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Abstract The major histocompatibility complex (MHC) is a
highly variable family of genes involved in parasite recogni-
tion and the initiation of adaptive immune system responses.
Variation in MHC loci is maintained primarily through
parasite-mediated selection or disassortative mate choice. To
characterize MHC diversity of rufous-collared sparrows
(Zonotrichia capensis), an abundant South American passer-
ine, we examined allelic and nucleotide variation in MHC
class I exon 3 using pyrosequencing. Exon 3 comprises a
substantial portion of the peptide-binding region (PBR) of
class I MHC and thus plays an important role in intracellular
pathogen defense. We identified 98 putatively functional al-
leles that produce 56 unique protein sequences across at least
6 paralogous loci. Allelic diversity per individual and exon-
wide nucleotide diversity were relatively low; however, we
found specific amino acid positions with high nucleotide
diversity and signatures of positive selection (elevated dN/dS)
that may correspond to the PBR. Based on the variation in
physicochemical properties of amino acids at these “positively
selected sites,” we identified ten functional MHC supertypes.

Spatial variation in nucleotide diversity and the number of
MHC alleles, proteins, and supertypes per individual suggests
that environmental heterogeneity may affect patterns of MHC
diversity. Furthermore, populations with high MHC diversity
have higher prevalence of avian malaria, consistent with
parasite-mediated selection on MHC. Together, these results
provide a framework for subsequent investigations of selec-
tive agents acting on MHC in Z. capensis.
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Background

The major histocompatibility complex (MHC) has received
considerable attention from the fields of ecology, conserva-
tion, and evolutionary biology in recent years because of its
relevance to disease resistance and its high level of genetic
variability within and between species (Spurgin and
Richardson 2010). The MHC is an essential component of
the vertebrate adaptive immune system that encodes intracel-
lular (MHC class I or MHC-I) and extracellular (MHC class II
or MHC-II) peptide-binding proteins. MHC peptide-binding
regions (PBRs) bind a specific range of foreign pathogen-
derived peptides or self-derived peptides and present them to
cytotoxic T cells to initiate the adaptive immune system re-
sponses (Matsumura et al. 1992). The binding specificity
between MHC proteins and pathogen peptides provides an
important mechanism of disease resistance in hosts (Hammer
et al. 1995; Wucherpfennig et al. 1995). For example, MHC
genotypes in many species are associated with resistance or
susceptibility to diseases and parasites such as malaria (Hill
1998; Westerdahl et al. 2005; Bonneaud et al. 2006;
Westerdahl et al. 2012), Rous sarcoma (LePage et al. 2000;
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Wallny et al. 2006), and Marek’s disease (Cole 1968;
Wakenell et al. 1996; Wang et al. 2014). Understanding
population level MHC diversity and variation may therefore
enhance our knowledge of disease ecology and host-parasite
evolutionary dynamics.

MHC is among the most variable gene families in verte-
brates and has contributed to our understanding of evolution-
ary mechanisms maintaining genetic variation in populations
(Spurgin and Richardson 2010). For example, the human
MHC (or human leukocyte antigen (HLA)) gene family com-
prises over 400 loci distributed across approximately 7.6 Mb
of the human genome (Horton et al. 2004). Since estimates of
HLA mutation rates appear relatively low for primate genes,
disease-related selection pressures or mate choice patterns
likely drive the levels of standing MHC variation (Klein
et al. 1993; Edwards and Hedrick 1998). Several nonexclusive
mechanisms of parasite-mediated selection have been pro-
posed to explain highMHC diversity in vertebrates, including
heterozygote advantage, negative frequency-dependent selec-
tion, and fluctuating selection (Spurgin and Richardson 2010).
Under the heterozygote advantage hypothesis, individuals
with a high diversity of MHC alleles are able to bind a wider
range of pathogen-derived peptides and are less likely to
harbor infections from a wide array of parasites (Hughes and
Nei 1988; Penn et al. 2002; Wegner et al. 2003; Kloch et al.
2010). The negative frequency-dependent selection hypothe-
sis suggests that rare MHC alleles are more likely to confer
resistance to specific parasites than more common alleles
(Takahata and Nei 1990). Finally, the fluctuating selection
hypothesis proposes that MHC variation arises as a result of
spatial or temporal heterogeneity in the strength or specificity
of directional parasite-mediated selection on MHC (Hedrick
2002; Loiseau et al. 2010). MHC diversity may also be
affected by other historical factors including population bot-
tlenecks followed by genetic drift (Babik et al. 2009a; Sutton
et al. 2011; Sutton et al. 2013), gene flow (Hansen et al. 2007;
Nadachowska-Brzyska et al. 2012), and sexual selection
(Bernatchez and Landry 2003). MHC genotypes are correlat-
ed with the quality of sexually selected traits in several spe-
cies, suggesting that selection on MHC may follow the “good
genes” hypothesis of sexual selection to enhance parasite
resistance of offspring (von-Schantz et al. 1996; Ditchkoff
et al. 2001; Dunn et al. 2013). Individuals may choose mates
with high MHC variation or dissimilar MHC genotypes
(disassortative mating) to maximize allelic diversity in off-
spring or to avoid inbreeding (Reusch et al. 2001).

