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Abstract The major histocompatibility complex (MHC)
genes are the most polymorphic genes found in the verte-
brate genome, and they encode proteins that play an essen-
tial role in the adaptive immune response. Many songbirds
(passerines) have been shown to have a large number of
transcribed MHC class I genes compared to most mammals.
To elucidate the reason for this large number of genes, we
compared 14 MHC class I alleles (x1—-«3 domains), from
great reed warbler, house sparrow and tree sparrow, via
phylogenetic analysis, homology modelling and in silico
peptide-binding predictions to investigate their functional
and genetic relationships. We found more pronounced
clustering of the MHC class I allomorphs (allele specific
proteins) in regards to their function (peptide-binding
specificities) compared to their genetic relationships
(amino acid sequences), indicating that the high number
of alleles is of functional significance. The MHC class 1
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allomorphs from house sparrow and tree sparrow, species that
diverged 10 million years ago (MYA), had overlapping
peptide-binding specificities, and these similarities across spe-
cies were also confirmed in phylogenetic analyses based on
amino acid sequences. Notably, there were also overlapping
peptide-binding specificities in the allomorphs from house
sparrow and great reed warbler, although these species di-
verged 30 MYA. This overlap was not found in a tree based
on amino acid sequences. Our interpretation is that convergent
evolution on the level of the protein function, possibly driven
by selection from shared pathogens, has resulted in allo-
morphs with similar peptide-binding repertoires, although
trans-species evolution in combination with gene conversion
cannot be ruled out.

Keywords Major histocompatibility complex (MHC) class
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Introduction

The major histocompatibility complex (MHC) genes are
the most polymorphic genes in the vertebrate genome
and the proteins that they encode play a pivotal role in
the adaptive immune system. Two clusters of classical
antigen presenting genes can be found within the MHC
complex, the MHC class I and II genes. MHC genes
are classified as classical based on high polymorphism
and ability to bind antigenic peptides. The main func-
tion of the classical MHC molecules is to present
pathogenic peptides on the cell surface to circulating
T cells (Apanius et al. 1997). In humans, the classical
MHC class I and II are each encoded by three genes
(Neefjes et al. 2011).
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Compared to the human MHC region, which consists of
over 200 genes spanning four megabases, the classical
chicken MHC region (MHC-B) is small and simple with
just 19 genes over 92 kb encoding two MHC class I and two
MHC class II3 genes (Guillemot et al. 1988; Kaufman et al.
1999). Studies of other species of the order Galliformes,
such as the turkey (Meleagris gallopavo), show a similar
constricted MHC-B region with the exception that the tur-
key has three MHC class II3 genes compared to only two in
the chicken (Chaves et al. 2009). In the quail (Coturnix
Jjaponica), another species belonging to the order Galliformes,
seven MHC class I and ten MHC class II3 have been de-
scribed. However, only two of each of the class I and class 113
genes are transcribed and are considered to be classical MHC
genes (Shiina et al. 2004).

Studies in chickens have shown that only one of the two
MHC class I genes is highly transcribed and expressed as a
protein on the cell surface (Kaufman 1999; Shaw et al.
2007; Wallny et al. 2006). The reason for having just one
dominantly expressed classical MHC class I molecule is still
unclear. However, it has been proposed that the co-evolution
with polymorphic variants of the transporter associated with
antigen processing (TAP) could be one explanation. This co-
evolution may have favoured the expression of a single
MHC class I molecule that shares peptide-binding specific-
ity with TAP and disfavoured expression in the same indi-
vidual of MHC class I molecules with other specificities
(Walker et al. 2011). This kind of co-evolution can partly
explain the prominent associations between certain MHC
class I haplotypes and resistance or susceptibility to infec-
tious diseases in chickens (Kaufman et al. 1995, 1999;
Walker et al. 2005; Wallny et al. 2006).

Although the genomic organisation of avian MHC is best
characterized in birds that belong to the order Galliformes
(Chaves et al. 2009; Guillemot et al. 1988; Kaufman et al.
1999; Reed et al. 2011; Shiina et al. 2004), there has been
recent progress towards understanding the MHC gene
organisation of the zebra finch (Taeniopygia guttata)
(Balakrishnan et al. 2010; Ekblom et al. 2011). The zebra
finch is a small songbird belonging to the order Passeriformes.
The orders Galliformes and Passeriformes diverged approx-
imately 125 million years ago (MYA) (Brown et al. 2008)
and, although the understanding of the genomic organisa-
tion of the zebra finch MHC genes is still fragmented, it
has been shown that the MHC genes that are linked in the
chicken are dispersed over two (Ekblom et al. 2011) or
even four (Balakrishnan et al. 2010) different chromosomes
in the zebra finch. It has also been shown that the MHC
genes of zebra finches contain several putative pseudo
genes (Warren et al. 2010).

