-Palaearctic 
radiation suggest that the pathogen richness of the breeding range 
imposes the greatest selection on the immune system. However, 
Neotropical residents, in contrast with African residents, have faced 
an increase in pathogen richness as a result of colonizing from the 
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north, leading to the prediction that their immune-gene diversity 
should have increased over evolutionary time.

Climate-change models and empirical data show that pathogen 
ranges are expanding northwards45,46. Our results predict that host 
range-shifts to higher latitudes may help buffer species from this 
increased pathogen exposure, potentially negating the need for 
changes in immunity in response to climate change. However, when 
species hit their northern range limits, it remains to be seen whether 
they will have the capacity to evolve greater pathogen recognition, 
given the reduced diversity in their immune systems, or if these spe-
cies will be vulnerable to reductions in population size and poten-
tially extinctions.

Methods
Reconstructing colonization events between regions of high (Africa) and 
low (Palaearctic) pathogen richness. Species selection. The International 
Ornithological Congress (IOC) World Bird List version 6.2 (ref. 47) and Handbook 
of the Birds of the World Alive (HBW) database48 were used to identify passerine 
species that are either resident in the Palaearctic, resident in sub-Saharan Africa 
(hereafter ‘Africa’) or migrate between these two regions (hereafter ‘migrants’). 
First, we extracted all species classed in the order Passeriformes from the IOC 
list. From this list, we extracted all species that had a breeding or non-breeding 
range in the Palaearctic or Africa. Species were classified as Palaearctic residents if 
they had a breeding range within the Palaearctic and did not have a non-breeding 
range elsewhere. Similarly, species were classified as African residents if they had a 
breeding range in Africa and no recorded non-breeding range elsewhere. Species 
were classified as migrants if they had a recorded breeding range in the Palaearctic 
and non-breeding range in Africa. In cases where the classification of ranges was 
broad within the IOC list, we cross-referenced these against the distribution maps 
in the HBW database for more information. We excluded any sedentary species 
with distribution ranges that spanned both the Palaearctic and Africa. In the final 
dataset, there were 1,311 species classified as either Palaearctic residents, African 
residents or migrants. The full list of species and classifications can be found in 
Supplementary Table 15.

Phylogenetic trees. Ref. 40 generated phylogenetic trees for nearly all bird species 
using Bayesian phylogenetic methods. We downloaded 1,500 trees from the 
posterior distribution for the 1,311 species in our dataset using the subset tool 
on the Bird Tree website (http://birdtree.org/), specifying the Hackett ‘all-species 
backbone tree’49. We used this distribution of trees in all our analyses to account for 
the uncertainty in estimated phylogenies.

Evolutionary transition rate analyses. We examined the evolutionary transition  
rates between African-resident, Palaearctic-resident and migratory species  
across the 1,311 passerine species using two different methods: SCM and  
RJ-MCMC estimation. We used these two methods to check the robustness of 
our results to differing model assumptions (for details and estimation techniques, 
see refs 50,51). Both modelling techniques gave very similar results (Supplementary 
Tables 1, 2 and 9).

We used SCM to determine the number and direction of transitions between 
Palaearctic-resident, African-resident and migratory species. In brief, this 
approach calculates the conditional likelihood that each node is a Palaearctic 
resident, African resident or migratory species, which is based on the estimated 
transition rate matrix (Q) between resident or migratory states and the length 
of the branch associated with that node. Based on these conditional likelihoods, 
ancestral states at each node are stochastically simulated and used in combination 
with observations at the tips to reconstruct a character history along each branch. 
Each character history is simulated using a continuous-time Markov chain where 
changes between states and the time spent in each state are modelled as a Poisson 
process (see ref. 51 for details).

We built 10 stochastic character maps for 1,000 trees (trees 501 to 1,500 
from the downloaded sample—the same number of trees used in other analyses 
after burn-in periods) using an all-rates-different Q matrix with empirical Bayes 
estimation in the ‘phytools’ R package (R version 3.2.4)52. We used these 10,000 
stochastic character maps to estimate the transition rates between Palaearctic-
resident, African-resident or migratory states. We extracted the most likely state 
(the state with highest posterior probability) for each node for each tree in the 
sample of 1,000 trees. The mean number and s.d. of each type of transition were 
calculated across the 1,000 trees (Supplementary Table 1).