Across families of birds, the composition and variability of
MHC genes are highly diverse. A relatively simplisticMHC is
believed to be the ancestral MHC state in birds. For example,
chickens possess a “minimal essential MHC,” named for its
highly compact and minimalist gene composition, and are
basal in avian phylogenies (Kaufman et al. 1999; Hackett
et al. 2008). Chicken MHC consists of only 46 tightly linked

genes across a 242-kb region on chromosome 16 (Kaufman
et al. 1999; Shiina et al. 2007; Delany et al. 2009). Other
nonpasserines, for example parrots (Hughes et al. 2008) and
some birds of prey (Alcaide et al. 2007), also possess a
simplistic, minimal essential MHC, while some basal bird
species (e.g., Coturnix japonica, Apteryx owenii) possess a
relatively more complex MHC that is composed of multiple
functional paralogs and pseudogenes, complicating inferences
of the ancestral MHC state in birds (Shiina et al. 2004; Miller
et al. 2011). The simplistic nature of the minimal essential
MHC and reduced recombination at these loci is expected to
enhance long-term coevolution between genes and affect the
evolution and functionality of coadapted gene complexes
(Kaufman et al. 1999).

By contrast, passerines have a more complex MHC com-
posed of multiple functional paralogs and pseudogenes
(Westerdahl 2007; Sepil et al. 2012). The Zebra Finch MHC
spans a much longer distance (∼739-kb region) across at least
two chromosomes (Balakrishnan et al. 2010; Ekblom et al.
2011). Like other complex gene families, variation in MHC
gene copy number is believed to arise through repeated gene
duplication events with subsequent selection on or degrada-
tion of paralogous loci.

Characterizing genetic variation at the MHC is an impor-
tant task for understanding disease resistance as well as eluci-
dating evolutionary mechanisms responsible for maintaining
genetic variation in populations. Accurate genotyping of
MHC is a challenge (Westerdahl 2007; Sepil et al. 2012),
and recently, next-generation 454 pyrosequencing has been
applied to characterize the MHC in fish (Ellison et al. 2012;
Lamaze et al. 2014), nonavian reptile (Stiebens et al. 2013),
bird (Zagalska-Neubauer et al. 2010; Spurgin et al. 2011;
Sepil et al. 2012; Strandh et al. 2012; Dunn et al. 2013), and
mammal species (Babik et al. 2009b; Wiseman et al. 2009;
Kloch et al. 2010; Babik et al. 2012). Pyrosequencing ofMHC
amplicons provides deep coverage of alleles across multiple
loci and is a powerful method for detecting rare variants in
multilocus systems (Promerová et al. 2012). This method
comes at the cost of not being able to assign alleles to specific
loci since all MHC paralogs are sequenced in parallel.
However, alleles across multiple loci can be functionally
grouped into MHC “supertypes,” which share physicochem-
ical or peptide-binding characteristics (Doytchinova and
Flower 2005; Ellison et al. 2012; Sepil et al. 2012). MHC
supertypes may more accurately reflect the units of selection
on MHC since different MHC alleles may not differ at func-
tionally important sites. Thus, identification of MHC
supertypes can facilitate inferences of selection on MHC
diversity and its relationship to disease (Doytchinova and
Flower 2005; Sepil et al. 2012).

We investigated variation at MHC-I exon 3 of Zonotrichia
capensis (rufous-collared sparrow), a widely distributed (from
0 to roughly 5,000 m a.s.l.) and abundant Neotropical
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passerine using 454 pyrosequencing. MHC-I molecules are
found on nearly all somatic cells of birds and bind peptides
derived from intracellular pathogens, such as malaria and
viruses (Bonneaud et al. 2006; Wallny et al. 2006;
Westerdahl 2007). Avian MHC-I molecules are heterodimers
composed of an α chain and β2-macroglobulin (Westerdahl
et al. 1999). The majority of polymorphism at avian class I
MHC resides in exon 2 and, in particular, exon 3 (α1 and α2

domains), which encode the PBR (Bjorkman et al. 1987;
Alcaide et al. 2009; Alcaide et al. 2013). We focused our
efforts on MHC-I exon 3 because it is generally more poly-
morphic than exon 2 and some evidence suggests that it plays
a larger role in disease resistance (Sepil et al. 2012;Wang et al.
2014). Our goals were to (1) characterize allelic and nucleo-
tide MHC variation within Z. capensis distributed along an
elevational gradient on the western slope of the Peruvian
Andes, (2) investigate signatures of selection on MHC, and
(3) identify functionally related MHC alleles (MHC
supertypes) based on amino acid variation at positively select-
ed sites (PSSs).

Methods

Sample collection

We obtained pectoral muscle tissue samples from 184
Z. capensis specimens collected along three elevational tran-
sects (T1–T3) on the western slope of the Peruvian Andes
from 2004 to 2007 (Fig. 1). Individuals were either shot or
collected in mist nests and euthanized using methods ap-
proved by the Institutional Animal Care and Use Committee

at Louisiana State University (IACUC protocol number LSU
#06-124). Total genomic DNA was extracted from flash-
frozen pectoral muscle using DNeasy tissue extraction kits
(Qiagen, Valencia, CA).