The MHC genes of a variety of other passerines have also
been studied. Most work in this respect has focused on the
MHC class 1IB genes (Aguilar et al. 2006; Bollmer et al.
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2010; Miller and Lambert 2004; Sato et al. 2001; Westerdahl
et al. 2000; Zagalska-Neubauer et al. 2010). For example, a
study by Zagalska-Neubauer et al. (2010) used 454-amplicon
sequencing to screen MHC diversity and found up to 18 exon
2 sequences (at least nine loci) per individual in collared
flycatchers (Ficedula albicollis). Studies on MHC class I have
shown that, in general, passerines have a larger number of
MHC class I genes compared to both the chicken (Shaw et al.
2007; Wallny et al. 2006) and zebra finch (Warren et al. 2010).
Blue tits (Cyanistes caeruleus) have been shown to have at
least four MHC class I genes per individual (Schut et al.
2011), scarlet rose finches (Carpodacus erythrinus) have at
least seven genes (Promerova et al. 2012), house sparrows
(Passer domesticus) have at least six genes (Bonneaud et al.
2004) and great reed warblers (Acrocephalus arundinaceus)
have at least eight different MHC class I genes per individual
(Westerdahl 2007; Westerdahl et al. 1999). Previous studies
using the Southern Blot technique suggested a considerably
larger number of class I genes in passerines and a recent study
on great tits (Parus major) using 454-amplicon sequencing
confirmed this suggestion, reporting 32 exon 3 sequences
(at least 16 loci) in a single individual (Sepil et al. 2012;
Westerdahl 2007; Wittzell et al. 1998).

The high number of MHC genes found in passerines
compared to the chicken is intriguing and to better under-
stand this difference it is important to understand the func-
tion of the MHC molecules. All MHC molecules have a
limited repertoire of peptides that they bind and present on
the cell surface. This functional specificity is defined in the
peptide-binding cleft of the MHC molecule. To understand
the peptide-binding of a MHC protein it is essential not only
to know the sequence of the protein but also the structure of
the molecule. Several different approaches have been devel-
oped for predicting peptide-binding specificities and defining
functional similarities between MHC molecules spanning
from simple sequence-based phylogenetic analysis to cluster-
ing approaches based on advanced mathematical models pre-
dicting receptor-ligand binding specificities (reviewed by
Lundegaard et al. 2010).

In the present study, we aim to investigate MHC class I
genes from three passerines, one house sparrow, one tree
sparrow (Passer montanus) and one great reed warbler to
get a better understanding of the high number of MHC class
I genes found in these birds. We base our analyses on cDNAs
(exons 2—4) and use a panel of methods to investigate peptide-
binding properties of passerine MHC class I molecules in-
cluding homology modelling and in silico peptide-binding
prediction methods in combination with classical selection
and phylogenetic analyses. By using these approaches we
are able to study MHC class I genes not only from a genetic
perspective by doing sequence analyses but are also able to
link our findings with the actual function of the protein in
regards to its peptide-binding specificity.
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Methods
Study species

The great reed warbler is a long-distance migrating, passer-
ine bird that winters in Africa, south of the Sahara desert. It
breeds in reed beds of marshes and lakes in the northern and
central Palaearctic (Cramp 1992). The DNA sample used in
this study has been collected from one great reed warbler at
Lake Kvismaren just east of Orebro in Sweden (59°10’
N,15°25’E). The six MHC class I ¢cDNAs used in this
study have been published previously (Westerdahl et al.
1999). The house sparrow and tree sparrow are both
sedentary bird species. The house sparrow sample used
in this study has been collected from one individual on
Lundy Island (51°10'N, 4°40"W), which is a small island in
the Bristol Channel in the UK, and the tree sparrow individual
used in this study was caught in Bastad (56°24'N, 12°56’E) in
northwest Skéne in Sweden. The four house sparrow MHC
class I cDNAs used in this study is from Karlsson and West-
erdahl, unpublished data, while the four tree sparrow MHC
class I cDNAs are novel to this study.

Isolation of RNA

A blood sample of 30 pl was collected from a tree
sparrow captured in a mist net. Blood for isolation of
RNA was collected in 100 ul K,EDTA (0.2 M), after
which 500 ul TRIzol-LS (Invitrogen, Paisley, UK) was
added. Isolation of total RNA was performed using a
TRIzol/chloroform extraction protocol, carefully collect-
ing only the RNA containing aqueous phase to avoid
DNA contamination and then precipitating the RNA
using isopropanol (Invitrogen); for details, see Strandh
et al. (2011). The dried and cleaned RNA pellet was
then dissolved in 0.5 pl RNasin Plus RNase inhibitor
(Promega, USA) and 40 pl of ddH,O and stored at
—80 °C.

PCR and DNA sequencing

RT-PCR on mRNA (1 pg) was used to synthesize cDNA
according to the manufactures protocol (RETROscript kit;
Ambion, Austin, TX, USA). The cDNA from the RT-PCR
was diluted five times before it was used as template in a
standard PCR using the primers PadoM2 (forward): 5-GTT
CTC CAC TCC CTG CRT YAC CTG-3' and Pado4M
(reverse): 5'-CA AGC RAA GAT CCC GGG CTC CAG
C-3' (Applied Biosystems, New Jersey, USA). PCR prod-
ucts were cloned according to protocol (2.1 TOPO-TA clon-
ing kit; Invitrogen, USA). Next, 10-20 clones were picked
per PCR run and three independent PCR runs were per-
formed in total. Colonies containing inserts of the correct

length (approximately 850 bp) were DNA sequenced
using standard procedures (BigDye terminator kit v.3.1)
on an ABI PRISM 3130 genetic analyser (Applied Bio-
systems). We did not aim to get a complete coverage of
the number of MHC class I alleles in one individual, this
is better done using 454 amplicon sequencing. However,
all DNA sequences used in the present study have been
identified in at least two independent PCRs to confirm
the existence of the alleles.