To estimate transition rates between African, Palaearctic and migratory 
states, we used the multistate module in BayesTraits version 2 with RJ-MCMC 
estimation50. We fitted an all-rates-different Q matrix to estimate the transition 
rates between all three states and ran models resampling from 1,000 trees (trees 501 
to 1500 from the downloaded sample). We examined the likelihood of transitions 
occurring by examining the proportion of models visited by the RJ-MCMC 
algorithm where the rates were assigned to zero (Supplementary Table 2). We tested 

whether transition rates were significantly different from each other by calculating 
the mean difference in transition rates and 95% CI (significantly different when 
it did not span 0), together with the percentage of transition rates where one 
transition rate was higher than the other. We used hyper priors where values were 
drawn from a uniform distribution with a range 0–100 to seed the mean and 
variance of an exponential prior to reduce uncertainty over prior selection50. The 
prior settings were chosen according to the estimated range of transition rates 
obtained using analyses with maximum-likelihood estimation. We also examined 
the sensitivity of our models to prior selection by running models with gamma 
priors seeded using hyper priors and recovered similar results. We only present the 
results from the models using exponential priors as the mixing properties of the 
MCMC from these models were better than other priors. We ran each model three 
times for a total of 6,000,000 iterations and a burn-in of 1,000,000 iterations, and 
sampled every 5,000 iterations.

We examined the convergence of models by repeating each analysis three times 
and examining the correspondence between chains in R using the ‘coda’ package 
version 0.16-1 (ref. 53) by: (1) visually inspecting the traces of the MCMC posterior 
estimates and their overlap; (2) calculating the autocorrelation and effective sample 
size of the posterior distribution of each chain; and (3) using Gelman and Rubin’s 
convergence diagnostic test, which compares within- and between-chain variance 
using a potential scale reduction factor54. Values substantially higher than 1.1 
indicate chains with poor convergence properties. The potential scale reduction 
factor was less than 1.1 for all the parameter estimates presented.

Reconstructing the ancestral states of the MHC-I-typed species. We estimated the 
probability that the ancestors of the 1,311 passerine species described in the above 
section ‘Species selection’ evolved from African-resident, Palaearctic-resident or 
migratory species, and extracted this information for the 32 species we MHC-I 
typed (see below for details of the MHC-I species). Again, we used two different 
analytical approaches to ensure the robustness of our estimates: SCM and Bayesian 
phylogenetic mixed models (BPMMs) (Supplementary Tables 1 and 9).

From the SCM models described in the section ‘Evolutionary transition rate 
analyses’, we estimated the ancestral state for each of the species in our MHC-I 
dataset by: (1) taking the most frequently estimated ancestral state for each species 
across the ten simulations per tree to reduce uncertainty in estimating states 
for individual trees; and (2) calculating the proportion of trees where that node 
was assigned to each state for each species across the 1,000 phylogenetic trees 
(Supplementary Table 1). This was to account for uncertainty in estimating states 
across phylogenetic trees.

We used a BPMM with a multinomial response variable (1 =  Palaearctic 
residents, 2 =  migrants, 3 =  African residents) with a logit link function to estimate 
the probability that each node came from Africa, came from the Palaearctic or 
was migratory in the R package MCMCglmm55. For random effects, we examined 
three different priors: inverse-Wishart priors (V =  1, nu =  0.002) and two parameter 
expanded priors (Fisher prior: V =  1, nu =  1, alpha.mu =  0, alpha.V =  1,000) and 
(χ 2 prior: V =  1, nu =  1,000, alpha.mu =  0, alpha.V =  1)56. In multinomial models, 
the residual variance cannot be identified and this was therefore was set to 1. 
For the intercept, we specified a prior of mu =  0, V =  σ 2units +  π 2/3, which is 
approximately flat on the probability scale when a logit link function is used. 
This improved the mixing properties of the chain. Models were iterated across 
a sample of 1,500 trees. For each tree, we set a burn-in of 49,999 iterations and 
saved iteration 50,000. Estimates from the last iteration from tree i were used to as 
starting parameter values for tree i +  1. We discarded samples from the first 500 
trees, saving one estimate from each of 1,000 trees. The convergence of models  
was examined in the same way as described in the section ‘Evolutionary transition 
rate analysis’.