Although little is known about local movement patterns
among Z. capensis populations, on the western slope of the
Peruvian Andes, Z. capensis populations are nonmigratory
and abundant (Schulenberg et al. 2007; Cheviron and
Brumfield 2009). At low elevations, Z. capensis is patchily
distributed and restricted to desert oases and irrigated farm-
lands (Schulenberg et al. 2007; Cheviron and Brumfield
2009). Along elevational transects, mean elevation gain
was ∼3,900 m over a mean linear distance of ∼161 km. We
performed analyses on Z. capensis individuals classified by
elevational zones across all transects (low elevation 0–
1,500 m, middle elevation 1,501–3,100 m, high elevation
3,101–4,150 m) and by transect (T1, T2, and T3; Fig. 1), used
as a proxy for latitude.

MHC library preparation and variant calling

Initially, we tested MHC primers A21 and A23 (Westerdahl
et al. 1999) for their ability to amplify MHC-I exon 3 in
Z. capensis, but these primers failed to amplify products
within the expected size distribution. We then chose forward
primer GCA21M (5′-CGTACAGCGGCTTGTTGGCTGT
GA-3′) and reverse primer fA23M (5′-GCGCTCCAGCTC
CTTCTGCCCATA-3′), which were designed to amplify
MHC-I exon 3 in house sparrows (Passer domesticus;
Loiseau et al. 2010). This primer pair amplified a 214-bp
fragment of exon 3, which falls within the size distribution
of other passerine species (Bonneaud et al. 2004; Loiseau
et al. 2010; Schut et al. 2011; Sepil et al. 2012).
Pyrosequencing was performed with two titanium fusion
primers (forward 5′-CGTATCGCCTCCCTCGCGCCAT
CAG-3′; reverse 5′-CTATGCGCCTTGCCAGCCCGCT
CAG-3′) ligated to a 10-bp multiplex identifier (MID) tag
(Online Resource 1) and the forward or reverse MHC primer
(GCA21M and fA23M) with phosphorothiolate bonds,
resulting in a 59-bp primer sequence.

To maximize the concentration of MHC amplicons for
sequencing, we performed two rounds of PCR amplification.
First, we prepared a 10-μl reaction with 6.15 μl dH2O, 1.0 μl
(∼20 ng) genomic DNA, 1.0 μl MgCl2 (2.5 mM), 1.0 μl 10×
PCR buffer, 0.25 μl dNTPs (10 mM for each dNTP), 0.25 μl
of each MHC primer (10 mM), and 0.1 μl AmpliTaq (5 U/μl;
Applied Biosystems, Foster City, CA). Following the first
PCR, we prepared a 10-μl reaction with 6.35 μl dH2O,
1.0 μl of template from initial PCR, 1.0 μl MgCl2 (2.5 mM),
1.0 μl 10× PCR buffer, 0.25 μl dNTPs (10 mM for each
dNTP), 0.15 μl of each pyrosequencing primer (10 mM),
and 0.1 μl AmpliTaq (5 U/μl; Applied Biosystems, Foster
City, CA). The thermocycler profile consisted of an

T1

T2

T3

Peru
Brazil

Bolivia

Chile

low altitude
middle altitude
high altitude

Fig. 1 Sampling sites for the three elevational transects (T1–T3). The size
of each dot, representing a sampling locality, scales with the number of
individuals collected at the site (range 4–25 individuals per site). Sites
classified as low (0–1,500m), middle (1,501–3,100m), and high elevation
(3,101–4,150 m) are represented as yellow, orange, and brown, respec-
tively (color figure online)
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initialization step at 95 °C for 3 min, followed by 10 cycles
(first PCR) or 35 cycles (second PCR) of 94 °C denaturation
for 30 s, 64 °C annealing for 30 s, and 72 °C extension for
30 s, with a final elongation at 72 °C for 10 min. Amplicon
libraries were purified using the AMPure PCR purification kit
following the manufacturer’s directions (Agencourt, Beverly,
MA). We assessed individual amplicon concentration using a
Qubit 2.0 Fluorometer and pooled individual amplicons into
equimolar quantities for sequencing. The pooled library was
sent to the Genome Sequencing & Analysis Core Resource at
Duke University and sequenced on one half of a picotiter plate
on a Roche 454 GS FLX+platform.