Homology modelling

Structural homology models of the «1 to &3 domains of each
of'the 14 MHC class I sequences were built using the CPHmo-
dels-3.2 server (Nielsen et al. 2010). The structural templates
with the highest sequence identity with the passerine sequen-
ces were used, with the chicken MHC class I structures in the
Protein Data Bank (PDB); IDs 3BEV (Koch et al. 2007) for
Acar 2, Acar 15, Acar 19, Pamo_01, Pamo_03, and
Pado 242, 3BEW (Koch et al. 2007) for Acar 20 and
Pamo_04,2YF1 (Chapell et al. unpublished data) for Acar 5
and Pado 230, 2YF6 (Chapell et al. unpublished data) for
Pado 240, Pado 241 and Pamo_02 and finally 3P73 (Hee et
al. 2010) for Acar 3.

Pseudo sequence deduction and prediction of peptide-binding
motifs

The pseudo sequence is a sequence of 34 amino acid resi-
dues in the MHC class I peptide-binding cleft that is esti-
mated to be in contact with the bound peptide. The
definition is based on human HLA-A and -B structures
and a residue is said to have contact when it is within
4.0 A of the bound peptide (Nielsen et al. 2007). To estimate
the pseudo sequences in this study (i.e., the amino acids
lining the peptide-binding cleft that are in contact with the
bound peptide), the passerine sequences were aligned with
1,524 different HLA-A and -B allele sequences using the
progressive method (FFT-NS-2) in MAFFT version 6
(Katoh et al. 2002). The residue positions of the passerine
sequences were then deduced. The NetMHCcons method
(Karosiene et al. 2012) was used to predict the
peptide-binding motifs of the 14 passerine allomorphs
(allele specific proteins). This method is a consensus of
three previously described MHC class I peptide-binding
prediction methods, the NetMHC (Lundegaard et al. 2008),
the NetMHCpan (Hoof et al. 2009; Nielsen et al. 2007) and the
PickPocket (Zhang et al. 2009). Briefly, the method assumes
all MHC class I molecules to adopt an identical structure.
Consequently, the differences in peptide-binding specificity
between different MHC class I molecules is dependent only
on the pseudo sequence. Since the structure of the MHC class
I molecules is assumed to be invariant, the mapping of the
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pseudo sequence comes down to aligning the query se-
quence on to the sequence of the set of MHC class I
molecules with characterised binding specificity. The pre-
dictions performed here were made using a set of 100,000
9mer peptides. The top 0.5 % binders were summarised
and presented in peptide-binding logos using Seq2Logo 1.0
(Thomsen and Nielsen 2012).

In silico peptide-binding predictions and functional clustering
of MHC class I allomorphs

By clustering the MHC class I allomorphs based on their
peptide-binding specificity, it is possible to study the func-
tional relationship between them. The MHCcluster method
(Nielsen et al. 2012) was used to predict and functionally
cluster the peptide-binding specificities of the 14 MHC class
I allomorphs. This method is based on NetMHCconc pre-
dictions (Karosiene et al. 2012). The method predicts the
binding of a number of predefined peptides to the MHC
class I allomorphs of interest. A set of 100,000 natural
random 9mer peptides and each of the 14 passerine MHC
class I pseudo sequences was used to calculate peptide-
binding specificities. The method then estimates the simi-
larities between any two MHC class I allomorphs in the data
set by correlating the union of the predicted top 10 %
strongest binding peptides for each of the defined allo-
morphs. The similarity is defined as 1 if the two MHC class
I allomorphs are predicted to have a perfect overlap in
regards to their peptide-binding specificities and 0 if there
is no overlap at all. A value of —1 will indicate perfect anti-
correlation. The distance between two allomorphs is defined
as l-similarity. By using UPGMA clustering the distance
matrix can be converted to a distance tree. The significance
of the MHC class I distance tree is estimated by generating
1,000 distance trees using the bootstrap method. The
bootstrapping is performed at the peptide level, i.e., for
each distance tree a new set of 100,000 peptides and the
correlating predictions is selected from the original pool
of 100,000 peptides with replacement. The trees are then
summarised, and a consensus tree is made with branch
bootstrap values.

