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Abstract The threat of emerging infectious diseases

encourages the investigation of functional loci related to

host resilience, such as those belonging to the major his-

tocompatibility complex (MHC). Through careful primer

design targeting to conserved regions of MHC class I

sequences in birds, we successfully amplified a genomic

fragment spanning exons 2–4 in three birds of prey. The

identification of a highly conserved region within intron 2

allowed cross-amplifying complete exon 3 sequences in

diurnal raptors, owls and New World vultures. We found

evidence through PCR and cloning for 1–2 polymorphic

class I loci, although this is almost certainly an underesti-

mate. Inferences of diversifying selection in the kestrel

MHC revealed that the two major regions of exon 3

exhibiting positive selection mostly agree with those

described for the human HLA-A2 molecule. In contrast to

passerines, where a high incidence of gene duplications and

pseudogenes has been commonly documented, birds of

prey emerge as nice model species for the investigation of

the evolutionary significance and conservation implications

of MHC diversity in vertebrates.
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Introduction

During the last two decades, the major histocompatibility

complex (MHC) has been the focus in studies of evolu-

tionary ecology and conservation because of its implication

in many relevant biological processes (reviewed by Som-

mer 2005; Piertney and Oliver 2006, but see Acevedo-

Whitehouse and Cunningham 2006). Thus, several studies

have emphasized the potential of MHC genes as valuable

molecular markers to assess the evolutionary and adaptive

potential of endangered populations and species in relation

to the menace of changed and emerging diseases (e.g.

Yuhki and O’Brien 1990; Hedrick and Parker 1998;

Garrigan and Hedrick 2004; Wan et al. 2006; Bollmer

et al. 2007). MHC genes encode cell surface glycoproteins

that play an essential role in the immune response by

presenting short peptides derived from the processing of

pathogens and subsequent initiation of an adaptive immune

response (e.g. antibody production or destruction of the

antigen presenting cell). MHC class I glycoproteins are

expressed in all nucleated cells and are related to immune

defence against intracellular pathogens such as viruses and

some protozoa. Critically for studies of MHC variation in

non-model species, single class I a genes posses two

polymorphic exons (a1 and a2) encoding the polymorphic

peptide binding region (PBR) (Bjorkman et al. 1987).

As far as we know, MHC class I genes have only been

investigated in detail in a handful of avian species, namely

the chicken Gallus gallus (Kaufman et al. 1999), quail

Coturnix japonica (Shiina et al. 1995), great reed warbler

Acrocephalus arundinaceus (Westerdahl et al. 1999),

Seychelles warbler Acrocephalus sechellensis (Richardson

and Westerdahl 2003), Florida sandhill crane Grus

canadensis (Jarvi et al. 1999), domestic goose Anser anser

(Xia et al. 2005) and the mallard Anas platyrhynchos
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(Moon et al. 2005). Importantly, nearly all the above

studies investigating class I diversity in non-model avian

species have done so at the cDNA level. Thus, our

knowledge of class I intron sequences in birds is limited. In

the present study, we aimed at developing molecular

methods for the isolation of genomic MHC class I

sequences in birds of prey, focusing on the a2 domain

encoded by exon 3.

Materials and methods

Amplification, sequencing and alignment of MHC

class I fragments

Amplification strategies relying on the polymerase chain

reaction (PCR) were performed on genomic DNA,

extracted following the protocol described by Gemmell and

Akiyama (1996), using a PTC-100 Programmable Thermal

Controller (MJ Research Inc.). We designed degenerate

primers (MHCI-ex2F: CGCTACAACCAGASCRRSG and

MHCI-ex4R: GGGTAGAAGCCGTGAGCRC; see Fig. 1)

across conserved regions of exons 2 and 4 emerging from

an alignment of mRNA sequences of a few bird species

deposited in GenBank (species names and GenBank

accession numbers: Chicken Gallus gallus L28958,

Domestic goose Anser anser AM114924, Mallard Anas

platyrhynchos AB115246 and Sandhill Crane Grus

canadensis AF033106). Our aim at this stage was obtaining

intronic sequences flanking exon 3 in order to design

specific primers for the amplification of this polymorphic

region in raptors. After sequencing the target MHC frag-

ment in at least three raptor species, we created an

alignment including genomic class I sequences of the

chicken AM279340, domestic goose AY387655 and mal-

lard AY854375.

The PCR profile consisted of 4 min at 94�C following

35 cycles of 40 s at 94�C, 40 s at 56�C, 40 s at 72�C and

finally, 4 min at 72�C. Each 25 ll reaction contained 0.2

units of Taq polymerase (Bioline), 19 kit-supplied PCR

buffer, 1.5 mM MgCl2, 0.02% gelatine, 5% DMSO,

0.12 mM of each dNTP, 10 pmol of each primer and,

approximately, 25 ng of genomic DNA. Sequencing reac-

tions were carried out using the Big Dye 1.1 Terminator

technology and labelled fragments were resolved in a 3100

automated sequencer (Applied Biosystems). DNA

sequences were aligned and edited using the software

BioEdit (Hall 1999). Primer design was tested using Oligo

6.0 (Molecular Biology Insights).