Reads were aligned and sorted by individual using unique
MID tags after removing reads with ambiguous base pair
assignments or incomplete primer or tag sequences using
jMHC (Stuglik et al. 2011). Unique variants were then iden-
tified as well as the number of reads of each variant per
individual (jMHC; Stuglik et al. 2011). We used a five-step
variant validation procedure to attempt to exclude sequencing
error artifacts and pseudo-alleles from the MHC dataset. We
focused our study on variation at putatively functional MHC
alleles because of their potential relevance in disease resis-
tance. Here, we define “putatively functional” alleles as those
with an open reading frame (Galan et al. 2010; Zagalska-
Neubauer et al. 2010; Sepil et al. 2012). First, we removed
all reads that were not 214 bp in length or that contained stop
codons within the sequence. We focused on 214-bp reads
because the majority of our reads (61.4 %) were this length
and we wanted to remove pseudoalleles, which are often
characterized by indels (Ophir and Graur 1997). However,
we cannot be certain that we removed a fraction of functional
alleles not 214 bp in length or that we amplified 214-bp
nonfunctional alleles. Second, we removed individuals that
had fewer than 200 total reads, which are unlikely to have
been accurately genotyped (Galan et al. 2010; Sepil et al.
2012). The probability of accurately genotyping all alleles in
an individual with more than 200 reads, a ploidy level of
12 (6 MHC-I loci, see “Results”), and a minimum number of
reads per allele of 2 is very high (P>0.999; Galan et al. 2010).
Hence, we have chosen a very conservative cutoff value for
individual genotyping. Third, sequences with a maximum per
allele frequency (MPAF) less than 0.01 were removed from
the dataset (Zagalska-Neubauer et al. 2010; Sepil et al. 2012).
These are alleles that comprised less than 1 % of the total
number of reads within an individual and likely occur due to
sequencing error. Fourth, we removed all sequences that oc-
curred fewer than five times in the entire dataset and only once
within an individual. Assuming a mean substitution error rate
of 1.07 % (Gilles et al. 2011), the probability of observing the
same sequencing error five times in our dataset is very low
(P<10−9; Galan et al. 2010). Finally, we removed variants that
appeared in only a single individual in the dataset. These are
variants that may have reached a high frequency in a single

individual as a result of PCR duplication of single nucleotide
misincorporation errors or chimeras (Sepil et al. 2012). With
the final dataset, we tested for correlation between individual
coverage and number of alleles using ordinary least squares
linear regression in R (R Development Core Team 2013). To
examine differences in the number of MHC alleles per indi-
vidual by transect and elevational zone, we performed a two-
way ANOVA with transect and elevational zone as fixed
factors in R (R Development Core Team 2013). For pairwise
comparisons of individual allelic diversity between transects
and elevational zones, we used a Student’s t test.

MHC phylogeny construction

We inferred a phylogeny of putatively functional MHC alleles
using MrBayes v.3.2.1 (Ronquist and Huelsenbeck 2003)
with Carpodacus erythrinus MHC-I exon 3 (Caer_101;
Promerová et al. 2012) as an outgroup (Fig. 2).We determined
an appropriate model of nucleotide substitution using
FINDMODEL (Tao et al. 2005). Likelihood scores were
calculated from aWeighbor tree, and substitutionmodels were
assessed based on theAkaike Information Criterion score (Tao
et al. 2005). A generalized time-reversible (GTR)+Γ was
found to be the best-fit nucleotide substitution model. A
GTR+Γ model uses six substitution rate parameters and four
equilibrium base frequency parameters and a shape parameter
(Γ) for the gamma-distributed site rate heterogeneity. To con-
verge on the posterior probability distribution for the phylog-
eny, we ran 50 million Markov Chain Monte Carlo (MCMC)
generations using default priors, sampling trees every 10,000
generations. We ran four independent runs with a random
initial tree and four chains (one cold, three heated) and calcu-
lated a majority-rule consensus tree using the last 10 % of
sampled trees from each of the four runs. MHC gene topolo-
gies are difficult to resolve due to their rapid rate of molecular
evolution and duplication (Hughes and Nei 1989; Takahashi
et al. 2000). To independently evaluate support for low sup-
port nodes (<75 %) on our final consensus tree, we calculated
majority-rule consensus trees using the last 10 % of sampled
trees for each replicate. We then checked if the major splits
(those involving four or more alleles) and node support values
were similar between each replicate tree and final consensus
tree.

Tests of historical selection

To examine signals of historical selection on paralagous
MHC-I exon 3 loci, we calculated the ratio of nonsynonymous
(dN) to synonymous mutations (dS) in the CodeML module
implemented in the software PAML (Yang 2007). Ratios of
nonsynonymous to synonymous substitution rates significant-
ly >1 are indicative of positive selection, whereas ratios sig-
nificantly <1 are indicative of negative selection. Importantly,
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while selection operates at the allele level (or groups of al-
leles), individual sites may contribute disproportionately to
the overall fitness of an allele and thus show strong signatures
of positive selection. At theMHC,we expect sites correspond-
ing to the PBR to contribute disproportionally to allele fitness
and show signatures of stronger positive selection relative to
other sites because they are directly involved in pathogen
peptide-binding (Hughes and Nei 1988). Therefore, we used

a “sites” model, which allows dN/dS to vary across amino
acid positions. We examined two hypotheses of codon
evolution: (1) a nearly neutral codon substitution model
(M1), which allows sites to have dN/dS ≤1 and (2) a
positive selection codon substitution model (M2), which
allows sites to have dN/dS ≤1 or dN/dS >1. To examine
the relative support for each model, we used a likelihood
ratio and an empirical Bayes procedure to identify PSSs,
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Fig. 2 MrBayes majority-rule consensus tree depicting two major clades
of MHC alleles. Colors of allele names correspond to their supertype
cluster (black = 1, dark red = 2, green = 3, blue = 4, turquoise = 5, red = 6,
gold = 7, gray = 8, purple = 9, orange = 10). The red and blue bars

represent the alleles within each clade (see text). Posterior support value
for each node is 1.0 unless otherwise noted. Nodes A and B were
collapsed in a consensus tree produced from one independent run, while
nodes C and D were collapsed in a separate run (color figure online)
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which are defined as sites bearing a significantly elevated
dN/dS ratio.