Genetic analysis

All sequences were aligned in BioEdit 7.0.9.0 Sequence
Alignment Editor (Hall 1999). The amino acids in the
peptide-binding region (PBR) (Bjorkman et al. 1987) and
the pseudo sequence (Nielsen et al. 2007) were superim-
posed from human HLA. The tree based on tree sparrow
(Pamo), house sparrow (Pado) and great reed warbler
(Acar) MHC class I amino acid sequences was made in
RAXML BlackBox, using Maximum Likelihood (ML) for
phylogenetic reconstruction and bootstrap (bt) with 100
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replicates (Jones—Taylor—Thornton [JTT] model, standard
settings) (Stamatakis et al. 2008). Tests to find codon
sites under positive selection were performed on six great
reed warbler sequences using phylogeny-based ML analyses
(CODEML) implemented in PAML v.4 (Yang 2007). Note
that one additional great reed warbler sequence Acar 1 was
added here to get better power in the selection analysis; this
sequence lacks 13 amino acids in the 5’ region and was
therefore excluded from all other analysis, since Acar 2 and
Acar 19 have identical amino acid sequences only Acar 2
was included here. The tree topology used in the CODEML
analysis was constructed in MEGA 5.05 (Tamura et al. 2011),
using the neighbor-joining (NJ) method with Kimura’s two-
parameter evolutionary distances, but the branch lengths were
re-estimated under codon models using CODEML (Yang
1997). This tree topology is found in the supplementary
material (Online Resource 1), and there were high bootstrap
support for two out of three nodes (100, 97, 56). NJ tree
topologies used in previous CODEML studies (e.g., Yang
and Bielawski 2000) have suggested that minor differences
in the tree topology make little impact on inference of positive
selection under site models. Likelihood analysis was con-
ducted under the random-sites models: M1a (nearly neutral),
M2a (positive selection), M7 (3) and M8 ( + w). When the
selection models (M2a and M8) were significantly better than
the neutral models (M1a and M7) we used Bayesian statistics
integrated in CODEML (Empirical Bayes [BEB] method) to
identify codon sites under positive selection (Yang et al.
2005).

Results
Pseudo sequences hold sites subject to positive selection

We amplified the major part of the MHC class T «l to
«3 domains in one tree sparrow (Pamo) and verified
four MHC class I amino acid sequences (255-257 ami-
no acids). The 14 MHC class I sequences used in the
present study, four tree sparrow (Pamo), four house
sparrow (Pado) and six great reed warbler (Acar), were
aligned with a two amino acid insert at position 149 in
the sequences Pamo 01, Pamo 02 and Pado 230 (Fig. 1).

Fig. 1 Aligned MHC class I amino acid sequences, covering the «1, &2 p
and o3 regions, from great reed warbler (4car, in Westerdahl et al. 1999),
house sparrow (Pado, Karlsson and Westerdahl, unpublished data), tree
sparrow (Pamo, present study), zebra finch (Tagu XP_002186567), do-
mestic chicken (MHC-B GagaBF2 HQ141386 and MHC-Y GagaY
NM_001030675) and human (HLA:B*39:01 CCA63229). Identity with
the Acar_3 is indicated with dots, codons corresponding to the peptide
binding region (PBR) superimposed from the PBR of human HLA with a
‘P’, sites under positive selection in great reed warblers (4car) according
to CODEML with an ‘S’ (p>99%) or ‘s’ (p>95%; Yang 2007) and sites
included in the pseudo sequence are indicated with an ‘E’
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We used three independent approaches to find sites subject  in great reed warbler MHC class I allomorphs; (1) a
to positive selection/sites important for peptide-binding  phylogeny-based ML approach to find sites subject to positive
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selection (CODEML; Yang 2007), (2) inferred the peptide-
binding region from human HLA sequences (Bjorkman
et al. 1987) and (3) deduced the pseudo sequence by
estimating the contact between the residues in the
peptide-binding cleft and the bound peptide (Nielsen
et al. 2007). Positive selection occurred in the great reed
warbler MHC class 1 alleles, since the models that allow
selection at a subset of the sites (M2a and MS) fit the
great reed warbler data better than the nearly neutral
models (M2a: 2A/=62.2, df=2, p<0.001; M7 vs. M8:
2AI=62.4, df=2, p<0.001; Table 1). Model M2a showed
that seven sites are subject to positive selection ('S') (cut-
off p>99 %, Table 1), six of which are found in both the
inferred PBR ('P'") and the pseudo sequence ('E') (Fig. 1,
see 'S', 'P' and 'E'). Model M8 showed that nine sites are
subject to positive selection ('S'") (cut-off p>99 %; Table 1),
eight of which are found in both the inferred PBR ('P')
and the pseudo sequence ('E') (Fig. 1, see 'S', 'P' and 'E").

The deduced pseudo sequences matched the inner lining
of the peptide-binding cleft in the homology models

The chicken templates used to build the homology
models had sequence identities with our 14 MHC class
I sequences of between 45 % and 49 %. The pseudo
sequences were superimposed on the peptide-binding
cleft of these modelled molecules in an attempt to
verify the accuracy of the pseudo sequences. The
superimposed pseudo sequences from the 14 MHC
class 1 allomorphs matched the inner lining of the
peptide-binding cleft as illustrated by one representa-
tive great warbler allomorph, Acar 3 (Fig. 2). This
indicates that the pseudo sequences are accurately de-
duced however to fully confirm their accuracy more
detailed analysis of eluted peptide—-MHC class 1 com-
plexes are needed. We also superimposed the positively
selected sites from the great reed warblers and found an
overlap in the peptide-binding cleft of the modelled allomorph

(Fig. 2).