Characterizing MHC-I genes across species. Species selection for MHC-I 
characterization. It is possible to download MHC sequence data of various 
passerine species from GenBank to study selection on MHC genes (for example, 
ref. 57). However, we did not use this approach as differences in the use and 
performance of primer pairs between studies can result in non-comparable sets of 
alleles being available for different species. Furthermore, the MHC data available 
on GenBank represent a highly mixed phylogenetic distribution of species and 
it is sometimes not possible to ascertain where samples were collected from. 
This makes it extremely difficult to infer the evolutionary processes influencing 
MHC genes and guard against biases in sampling. Instead, we selected 32 
species across the parvorder Passerida58 for the collection of blood samples for 
MHC-I genotyping. These species were chosen to include sets of species across 
multiple taxonomic families that included Palaearctic residents, sub-Saharan 
African (African) residents and birds that breed in the Palaearctic but perform 
long-distance migrations to winter in Africa (migrants). Where possible, sets of 
Palaearctic-resident, African-resident and migrant species were selected from the 
same genus or taxonomic family. We used the HBW resource48 for information 
on the distribution and movement of different bird species. We selected 10 
Palaearctic-resident species, 15 African-resident species and 7 migrant species. 
These species spanned 14 families and 21 genera and were selected to provide a 
broad phylogenetic spread across Passerida (Supplementary Fig. 3). The full list of 
species and their classifications are provided in Supplementary Table 16.

NATuRE ECOlOgy & EvOluTiON | VOL 2 | MAY 2018 | 841–849 | www.nature.com/natecolevol846

http://birdtree.org/
http://www.nature.com/natecolevol


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ArticlesNATure eCology & evoluTIoN

Latitude of species’ ranges. We estimated the centroid latitude of each species 
distribution as well as the number of degrees latitude spanned by each species’ 
distribution range (‘latitudinal span’). In the case of the migrants, there were two 
ranges (their breeding and wintering ranges). Details of each species’ distribution 
were obtained from ESRI data shapefiles provided by BirdLife International58 using 
the geospatial programming software ArcMap version 10.2.2 (http://desktop.arcgis.
com/en/arcmap/). Full details of how data were extracted from the shapefiles can 
be found in the Supplementary Methods.

For the purposes of data analyses, the absolute latitude was used, whereby 
only the decimal-degrees distance from the Equator was considered and not the 
orientation (north or south). This approach was to account for the latitudinal 
gradient in parasite diversity seen both north and south of the Equator11,12.

Sample collection and preparation. Blood samples (20–40 µ l) were collected 
from the brachial veins of three individuals from each species before they were 
released back into the wild (for details, including in species where fewer than 
three individuals were sampled, see Supplementary Table 16). Three individuals 
should be sufficient to gain MHC-I estimates that are comparable across species 
(see Supplementary Methods). The total sample size was 81 individuals. Blood was 
stored in 500 µ l of buffer (150 mM saline (NaCl), 1 mM EDTA, 50 mM Tris, pH 8.0) 
at − 20 °C until required for DNA extraction. Genomic DNA was extracted using a 
standard salt-based protocol and stored at − 20 °C.

Polymerase chain reaction (PCR) and 454 sequencing. Exon 3 amplicons of MHC-I 
alleles were amplified using three different combinations of three forward and 
three reverse primers (Supplementary Fig. 4). These primers were designed based 
on known MHC-I sequences for 12 Passerida species59, which are spread across 
the parvorder Passerida60. Duplicate PCRs were performed on each individual for 
each of the three primer pairs. Amplicons were sequenced using bi-directional 
pyrosequencing on the 454 GS FLX system by 454/Roche at the Lund University 
Sequencing Facility (Faculty of Science). Full details of the primers used, 
primer performance, PCR conditions and 454 sequencing can be found in the 
Supplementary Methods.

The raw 454 data were de-multiplexed, clustered and filtered using the 
programme AmpliSAS61 with the aid of the technical replicates. Full details of these 
steps can be found in the Supplementary Methods.

Genotyping and classification of alleles. The final set of verified alleles for each 
individual for each of the three primer pairs was compiled to merge any identical 
alleles. Alleles were considered ‘identical’ and merged if they had 100% sequence 
identity for the full length of their sequence overlap. We used the De Novo 
Assemble option within Geneious R 9.0.2 with customized sensitivity settings to 
identify and merge identical alleles and create a FASTA file of the final genotype 
for each individual. Merged alleles could be up to 80 amino acids in length (amino 
acid positions 2–81) if fragments were amplified by all three primer pairs with 
identical sequences in their overlapping sections (Supplementary Fig. 5). For 
details on the agreement between the three primer pairs, see Supplementary  
Table 10. All verified alleles were uploaded to GenBank (accession codes: 
MF477947–MF478976).