Tests of selection based on dN/dS are theoretically problem-
atic for MHC datasets because they do not account for uncer-
tainty in the tree topology, which is difficult to resolve for
paralogous MHC loci. High recombination rates can lead to
multiple tree topologies for population sequences, which in
turn can increase false positives in a dN/dS outlier test
(Anisimova et al. 2003; Wilson and McVean 2006). Because
our sequencing strategy produced unphased MHC genotypes
and an unknown number of MHC loci, we are unable to
formally account for recombination in our dataset. The em-
pirical Bayes approach that we applied here has been shown to
have high power and accuracy for detecting true PSSs (M2
model) in the presence of high rates of recombination
(Anisimova et al. 2003). Additionally, detecting signatures
of selection based on dN/dS tests can be relatively robust to
alternative topologies (Stager et al. 2014). The results of dN/dS
analyses applied to within species datasets should also be
interpreted cautiously since this analysis assumes fixed differ-
ences between populations rather than segregating polymor-
phisms within populations (Kryazhimskiy and Plotkin 2008).
However, we are comparing MHC paralogs with divergences
that are much older than the population level splits and that
likely possess fixed differences. Furthermore, the “random-
sites”model of codon evolution, similar to the sites model we
used, has been demonstrated to detect signatures of strong
positive selection in the PBR of human population MHC
datasets (Yang and Swanson 2002).

To classify the “putative PBR” in Z. capensis, we aligned
Z. capensis MHC-I exon 3 to Gallus gallus and assumed
conservation of codon positions comprising the PBR in
G. gallus (Fig. 3). We calculated nucleotide diversity and
proportion of segregating sites across the entire exon,
within the PSSs and putative PBR, and outside of the
PSSs and putative PBR using pegas (Paradis 2010) in R
(R Development Core Team 2013). Nucleotide diversity was
calculated as the sum of the number of pairwise differences
between alleles divided by the number of comparisons
(Paradis 2010). To examine spatial differences in nucleotide
diversity, we performed a one-way ANOVAwith transect and
elevational zone as fixed factors. We used a Student’s t test to
examine pairwise differences in nucleotide diversity across
different codon classes (whole exon, PBR and PSS, and non-
PBR and non-PSS), MHC clades, and spatial zones.

MHC supertypes

Physicochemical variation at the PBR and PSSs is expected to
provide the phenotypic targets of natural selection on MHC
alleles (Bernatchez and Landry 2003). We characterized the
physicochemical properties of PSSs as proposed by
Doytchinova and Flower (2005). We aligned amino acid

sequences from PSSs, characterized those amino acids based
on five z-descriptor variables—hydrophobicity (z1), steric
bulk (z2), polarity (z3), and electronic effects (z4 and z5)—
and translated them into a matrix (Ellison et al. 2012; Sepil
et al. 2012). To identify MHC “supertype” clusters and de-
scribe those clusters, we performed a K-means clustering
algorithm and a principal components analysis using adegenet
(Jombart 2008; Jombart et al. 2010) in R (R Development
Core Team 2013). The number of supertype clusters was
determined using a Bayesian Information Criterion score after
retaining five principal components.

Results

Population and individual level variation

Initially, we obtained a total of 616,150 reads and 5,364
unique variants. Seven individuals with fewer than 200 reads
were removed from subsequent analyses leaving a total of 177
individuals. After removing all reads with ambiguous base
pair assignments, incomplete primer or tag sequences, or reads
not 214 bp in length, our dataset was reduced to 360,156 reads
(58.5 % of original reads). Our final dataset consisted of 98
unique MHC alleles (GenBank KF433977-KF434074),
which comprise 56 unique MHC protein sequences. Mean
coverage across MHC amplicons per individual was 2,035±
787 (range 203–5,072 reads). We did not find a significant
correlation between the number ofMHC alleles per individual
and the number of reads per individual (P=0.864, R2=0.002,
Online Resource 2). Across all alleles, 31.8 % of nucleotides
were polymorphic (68/214), 49.3 % of amino acid positions
were polymorphic (35/71), and nucleotide diversity was
0.085±0.002 (Table 1). Mean pairwise sequence divergence
among MHC alleles was 8.52 % and ranged from 0.47 to
16.36 %. The mean number of MHC alleles per individual
was 4.36±1.75 corresponding to a mean of 3.56±1.42 MHC
proteins per individual. The number of MHC alleles per
individual varied from 1 to 11, which yields a minimum of 6
MHC-I loci. Most alleles were rare (<5%), and only one allele
(ZocaU*1) was found in over half of the individuals (Online
Resource 3).