Table 1 Positively selected sites of great reed warbler MHC class 1
sequences (the «l, a2 and «3 regions) from implementing neutral
(Mla, M7) and selection (M2a, M8) models in CODEML (Yang

Fig. 2 Homology model illustrating the overlap (green) between the
positively selected sites (yellow) and the pseudo sequence (blue) of one
representative MHC class I allomorph Acar 3. The pseudo sequence
was deduced by estimation of contact between the residues in the
peptide-binding cleft and the bound peptide (Nielsen et al. 2007).
The positively selected sites were obtained using CODEML (Yang 2007)

In silico peptide-binding predictions reveal separate
functional clusters of MHC class I allomorphs based
on their peptide-binding specificities

The peptide-binding motif of an MHC class I allomorph can
be characterized from the peptides they bind. The peptide-
binding motifs are generated by calculating the frequency of
occurrence of any given amino acid at a specific position in
the bound peptide. If a specific position within the bound
peptide is crucial for peptide-binding only a limited set of
amino acids will be present at that position. These crucial
positions within the bound peptide are referred to as anchor
positions and are indicated by high bars in the peptide-
binding motifs. The tree based on functional clustering
(MHC class I peptide-binding specificities) graphically
illustrates the specificity of the 14 different MHC class 1
allomorphs and their overlap in peptide-binding specificity
is further illustrated in a heat map (darker colour indicates
more overlap in peptide-binding specificity; Figs. 3a and 4).

2007), cut-off at p>95 % is indicated with a single asterisk and cut-
off at p>99 % with two asterisks

Model In L, loglikelihood values Parameter estimates

Positively selected sites (*p>95 %) and (**p>99 %)
(numbered according to Fig. 1a)

None
Not allowed
Qs D4k Jhkx QRuE T5kE Q% QE* ]00%*, 117%*,

MO (one ratio) —1,778.55 w=0.70

Mla (neutral) —1,740.74 p0=0.78, p1=0.22, wy=0, w1 =1

M2a (selection) —1,709.64 p0=0.72, p1=0.27, p,=0.012,
w=0.0 w;=1.0, w,=14.80

M7 (B) —-1,740.93 »=0.005, g=0.02

M8 (B+m) —1,709.73 20=0.99, p;=0.011, p=0.005,

q=0.012, w=15.76

154%, 157*, 158*, 172*, 175*
Not allowed

Ok D4k 34K O8HE T5HEBL1*, 96%*, 100%*, 117*%*,
154%, 157*, 158**, 172%, 175%
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The peptide-binding motifs revealed one distinct hydropho-
bic anchor position in the C-terminal part of the bound
peptide at position nine for all 14 MHC class I allomorphs
(Fig. 3a). Moreover, for eight of the allomorphs (Acar 2,
Acar_19, Pamo 01, Pamo_02, Pamo_ 03, Pamo_04,
Pado 230 and Pado 242) the peptide-binding motifs indi-
cate that a positively charged amino acid, arginine or lysine,
is preferred at position five (Fig. 3a). All the tree sparrow
allomorphs and two out of four house sparrow allomorphs
are found in two distinct clusters, one cluster with Pamo 01,
Pamo_02 and Pado_ 230 and one with Pamo_03, Pamo_04
and Pado 242 (Fig. 3a). The peptide-binding motifs indi-
cate that the allomorphs in the cluster with Pamo 01,
Pamo_02 and Pado 230 have a preference for two anchor
positions in the N-terminal part of the bound peptide with
phenylalanine at position one and glutamine at position two.
The allomorphs in the other cluster (Pamo 03, Pamo 04
and Pado_242) show preference for three anchor positions
in the N-terminal, for Pamo_03, Pamo_04 (phenylalanine at
position one, glutamine at position two and alanine at posi-
tion three) and two anchor positions for Pado 242 (phenyl-
alanine at position one and leucine at position two) (Fig. 3a).
The overlap in the peptide-binding specificities within each
of these two clusters is also seen in the heat map (Fig. 4).
Interestingly, the allomorphs in these two clusters also share
some peptide-binding specificity with the great reed warbler
allomorphs, Acar 2 and Acar 19 (Fig. 4). The house spar-
row allomorphs Pado 240 and Pado 241 are found among
the great reed warbler allomorphs close to the great reed
warbler allomorph Acar 3, again indicating an overlap in
peptide-binding specificities across species (Figs. 3a and 4).
The great reed warbler allomorphs Acar 5, Acar 15 and
Acar 20 have more unique peptide-binding preferences as
suggested by their peptide-binding motifs and that they do
not cluster with any other allomorphs (Figs. 3a and 4).

Two trees with different topologies

A tree based on the amino acid sequences from the 1 and
«2 domains (exons 2 and 3) was estimated using ML
(Fig. 5). Here the sparrow sequences formed a monophyletic
cluster with high bootstrap support (bt=95) and the tree
sparrow and house sparrow sequences within this clus-
ter were mixed across species. Alleles with a deletion
corresponding to two amino acids at position 149 (Pamo 01,
Pamo 02 and Pado 230) formed a significant monophyletic
cluster (bt=100) distant from the five other house sparrow and
tree sparrow alleles. The origin of the two allelic lineages, with
and without this insert coding for two amino acids, probably
pre-dates the separation of house sparrows and tree sparrows
(Fig. 1). When graphically comparing the tree based on amino
acid sequences and the tree based on functional clustering, it is
clear that their topologies are different (Fig. 3a, b). The tree