Molecular cloning and sequencing analyses

Investigation of variation at MHC loci requires separating

the different PCR amplification products, either because of

the possibility of amplifying more than one locus, or

because individuals are likely to be heterozygous for these

loci. Cloning and sequencing protocols followed those

described for raptor MHC class II genes (see Alcaide et al.

2007; Alcaide et al. 2008 for details). Polymorphism sta-

tistics within species were generated using the software

DNAsp (Rozas et al. 2003). Putative amino acid sequences

were obtained after alignment to the chicken BF1 gene

(Shaw et al. 2007). The phylogenetic relationships of class

I sequences were visualized through Neighbour Net net-

works built in the software Splitstree 4 (Huson and Bryant

2006).

Inference of positive selection in the presence

of recombination

Genetic hallmarks of positive selection at functionally

important amino acid sites are identified from an excess of

non-synonymous substitutions (dN) over synonymous

substitutions (dS), where x = dN/dS [ 1. The use of phy-

logenetic methods, such as those implemented in the

PAML package (Yang 2000), are believed to cause high

numbers of false positives when high levels of recombi-

nation are operating (Anisimova et al. 2003). The recently

developed software OmegaMap (Wilson and McVean

2006) permits to infer positive selection in the presence of

recombination. Previous analyses of positive selection at

MHC class II sequences in lesser kestrels have already

demonstrated that OmegaMap is less prone to overestimate

the number of amino acid sites experiencing positive

selection (see Alcaide et al. 2008 for details). Thus, we

followed the same analytical protocol used for the kestrel

class II data set to investigate diversifying selection at

MHC class I sequences.

Results

Amplification of MHC class I fragments and complete

exon 3 sequences

We successfully sequenced part of a genomic MHC class I

fragment spanning exons 2–4 (*1.4 kb as estimated in

Fig. 1 Schematic illustration of part of an MHC class I gene of

hawks and allies. The position of the primers used in this study is

indicated by arrows
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1.5% agarose gels) in one Spanish Imperial Eagle Aquila

adalberti (EU120724), one Bearded Vulture Gypaetus

barbatus (EU120725) and one White-backed Vulture Gyps

africanus (EU120723). The length of introns 2 and 3 was

estimated at about 1 kb and 75 bp, respectively (see

Fig. 1). The length of intron 2 appears much longer in birds

of prey than in the chicken BF1 and BF2 genes (228 bp,

Shaw et al. 2007). However, the alignment with genomic

class I sequences of the chicken, mallard and goose (see

above) revealed that part of the intron 2 sequence flanking

exon 3 is quite well conserved across different avian

orders. Nevertheless, intron 3 sequences were quite diver-

gent and exhibited an extremely high GC content ([70%),

precluding optimal primer design and walking. We there-

fore designed a new degenerate primer (MHCI-int2F:

CATTTCCCTYGTGTTTCAGG) sitting in the conserved

flanking region of intron 2, which we used in conjunction

with the reverse primer MHCI-ex4R (see above). We

predicted this approach would be successful given the

small size of intron 3 (Fig. 1). Subsequently, we amplified

a fragment of about 450 bp in all the species summarized

in Table 1 using primers MHCI-int2F and MHCI-ex4R,

following the same PCR protocol described above.

MHC class I polymorphism and gene duplications

The number of MHC sequences isolated per individual

ranged from 1 to 4 as measured by cloning and sequencing

of PCR amplicons. Consequently, the number of putative

MHC class I loci amplified per species was estimated to

range from 1 to 2. Genetic variation at several species of

raptors is summarized in Table 1. The amino acid sequen-

ces of 23 class I alleles isolated from the Eurasian kestrel

Falco tinnunculus are shown in Fig. 2. None of the DNA

sequences reported here showed any signs of non-func-

tionality, such as stop codons or frameshift mutations. On

the other hand, the phylogenetic network constructed from

the genomic class I sequences of birds of prey failed to

identify any kind of orthologous relationships among

putative class I loci, regardless whether we analyzed exon 3,

the flanking sequence composed of intron 3 and part of exon

4, or the entire sequence spanning exons 3–4 (see Fig. 3).