We identified ten MHC supertype clusters based on phys-
icochemical variation at PSSs (Fig. 4, Online Resource 4).
Individuals possessed a mean of 3.21±1.11 MHC supertypes.
The first three principal components explained 92.4 % of
variation in MHC supertypes (standard deviation=2.03).
The first two principal components explained 83.8 % of
variation and were plotted together (Fig. 4) to summarize
differences among clusters. PC1 was strongly associated with
variation in electronic effects (z4) at codon 61 (r=0.862), and
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PC2 was most strongly correlated with amino acid variation
(z1–z5) at codon 18 (r=0.761).

The number of MHC alleles, proteins, and supertypes per
individual and nucleotide diversity varied significantly by
elevational zone (Pallele=0.017, Pprotein=0.001, Psupertype=
0.003, Pπ<0.0001). In particular, middle elevation individuals
possessed significantly more MHC alleles, proteins, and
supertypes than low elevation individuals (Pallele=0.002,
Pprotein<0.001, Psupertype=0.005) and high elevation individ-
uals (Pallele=0.007, Pprotein<0.001, Psupertype=0.001, Table 2).
Nucleotide diversity was also significantly higher in middle
elevation populations relative to low (P<0.001, Table 2) or
high elevation (P=0.004, Table 2). After controlling for the

effect of elevation, MHC allele and supertype diversity per
individual did not significantly vary by transect (Pallele=0.228,

Table 1 Proportion of segregating sites and nucleotide diversity for
different MHC sequences or subsets of alleles

Sequence Proportion of
segregating sites

Nucleotide
diversity

Entire MHC-1 exon 3 0.32 0.085±0.002

Non-PSS 0.29 0.070±0.001

PSS 0.75 0.302±0.029

Non-PBR 0.28 0.064±0.001

PBR 0.78 0.308±0.027

Clade 1 alleles 0.20 0.052±0.001

Clade 2 alleles 0.24 0.049±0.001
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Fig. 4 First and second principal components for physicochemical
properties of amino acids under positive selection. Each dot repre-
sents a unique amino acid sequence for positively selected sites.
MHC supertypes are depicted as unique colors corresponding to
colors on MHC phylogeny (1=7 alleles, 2=15 alleles, 3=1 allele,
4=4 alleles, 5=12 alleles, 6=31 alleles, 7=3 alleles, 8=6 alleles, 9=
9 alleles, 10=10 alleles)
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Fig. 3 The dN/dS ratio along
MHC-I exon 3 in Zonotrichia
capensis. Four significant peaks
in dN/dS (indicated by asterisks)
correspond to codon positions 18,
53, 61, and 70. Sites marked by a
“+” indicate positively selected
sites in>50 % of passerines
examined (Alcaide et al. 2013).
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Gallus gallusMHC (Wallny et al.
2006; Sepil et al. 2012). White
horizontal bars represent
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invariant codons
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Psupertype=0.074). The number of MHC proteins per individ-
ual was significantly different across transects (Pprotein<
0.031) with elevated diversity at the low-latitude transect
(T1). Nucleotide diversity was also significantly different
across different transects (Pπ<0.001) with substantially de-
creased nucleotide diversity in the middle-latitude transect
(T2) relative to the low- and high-latitude transects. Across
the elevational transects, 19 MHC alleles were only present in
T1, seven were found exclusively on T2, and nine were found
on T3. Across elevational zones, we found five MHC alleles
only at low elevation, eight exclusively found in middle
elevations, and 17 found only in high elevations.

MHC Phylogeny

We identified two clades of MHC sequences in the final tree
and in all four replicate runs (Fig. 2), although most MHC
alleles within these groups did not fall into distinct, well-
resolved clusters. Consensus trees from two of the four inde-
pendent runs produced identical topologies to Fig. 2 with
similar nodal support, while the other two consensus trees
were nearly identical, however with nodes A and B collapsed
in one run and nodes C and D collapsed in the other (Fig. 2).
For all other nodes, support values were similar to those in
Fig. 2. Nucleotide diversity was significantly higher in clade 1
(π=0.052±0.001) compared to clade 2 (π=0.049±0.001,
P<0.001).

Evidence of selection

Across paralagous MHC-I exon 3 sequences, dN/dS analyses
supported a positive selectionmodel for codon evolution (M2)
over the nearly neutral codon substitution model (M1, likeli-
hood ratio=87.4, P<0.001, Table 3). We identified four co-
dons (positions 18, 53, 61, and 70) that showed signatures of
positive selection (PSSs, P <0.01), corresponding to 5.6 % of
amino acids in exon 3 (Fig. 3). Assuming conservation of the
PBR positions between Z. capensis and G. gallus, codon 53

corresponds to a peptide-contact site on the α-helix of class I
MHC (Fig. 3). Codons 53 and 61 also are PSSs in all 16
passerine species investigated by Alcaide et al. (2013), while
codons 18 and 70 are not PSSs in other passerine species
(Fig. 3). The putative PBR in Z. capensiswas defined as those
codon positions homologous with the G. gallus PBR (posi-
tions 11, 13, 50, 53, 54, and 65, Fig. 3). Nucleotide diversity
within the putative PBR (π=0.308±0.027) was significantly
higher than nucleotide diversity across the entire exon (π=
0.085±0.002, P<0.001) and outside of the PBR (π=0.065±
0.001, P<0.001, Table 1). In addition, the proportion of
segregating sites was also elevated in the inferred PBR
(S=0.78) compared to the entire exon (S=0.32) and se-
quences outside the inferred PBR (S=0.28, Table 1).