based on amino acids clearly separates the house and tree
sparrow alleles from the great reed warbler alleles (Fig. 5),
whereas in the tree based on functional clustering, two of the
house sparrow allomorphs (Pado 240 and Pado 241) are
found among the great reed warbler allomorphs (Fig. 3a, b).
However, two trees based on amino acid sequences from exon
2 and exon 3, respectively, give different phylogenetic signals.
In a tree based on amino acid sequences from exon 2 the great
reed warbler sequences form a single highly supported cluster
(bt=99), while they do not in the tree based on amino acid
sequences from exon 3 (Online Resource 2). Two trees based
on synonymous substitutions in exon 2 and exon 3, respec-
tively, do place the great reed warbler sequences in a single
cluster, though with low bootstrap support in the tree based on
exon 3 (exon 2, bt=89; exon 3 bt=51; Online Resource 2). Our
interpretation of the trees based on functional clustering and
amino acid sequences is that the house sparrow and the great
reed warbler studied here have MHC class I molecules with
similar peptide-binding repertoire although these molecules are
encoded by partly different amino acid sequences.

Discussion

Previous studies of passerine MHC class I are mostly based
on DNA or amino acid sequence analysis. Here we have
included an additional feature (i.e., peptide-binding) of the
MHC class I allomorphs and with the help of in silico
prediction tools we have been able to study how amino
acids in the peptide-binding cleft influence the peptide-
binding. By studying the predicted peptide-binding proper-
ties of MHC class I molecules in passerines we take one step
closer to resolving the phenotype, on which natural selection
acts. We envision that peptide-binding prediction tools in
combination with sequence data will provide a comprehen-
sive framework for a better understanding of the enormous
diversity found in the MHC class I genes of passerines.

The passerine MHC class I allomorphs differ in their anchor
positions

The major aim of the present study was to model and
evaluate peptide-binding motifs of passerine MHC class 1
allomorphs to better understand the function of the high
number of MHC class I genes observed in passerines. The
peptide-binding motifs of the 14 studied passerine MHC
class I allomorphs showed differences in their preferred
anchor positions (Figs. 3a and 4). This is in line with
what has been observed for human HLA class I allo-
morphs that differ significantly in their peptide-binding
motifs (Rammensee et al. 1995). However, in the present
study we have investigated peptide-binding motifs not
only within a single species but also across three different
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<« Fig. 3 Phylogenetic relationships of great reed warbler (4car), house
sparrow (Pado) and tree sparrow (Pamo) MHC class I alleles/allo-
morphs based on amino acid sequences and peptide-binding specific-
ities, respectively. a Functional clustering of the passerine allomorphs
and corresponding peptide-binding motifs. The relative height of the
bars in the motifs relates to the frequency of a given amino acid at that
position in the bound 9mer peptide. The MHCcluster method was used
to predict the functional clustering and the NetMHCconc method was
used to predict the peptide-binding motifs. b The tree based on pas-
serine amino acid sequences is a simplified illustration of the ML tree
found in Fig. 5 to allow for a better comparison between the trees based
on peptide-binding and amino acid sequences

species; house sparrow, tree sparrow and great reed war-
bler. We find that the preferred anchor positions for the
different allomorphs are shared across these species. The
house sparrow and the tree sparrow that diverged 10MYA
have overlapping peptide-binding motifs and so do the
house sparrow and the great reed warbler that diverged
considerably earlier (30 MYA) (Sibly et al. 2012).

Peptide-binding specificities

In the analyses of the peptide-binding motifs, we found that
the preference for a hydrophobic amino acid at position
nine in the C-terminal part of the bound peptide was
shared across all allomorphs (Fig. 3a). However, in the
N-terminal part the preferred anchor positions differed both
within and between species, considering both number of
positions and amino acid preference. The peptide-binding
predictions also revealed that eight of the 14 passerine allo-
morphs had a preference for a positively charged amino acid at
position five (Fig. 3a). Interestingly, these eight allomorphs
showed a slight overlap in their peptide-binding specificity

Pamo_02
Pamo_01
Pado_230
Pamo_03
Pamo_04
Pado_242
Acar_19
Acar_2
Acar_15
Pado_241
Pado_240
Acar_3
Acar_5
Acar_20

Acar_3

Pado_240

Acar_19

Pado_242

Pamo_03

Pado_230

Pado_241
Acar_15
Pamo_02

Pamo_04

Acar_5
Acar_2
Pamo_01

Acar_20

Fig. 4 Heat map showing peptide binding-specificity relationships
and overlaps. Light colour denotes no overlap, and the darker the
colour the more overlap in specificity. The MHCcluster method was
used to predict the heat map

0.1

Acar_20
L‘: Acar_3
— Acar_5
Acar_15
| 57 100 IAcar71 9
lAcar_2
82 Pado_242
95 90 |Pamo_04
L_Pamo_03
51 100 Pado_241
65 Pado_240
100 Pado_230
Pamo_01
10'5| Pamo_02

Fig. 5 Phylogenetic relationships of great reed warbler (4car),
house sparrow (Pado) and tree sparrow (Pamo) MHC class I amino
acid sequences (xl and o2 regions) using Maximum Likelihood
(JTT+G model) and bootstrap with 100 replicates in RAXML
(Stamatakis et al. 2008)