Estimating MHC-I diversity and selection on alleles. All alleles were manually 
aligned in the BioEdit version 7.2.5 Sequence Alignment Editor. This was first 
performed on the alleles for each individual separately and then on the alleles 
found in each species. Putatively functional alleles were identified by the presence 
of two highly conserved cysteine residues in this region (positions 11 and 74; 
Supplementary Fig. 5). These residues are fundamental to disulphide-bridge 
formation and thus to peptide binding62. Alleles were considered non-functional if 
they were missing either of the aforementioned cysteines, contained stop codons 
(as this region is within an exon), or contained deletions or insertions that shifted 
the reading frame. Only functional alleles were included in the analyses of this 
study. The positions of codons believed to represent the peptide-binding region 
(PBR) in this fragment of exon 3 for MHC-I were inferred from the PBR of human 
leukocyte antigen A63 (Supplementary Fig. 5).

MHC-I diversity was calculated on an individual level using two main 
approaches. First, the number of different MHC-I alleles on a nucleotide level was 
counted. Second, the amino acid sequence divergence (P-distance) between the 
alleles possessed by each individual was calculated using Molecular Evolutionary 
Genetics Analysis version 6 (ref. 64). P-distance was calculated on the 33 amino 
acids that represented the area of overlap between the 3 primer pairs (positions 
35–67; Supplementary Fig. 5) as these amino acid positions were represented in 
every individual for every species. P-distance was calculated separately for the  
PBR sites in these 33 amino acids (6 amino acid positions) and the non-PBR sites 
(27 amino acid positions). We checked that the P-distance estimates calculated 
from the 33-amino-acids section were representative of estimates calculated from 
the full length of the sequence (81 amino acids) by also calculating P-distance 
using the full length of the sequence for the alleles where this was possible.  
These two P-distance estimates were highly correlated (PBR sites: n =  32, 
Spearman’s rank correlation coefficient (rs) =  0.88, P <  0.001; non-PBR sites: n =  32, 
rs =  0.94, P <  0.001).

Estimating selection on MHC-I. To estimate selection on MHC-I, we calculated 
metrics of positive selection across the sequence overlap between the three 
primer pairs (99 nucleotides; 33 amino acids) for each species. These metrics 
were the proportion of sites under positive selection and the strength of positive 
selection (ω ) for these sites. For this, we used the species-level alignment of alleles. 
M0 +  gamma and M5 gene trees were generated in CodonPhyML65 for the set of 
alleles belonging to each species. Both trees were used to estimate PSSs. However, 
as the M5 trees yielded the highest log likelihood, only the results using the M5 tree 
are presented. The proportion of PSSs and ω  of PSSs estimated using the two trees 
were highly correlated (proportion of PSSs: n =  32, rs =  0.98, P <  0.001; ω : n =  32, 
rs =  0.98, P <  0.001). The CODEML programme within Phylogenetic Analysis by 
Maximum Likelihood (PAML)31 was used to test the following models of codon 
evolution: M0, M3, M7, M8 and M8a. The best-fitting model was selected based 
on log likelihood ratio tests between the nested models (M0 versus M3, M7 versus 
M8, and M8 versus M8a). In all but two species (Oenanthe monticola and Serinus 
leucopygius), there was evidence of sites under significant positive selection. The 
Bayes empirical Bayes method in PAML was used to estimate which sites were 
under positive selection using a 0.80 threshold for significance66.

As recombination can influence the outcome of selection tests, we also 
estimated the number of sites under positive selection and recombination  
rates simultaneously using the programme omegaMap67. The numbers of PSSs 
identified in species using the Bayes empirical Bayes approach from the M8  
model in PAML and omegaMap were correlated (n =  32, rs =  0.38, P =  0.03).  
We identified PSSs (posterior probability of selection above 0.90) in every species 
tested using omegaMap. Thus, PSSs were identified even in the presence of 
recombination, suggesting that the PSS results from the M8 models are robust 
to the effects of recombination. Full details of the PSS results can be found in 
Supplementary Table 17.