Discussion

Patterns of MHC variation

Variation at the MHC has been linked to important fitness-
related traits, including disease resistance and secondary

Table 2 Summary statistics of MHC-I exon 3 diversity for different Zonotrichia capensis populations

Population

Elevational
transect T1

Elevational
transect T2

Elevational
transect T3

Low elevation Middle elevation High elevation

Number of individuals 62 54 61 52 46 79

Total number MHC alleles 69 56 61 43 66 81

MHC alleles per individual 4.73±1.48 4.13±1.68 4.20±2.01 4.00±1.75 5.02±1.44 4.22±1.83

MHC proteins per individual 3.92±1.32 3.28±1.50 3.45±1.39 3.29±1.38 4.24±1.45 3.35±1.31

MHC supertypes per individual 3.48±1.11 3.06±1.17 3.07±1.01 3.04±1.17 3.70±1.09 3.04±1.01

Segregating sites 63 51 57 54 63 68

Nucleotide diversity 0.0847±0.0018 0.0812±0.0017 0.0848±0.0018 0.0827±0.0017 0.0869±0.0019 0.0860±0.0018

Table 3 Summary of parameter estimates from CodeML output for two
different models of nucleotide substitution

Model lnL Parameters

M1—nearly neutral −2,016.7 ω1=0.048, ω2=1.0

p1=0.366, p2=0.634

M2—positive selection −1,929.3 ω1=0.048, ω2=1.0, ω3=6.176

p1=0.541, p2=0.205, p3=0.254

ω1 is the parameter estimate of dN/dS for sites under negative selection,ω2

is the estimate of dN/dS for neutrally evolving sites, andω3 is the estimate
of dN/dS for sites under positive selection. p1, p2, and p3 correspond to the
proportion of sites in each ω class. M2 is supported over M1 with a
likelihood ratio value of 87.4

lnL log-likelihood value
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sexual ornamentation (Ditchkoff et al. 2001; Bonneaud et al.
2006; Loiseau et al 2010; Dunn et al. 2013). In this study, we
found substantial allelic diversity at a functionally important
MHC-I exon in Z. capensis. We identified 98 putatively
functional MHC-I exon 3 alleles distributed across a mini-
mum of 6 loci. These MHC alleles correspond to 56 unique
MHC protein sequences. The total number of alleles we
identified (scaled by the number of genotyped individuals) is
comparable to Parus major (758 alleles, 1,492 genotyped
individuals; Sepil et al. 2012), Carpodacus erythrinus (189
alleles, 182 genotyped individuals; Promerová et al. 2012),
Halobaena caerulea (156 alleles, 110 genotyped individuals;
Strandh et al. 2012), and Geothlypis trichas (224 alleles, 44
genotyped individuals; Dunn et al. 2013); however, the num-
ber ofMHC alleles per individual is lower in Z. capensis (4.36
alleles/individual) compared to these species (range 23.8–7.99
alleles/individual).

Nucleotide diversity at the PSSs and putative PBR of
Z. capensis MHC is substantially higher than nucleotide di-
versity at the putative PBR in several species, such as
Cyanistes caeruleus (πPBR=0.14, Schut et al. 2011) and
Halobaena caerulea (πPBR=0.14, Strandh et al. 2011),
but similar to the low levels of exon-wide MHC-I nucleotide
diversity reported in these species (πexon=0.06). Furthermore,
most amino acids in Z. capensis MHC-I exon 3 are invariant
(50.7 % of codons) or show dN/dS <1 (54.1 % of codons,
Table 3). Thus, low nucleotide and amino acid variation in
Z. capensis may reflect pervasive negative selection, which
plays an important role in the evolution of MHC in some
species (Yang and Swanson 2002). Historical population bot-
tlenecks are capable of producing similar signatures of re-
duced MHC variation (Babik et al. 2009a; Sutton et al.
2011; Sutton et al. 2013). In New Zealand saddlebacks, the
effects of a severe bottleneck event are manifested in de-
creased overall allelic diversity and allelic diversity per indi-
vidual rather than nucleotide diversity (Sutton et al. 2013).
Allele surfing following a population expansion may also
create similar genetic signatures as population bottlenecks
(e.g., low genetic variation; Excoffier et al. 2009). A recent
phylogeographic study of Z. capensis revealed signatures of
population expansion in Peruvian lineages following the
Pleistocene glaciation (Lougheed et al. 2013), though the
patterns were weak and locus specific. Alternatively, low
MHC variation in nonmigratory populations, such as the
Z. capensis populations in this study, may reflect adaptation
to a simple parasite community (Møller and Erritzøe 1998). A
screening of avian malaria in these Z. capensis populations
revealed a singleHaemoproteus lineage contributed to ∼94 %
of malaria infections (Jones et al. 2013), suggesting a relative-
ly simple malaria parasite community associated with
Z. capensis. The factors driving low exon-wide nucleotide
variation (Fig. 3, Table 1) and per individual allele variation
are unclear. However, the high nucleotide variation at the

PSSs and inferred PBR in spite of low exon-wide variation
is consistent with strong balancing selection on the MHC
driven by variation at these amino acid positions.