(Fig. 4) and they are subsequently found in the same part of
the tree based on functional clustering (Fig. 3a). This finding
suggests that position five is of high importance for determin-
ing the peptide-binding specificity of these allomorphs. Two
of the house sparrow allomorphs and all four tree sparrow
allomorphs formed two separate clusters wherein the allo-
morphs have considerable overlap in their peptide-binding
specificities (Figs. 3a and 4). The same overlapping pattern
in peptide-binding specificity was not found for the great reed
warbler allomorphs. The great reed warbler alleles (Acar 3,
Acar 5, Acar 15 and Acar 20) show a weak clustering pat-
tern with low bootstrap support in the tree based on amino
acid sequences (Fig. 5). However, the pattern in the tree based
on functional clustering suggests that these four great reed
warbler allomorphs are functionally different in regards to
their peptide-binding specificities (Figs. 3a and 4).

The increased separation of the great reed warbler allo-
morphs observed in the tree based on functional clustering
compared to the tree based on amino acid sequences (Fig. 3)
can partly, but most likely not fully, be explained by how
these trees were generated. The method that was used for the
peptide-binding predictions assumes that the pseudo se-
quence of each MHC class I molecule defines its peptide-
binding specificity and thus its function. In essence, this
means that only the most important amino acids responsible
for the peptide-binding will be taken into account, hence a
single amino acid substitution within the pseudo sequence
can generate a very different repertoire of bound peptides. In
contrast, in the tree based on MHC class I exons 2 and 3
amino acid sequences a single amino acid substitutions will
be less important. However, a larger difference on the func-
tional level of MHC class I allomorphs compared to the
amino acid level has also been observed in other vertebrates,
for example, in humans (Axelsson-Robertson et al. 2011).
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Taken together our data suggests that the great reed warbler
manage to bind a broader repertoire of peptides compared to
both the tree sparrow and the house sparrow studied here.
However, more allomorphs from a larger number of individuals
need to be studied to further support these preliminary findings
on a species level.

Pseudo sequences hold sites subject to positive selection

A key obstacle to the present analyses to determine peptide-
binding repertoires was the encoding of the passerine MHC
class I sequences into so-called pseudo sequences on which
the peptide-binding predictions are based. The pseudo se-
quence consists of the residues in the peptide-binding cleft
of the MHC class I molecule that are estimated to bind the
peptide for presentation on the cell surface. Because of the
relatively distant relationship with the HLA-A and -B struc-
tures, which are used to define the typical amino acid con-
tacts between the bound peptide and the MHC class 1
molecule, and the passerine MHC class I structures it may
be suspected that accurate pseudo sequences for passerine
MHC class I allomorphs could be difficult to infer using this
method. However, the significant overlap found between pos-
itively selected sites and the obtained pseudo sequences pro-
vide an independent verification that the obtained pseudo
sequences for the passerines are reasonable (Fig. 1). Moreover,
we find that the pseudo sequence positions, as well as the
positively selected sites, are matched directly to the peptide-
binding cleft in the homology models (Fig. 2). The peptide-
binding prediction method, NetMHCconc, used here is a con-
sensus of three previously described MHC class I peptide-
binding prediction methods, the NetMHC (Lundegaard et al.
2008), the NetMHCpan (Hoof et al. 2009; Nielsen et al. 2007)
and the PickPocket (Zhang et al. 2009). The NetMHCpan
has been used previously with good accuracy in a number
of non-human studies, for example, in chimpanzees (Pan
trglodytes), rhesus macaques (Macaca mulatta), pigs (Sus
scrofa), and cattle (Bos primigenius) (Erup Larsen et al.
2011; Hoof et al. 2009; Nene et al. 2012; Pedersen et al.
2011). Furthermore, it has recently been shown that a con-
sensus of the NetMHCpan and the PickPocket outperforms
the two methods when the alleles studied are more distantly
related to the training data, as is the case in this study
(Karosiene et al. 2012).

Pathogens shape the peptide-binding repertoire

Pathogens exert a strong selection pressure on their host.
The selection pressure from pathogens is more pronounced
in tropical regions were the parasite diversity and abundance
is considerably higher than in temperate regions (Stearns
and Koella 2007). The selection from pathogens plays a
crucial role in shaping the MHC allelic composition
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within a population (Hill et al. 1991; Prugnolle et al.
2005). An individual with a broad peptide-binding reper-
toire of the MHC allomorphs is likely to be more suc-
cessful combating various infections than an individual
with a more narrow peptide-binding repertoire. Great reed
warblers winter in the tropics and breed in temperate
regions, and are thus exposed to more pathogens than
house sparrows and tree sparrows that are sedentary and
naturally distributed in temperate regions (Cramp 1992).
However, individuals with the broadest peptide-binding
repertoire are likely to be at an advantage in both tropical
and temperate regions, although the actual selection pres-
sure is likely to be stronger in the tropics.