Measure of neutral genetic processes. Two measures of neutral genetic processes 
within the MHC region were estimated: ‘haplotype redundancy’ and the 
synonymous substitution rate (dS) across the non-PBR sites of MHC-I. Haplotype 
redundancy refers to more than one allele, at the level of the nucleotide sequence, 
coding for the same allele at the level of the amino acid sequence. Lower haplotype 
redundancy is expected in populations that have undergone demographic 
processes that reduce population sizes and increase the impact of genetic drift; 
for example, genetic bottlenecks and founder events68. Haplotype redundancy was 
calculated by dividing the number of unique alleles at the nucleotide-sequence 
level by the number of alleles at the amino acid sequence level for each individual. 
The second measure of neutral genetic processes was dS of the non-PBR sites. 
Under the expectations of neutral theory, dS reflects the mutation rate and thereby 
neutral genetic variation, which is expected to be higher in populations with a 
more stable demographic history68,69. We assume a comparable mutation rate 
between the species in our dataset, as dS has been shown to be similar between Old 
World warblers and Old World flycatchers in multiple genes70 and these families 
span the phylogenetic range of the species in our dataset (Supplementary Fig 3).  
dS across the non-PBR sites of MHC-I for each species was calculated using 
the Nei-Gojobori model in Molecular Evolutionary Genetics Analysis (MEGA) 
version 6 (ref. 64). The area of sequence overlap between the three primer pairs was 
used for these analyses to make the results comparable across species. Haplotype 
redundancy and dS were not statistically linked in our dataset (PM =  − 0.374, 
CI =  − 0.139 to 1.80, pMCMC =  0.41) as, although both measures are determined 
by synonymous mutations, they are calculated on different levels: dS reflects 
the rate of synonymous mutations per synonymous site, whereas haplotype 
redundancy reflects the occurrence of one or more synonymous mutations 
across the entire allele. Haplotype redundancy and dS were included in the main 
statistical models on the resident species to test whether incorporating the effect of 
neutral genetic processes influenced the relationship between region and latitude 
on MHC diversity (Supplementary Tables 3 and 4).

Phylogenetic trees. For the purpose of statistical analyses, 1,500 phylogenies for 
the 32 species in which we genotyped MHC-I were obtained using the subset tool 
on the Bird Tree website (http://birdtree.org/)40, specifying the Hackett all-species 
backbone tree49.

Statistical analyses. The effect of being an African resident, Palaearctic resident or 
migrant, as well as latitude, on estimates of MHC-I diversity and positive selection 
were analysed using three subsets of data. First, we tested whether MHC-I diversity 
and the strength of positive selection on these genes was related to latitude and was 
different between African and Palaearctic resident species. The dataset used for 
these tests contained only the resident species (Palaearctic residents and African 
residents). Second, we tested whether there are differences in MHC-I diversity and 
positive selection on these genes between migratory species and: (1) Palaearctic-
resident species controlling for differences in latitude to the migrants’ breeding 
ranges; and (2) African-resident species controlling for differences in latitude to the 
migrants’ wintering ranges. The approach of separating these datasets enabled us to 
assess the role of the breeding and wintering ranges of migrants independently and 
to make comparisons with the species inhabiting the corresponding ranges year-
round (the breeding ranges of migrants versus the Palaearctic species ranges, and 
the wintering ranges of migrants versus the African species ranges).
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All analyses were conducted using BPMMs using the R package 
‘MCMCglmm’55. The error distributions used to model the different response 
variables were: (1) a Poisson error distribution for the number of alleles; (2) a 
binomial error distribution for P-distance, the proportion of PSSs and ω ; and 
(3) a Gaussian error distribution for the centroid latitude of the distributions of 
Palaearctic species and the breeding ranges of migrants.

We tested the effect of resident geographical range (African resident or 
Palaearctic resident) and migration, latitude and their interaction on the MHC-I 
measures by fitting them as fixed effects. For the number of alleles and P-distance, 
we had data on multiple individuals per species. To account for the non-
independence of these data and estimate the amount of variation within species in 
our response variables, we fitted species as a random effect. We accounted for the 
effect of phylogenetic relationships on the response variables by incorporating a 
variance–(co)variance matrix of evolutionary distances calculated from the species 
phylogeny fitted as a random effect.

To account for uncertainty in phylogenetic relationships, we ran our models 
on 1,500 trees. For each tree, models were run for 10,000 iterations with a burn-in 
of 9,999 and the final iteration was saved. As each set of 10,000 iterations was 
conducted on each of 1,500 trees, this generated 1,500 posterior samples from 
which we discarded the first 500 samples as burn-in. From the final 1,000 samples, 
we estimated the effect of each parameter on the response variable using the PM 
and 95% CIs. Terms were considered statistically significant when 95% CIs did not 
span 0 and pMCMC values (the number of iterations greater or less than zero for 
regressions, or the number of iterations when one level is greater or less than the 
other level when comparing groups, divided by the total number of iterations) were 
less than 0.05 (ref. 55).