Although we do not know the transcription levels of
the putatively functional alleles, given that the majority
of reads were 214 bp in length (61.4 %) and had an
open reading frame suggests that they may be function-
al. The high proportion of initial reads that were ex-
cluded from analyses by our variant verification proce-
dure (42.5 % of total) likely comprises pseudoalleles or
PCR or sequencing errors. Other MHC studies using
pyrosequencing discarded a similarly high proportion
of reads presumed to represent either pseudoalleles or
errors (Galan et al. 2010; Zagalska-Neubauer et al.
2010; Spurgin et al. 2011; Sepil et al. 2012). The high
level of potential pseudogenes and the lack of structure
on our MHC phylogeny are consistent with extensive
gene duplication and pseudogenization in MHC.

Selection on MHC

We found strong signatures of historical positive selection at
specific amino acid positions (PSSs) on MHC-I exon 3
(Fig. 3). One PSS (codon 53) corresponded to a peptide-
binding site on the G. gallus MHC, which is 80–100 million
years diverged from Z. capensis (Shetty et al. 1999), while the
remaining three PSSs did not correspond to the G. gallus
PBR. As a result of the substantial sequence divergence be-
tween passerines and chickens and their differences in MHC
structure (Balakrishnan et al. 2010), the Z. capensis PBR is
likely not perfectly homologous with the G. gallus PBR.
However, it is possible that not all PSSs in Z. capensis corre-
spond to the PBR. Some PSSs may correspond to non-PBR
sites that serve important subsidiary roles, function as epistatic
compensatory mutations as a result of changes in the PBR, or
result from the stochastic mutational process. Furthermore,
variation inMHC-I exon 3 will not encompass all functionally
important variation in MHC-I because we did not sequence
exon 2, which also comprises a portion of the PBR, or regu-
latory sequences. Nonetheless, the elevated nucleotide diver-
sity and proportion of segregating sites (Table 1, Fig. 3) within
the putative PBR suggest that these amino acids may be also
functionally important. We identified ten MHC supertypes
that share similar physicochemical properties at PSSs.
Supertype clusters differed primarily by the physicochemical
properties at codon positions 18 and 61, according to a prin-
cipal components analysis (Fig. 4). MHC supertypes do not
form distinct phylogenetic clusters (Fig. 2), which reflect
either (i) repeated convergent evolution of MHC supertypes,
(ii) that MHC supertypes we identified do not represent func-
tionally important groups, or (iii) that we lack the appropriate
phylogenetic resolution to observe distinct patterns.
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Maintenance of diversity

Our data are consistent with historical balancing selection on
Z. capensis MHC. The method of MHC sequencing we
employed does not yield allele or genotype frequencies, so
we cannot use traditional population genetic approaches to
further investigate evidence of current selection. An approach
comparing the geographic distribution of MHC variation to
neutral variation would help elucidate whether selection on
MHC is ongoing. Identifying associations between MHC
alleles and parasite infection status or mate choice would
further help to reveal the nature of selection on MHC.

Individuals sampled from intermediate elevations possess
significantly more MHC alleles, proteins, and supertypes
compared to those from high or low elevation populations
(Table 2). We also observed significantly higher nucleotide
diversity in middle elevation populations relative to low and
high elevation populations. Thus, middle elevation popula-
tions may experience stronger balancing selection on MHC
relative to low and high populations. MHC allelic and
supertype diversity per individual did not significantly vary
by transect after controlling for the effects of elevation, al-
though MHC protein diversity per individual and nucleotide
diversity were significantly affected by transect. Taken togeth-
er, environmental heterogeneity seems to play a role in medi-
ating selection dynamics on MHC. Differences in parasite
composition, abundance, or virulence between elevational
zones and transects may contribute to spatial variation in
parasite-mediated selection and MHC composition. Indeed,
Jones et al. (2013) found higher prevalence of avian malaria
within Z. capensis at middle elevations and low latitudes. The
patterns of malaria prevalence and MHC variation are consis-
tent with intensified parasite-mediated selection in these envi-
ronments, yet the precise selective mechanisms are unclear
and warrant further investigation.

Conclusions

Our study reveals a high level of allelic variation in MHC-I
exon 3 of a common South American passerine. Although we
find low levels of allelic diversity per individual and exon-
wide nucleotide diversity, we find extraordinarily high levels
of nucleotide diversity within regions of the exon showing
signatures of positive selection and those corresponding to the
putative PBR. Variation in physicochemical properties of
amino acids at the PSSs revealed ten functional MHC
supertypes that do not cluster together on the MHC allele
phylogeny, suggestive of either recurrent parallel evolution
of these diverse supertypes or low phylogenetic resolution.
Geographic variation in nucleotide diversity and the number
of MHC alleles, proteins, and supertypes per individual is

consistent with varying environmental selective pressures,
perhaps related to malarial parasites. This study lays the
groundwork for future research into the specific selective
agents and mechanisms acting on MHC and provides impor-
tant insight into the evolution of the MHC in a wild
Neotropical passerine.
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