The overlapping peptide-binding specificities, found in
the tree based on functional clustering, between great reed
warbler and house sparrow MHC class I allomorphs sug-
gests that there has been selection for a similar peptide-
binding repertoire in both species despite significantly dif-
ferent amino acid sequences (Figs. 3 and 5). This may be a
result of exposure to similar pathogens. For example, both
great reed warblers and house sparrows are known to be
infected with the avian malaria parasite Plasmodium relic-
tum (strain SGS1) (Loiseau et al. 2011; Zehtindjiev et al.
2008). We did not find any overlap in peptide-binding
specificities between great reed warbler and tree sparrow
MHC class I allomorphs. However, we believe that this lack
of overlap could be an effect of sampling. The overlap in
peptide-binding specificity found between great reed war-
bler and house sparrow suggests either convergent evolution
on the level of protein function or trans-species evolution,
where the age of an allele is greater than the species, in
combination with frequent gene conversion events (Bos and
Waldman 2006). The trees based on exon 2, amino acids or
synonymous substitutions, suggest that convergent evolution
is more likely, since here the gene trees are equal to the species
tree for great reed warblers and house sparrows (Online Re-
source 2). A tree based on exon 4, the structural part of the
MHC molecule, also results in a gene tree that is equal to the
species tree (data not shown). Meanwhile, the tree based on
amino acid sequences on exon 3 suggests trans-species evo-
lution, since here the gene tree is different from the species
tree and (e.g.) the great reed warbler sequences do not form a
supported monophyletic cluster (online Resource 2). Finally,
the tree based on synonymous substitutions in exon 3, results
in a gene tree equal to the species tree for great reed warblers
and house sparrows, again indicating convergent evolution as
the most likely explanation for our findings (Online Resource
2).

MHC class I and the linkage to TAP

Koch et al. (2007) demonstrated that chicken MHC class 1
molecules have promiscuous peptide-binding (Koch et al.
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2007), which could partly explain the low number of allo-
morphs per individual found in the chicken (Kaufman et al.
1995, 1999; Shaw et al. 2007; Wallny et al. 2006). The
predicted functional differences in peptide-binding reper-
toires and the large number of great reed warbler alleles
per individual (Westerdahl et al. 1999) compared to the
chicken suggest that the great reed warbler MHC class 1
allomorphs do not have the promiscuous peptide-binding
that has been proposed for chicken MHC class I molecules
(Koch et al. 2007). However, without functional studies of
expressed passerine MHC class I molecules, this cannot be
conclusively determined as it has been in chickens (Koch et
al. 2007). In chickens, co-evolution between MHC class |
and TAP has been proposed to favour the dominant expres-
sion of one MHC class I allomorph (Walker et al. 2011). The
large number of MHC class I genes, with different peptide-
binding specificity, found in passerines in the present study
suggest that the passerine TAP genes are likely to be less
specific in what peptides they translocate, thus enabling a
more diverse pool of peptides to be bound by different MHC
class I molecules compared to in the chicken. In addition,
there are indications that the MHC class I and TAP genes
map to different chromosomes in the zebra finch, suggesting
that these genes are not at all as closely linked as they are in
chickens (Balakrishnan et al. 2010; Kaufman et al. 1999).
This would indicate that co-evolution between the MHC
class I and TAP genes is probably not as pronounced, or
even absent, in passerines.

Importance of diversity in MHC class I alleles in passerines

Passerines have been shown to have many MHC class I
genes, both functional and non-functional (Bonneaud et al.
2004; Promerova et al. 2009; Schut et al. 2011; Westerdahl
2007; Westerdahl et al. 1999). This large number of genes is
intriguing as there are theoretical models and field studies
suggesting that the best presentation of pathogenic peptides
is accomplished by an optimal number of MHC class 1
allomorphs rather than a large one, as a high MHC class |
diversity would limit the T cell repertoire through negative
selection (Nowak et al. 1992; Wegner et al. 2003). In con-
trast, another model suggests that a higher MHC class I
diversity increases the T cell repertoire by positive selection
thus making a high number of MHC class I allomorphs
beneficial (Borghans et al. 2003). Although passerines, in
general, seem to have a larger number of MHC class I genes
compared to most mammals, it is most likely not the number
of MHC genes per se that determines the ability to fight of a
large pool of pathogens but rather the diversity in peptide-
binding specificity found within a single individual. An
interesting observation, that ought to be further explored,
is that the functional diversity that we have seen in the
passerines in the present study is smaller than the functional

diversity observed in humans. Perhaps a lower functional
diversity in MHC class I allomorphs in passerines have been
compensated by a larger number of allomorphs per
individual.

Conclusions

We investigated selection, sequence divergence and peptide-
binding properties of MHC class I alleles/allomorphs in pass-
erines and found differences on the level of MHC class 1
alleles and allomorph characteristics rather than on a species
level. Our interpretation is that convergent evolution on the
level of the protein function, possibly driven by selection from
shared pathogens, has resulted in allomorphs with similar
peptide-binding repertoires, though trans-species evolution
in combination with gene conversion cannot be excluded.
The peptide-binding prediction data suggests that the large
number of MHC class I genes found in passerines probably
are of functional importance. However, this study only pro-
vides an indication to the MHC class I functional diversity in
these passerines and experiments to determine protein expres-
sion as well as crystal structures are needed to more fully
understand the MHC class I diversity.
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