We specified inverse-Wishart priors (V =  1, nu =  0.002) for random effects 
and the default priors in MCMCglmm for fixed effects (independent normal 
priors with zero mean and large variance (1010)). These priors led to all models 
converging (see the section ‘Evolutionary transition rate analyses’ for assessment of 
model convergence).

Full details of all statistical tests conducted in this study and their parameter 
estimates can be found in the Supplementary Information (Supplementary  
Tables 1–9 and 11–14), along with the R code used to run all statistical models.

By choosing multiple independent evolutionary transitions, where closely 
related species have switched between being African residents, Palaearctic residents 
and migrants, variation in multiple population-level and life-history characteristics 
is implicitly accounted for as they are known to be highly phylogenetically 
conserved71,72. However, as body size is correlated with multiple life-history 
variables and ecological constraints that could interact with pathogen exposure72–74, 
we re-ran our main analyses with the mean body mass of species75 included as a 
covariate to account for potentially confounding factors. We found no qualitative 
difference in the results (Supplementary Tables 3–8).

Ethics. All birds used in this study were released back into the wild after blood 
samples had been taken. The project was approved by the Ethical Committee of 
Lund/Malmö, and blood samples were collected under a licence issued by the 
relevant authority in Sweden (Jordbruksverket) with the licence code M 160-11.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Code availability. R script containing the code for all analyses run are provided in 
the Supplementary Information.

Data availability. Sequence data that support the findings of this study have been 
deposited in GenBank with the accession codes MF477947–MF478976.
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    Experimental design
1.   Sample size

Describe how sample size was determined. In the case of the birds for MHC genotyping: blood samples from upto 3 individuals 
per species were used. This sample size was based upon the inter-individual 
variation we anticipated in MHC diversity from previous studies of MHC class I 
gene in other passerine birds. 32 species were sampled to test the effect of 
migratory strategy (African resident, Palearctic resident and migratory) on MHC 
diversity. This sample size was determined by sampling species representing each 
of the three migratory strategies within genus from taxonomic families that 
represented the full phylogenetic span of the Passerida parvorder.  

2.   Data exclusions

Describe any data exclusions. No data was excluded from the analyses.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

For the MHC genotyping three individuals from each species were sampled to 
represent independent replicates within species (biological replicates). Each 
individual was sequenced twice (technical replicates) for each of the three primer 
pairs used (thus each individual was sequenced a total of six times).

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

This study does not describe an experiment where randomization would have been 
applicable. However, species from each migratory strategy (i.e. African resident, 
Palearctic resident and migratory) were evenly distributed across each of the three 
454 sequencing runs in order to ensure any differences between the runs were 
balanced across the groups of interest. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Not applicable

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

R was used for all statistical analyses. The customized R scripts for all analyses have 
been provided as supplementary material.  

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

The blood and DNA samples for the 32 bird species used for MHC genotyping are 
held at Lund University and can be made available to other researcher upon 
reasonable request made to the corresponding author. The sequences for all MHC-
I alleles identified in this study have been uploaded to GenBank (Accession codes: 
MF477947 - MF478976). 

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

Not applicable

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Not applicable

b.  Describe the method of cell line authentication used. Not applicable

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Not applicable

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

Not applicable
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    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

Non-lethal blood samples were collected from upto 3 individuals from the 
following bird species (individuals were caught in the wild and released directly 
after sampling): 
Acrocephalus melanopogon 
Anthus pratensis 
Carduelis chloris 
Parus caeruleus 
Passer domesticus 
Turdus merula 
Aegithalos caudatus 
Erithacus rubecula 
Hirundo rupestris 
Sylvia undata 
Acrocephalus scirpaceus 
Anthus trivialis 
Motacilla flava 
Oenanthe oenanthe 
Phoenicurus phoenicurus 
Sylvia borin 
Hirundo rustica 
Acrocephalus gracilirostris 
Anthoscopus parvulus 
Anthus leucophrys 
Cercotrichas podobe 
Myrmecocichla albifrons 
Oenanthe monticola 
Oenanthe pileata 
Parus leucomelas 
Passer griseus 
Ploceus cucullatus 
Serinus leucopygius 
Turdus pelios 
Zosterops senegalensis 
Hirundo aethiopica 
Cisticola juncidis

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

Not applicable
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