Test of selection

The mean value per codon of the selection parameter

across the entire exon 3 was set at x = 3.82. The mean

Table 1 Birds of prey in which exon 3 sequences from MHC class I loci have been isolated

Species

Family

No. of clones analysed

per individual

Exon 3 seqs

(No. of individuals)

GenBank accession no Species code Country of origin

Eurasian Kestrel

Falco tinnunculus

Falconidae

6 23 (25) EU120698-722 Fati Spain

Lesser Kestrel

Falco naumanni

Falconidae

6 18 (25) EU120664-79 Fana Spain

Black-shouldered Kite

Elanus caeruleus

Accipitridae

8 4 (1) EU120680-83 Elca Spain

Spanish Imperial Eagle

Aquila adalberti

Accipitridae

8 9 (8) EU120684-87 Aqad Spain

Eurasian Black Vulture

Aegypius monachus

Accipitridae

8 4 (1) EU120688-91 Aemo Spain

Andean Condor

Vultur gryphus

Cathartidae

8 6 (8) EU120692-94 Vugr Argentina

Eagle Owl

Bubo bubo

Strigidae

1 1 (1) EU120697 Bubub Spain

The taxonomy follows Brooke and Birkhead (1991). The number of MHC haplotypes isolated and the number of individuals analysed per species

are indicated. The codes here proposed will be employed for the naming of MHC sequences following the nomenclature recommended by Klein

et al. (1990)

Conserv Genet

123



amount of population recombination per codon (q = 0.44)

showed to greatly exceed the mean amount of population

mutation (h = 0.010). Thus, this evidence for a predomi-

nant role of intragenic recombination and/or gene

conversion during the evolutionary history of exon 3 sug-

gests that inferring selection at this locus without also

assuming recombination may be inappropriate.

Discussion

To our knowledge, this is the first study isolating and

reporting polymorphism patterns in classical MHC class I

genes of birds of prey and one of the very few studies of

class I gene structure in non-model avian species. Based on

our PCR approach, the genomic architecture and

Fig. 2 (a) Alignment of

putative amino acid sequences

of 23 class I (exon 3) alleles of

the Eurasian Kestrel. Dots
indicate identity with the top

sequence. (b) Spatial variation

in the logarithm of the selection

parameter x. Parameter

estimates were carried out in the

software package OmegaMap

using an objective set of prior

distributions (Wilson and

McVean 2006). The sitewise

mean (solid line) and 95% HPD

intervals (dotted lines) are

shown. (c) Spatial variation in

the posterior probability of

positive selection
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complexity of raptor MHC class I genes support previous

data collected for class II genes (see Alcaide et al. 2007).

Hence, the MHC of birds of prey seems closer to the rel-

atively simple and compact MHC of the chicken (Kaufman

et al. 1999) than to that of passerines. In this respect, we

have found evidence for a low number of class I loci (1-2)

in comparison to passerine species where genetic evidence

for up to seven class I loci has been reported within the

same individual (e.g. Witzell et al. 1999b; Westerdahl

et al. 2004). However, our estimate is likely biased

downward since PCR approaches might selectively amplify

particular genes in multigene families (Wagner et al.

1994), and Southern blots would help resolve this issue

further (Westerdahl et al. 1999; Witzell et al. 1999a, b;

Edwards et al. 2000). On the other hand, the lack of stop

codons or frameshift mutations in any coding region sug-

gests a low incidence of pseudogenes. Pseudogenes, as

indicated by stop codons or disrupted open reading frames,

have been commonly documented in passerines for both

classes I and II (Westerdahl et al. 1999; Hess et al. 2000;

Edwards et al. 2000) but appear almost absent in other

avian groups (e.g. Kaufman et al. 1999; Ekblom et al.

2003; Alcaide et al. 2007).

Our survey of MHC polymorphism has revealed high

genetic diversity in several raptor species. Ongoing

research in other birds of prey such as the Egyptian vulture

Fig. 3 A neighbor-net

constructed from genomic class

I sequences of the entire exon 3

(a) and intron 3 plus part of

exon 4 (b) that were isolated in

different species of birds of

prey. The same sequence from

the chicken Gallus gallus is

used as outgroup
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Neophron percnopterus is currently reporting more than 10

class I alleles (Agudo and Alcaide, unpublished data).

Positive selection at the same amino acid sites that are

known to comprise the PBR of the human HLA-A2 mol-

ecule (Bjorkman et al. 1987) indicates that balancing

selection is operating. Although we have not performed

gene expression analyses in this study, other studies have

generally observed a correlation between signatures for

balancing selection and level of expression of MHC genes

(Zoorob et al. 1990; Jacob et al. 2000). Finally, the lack of

orthologous relationships among putative different class I

loci support the concerted evolution hypothesis proposed

for the avian MHC (see also Edwards et al. 1995; Witzell

et al. 1999a; Alcaide et al. 2007), or possibly post-specia-

tion gene duplication (Edwards et al. 1999). This latter

possibility should be considered, since our taxon sampling

was low, with large periods of time between speciation

events in the tree.

In conclusion, the molecular methods and sequence data

collected in this paper should contribute to a better

understanding of the evolutionary significance and con-

servation implications of the MHC in birds of prey.

Moreover, the primers designed for this study are targeting

highly conserved regions across class I genes, and there-

fore, similar fragments in other avian groups are likely to

be cross-amplified successfully. Given that MHC genes

may decisively determine pathogen and parasite resistance

(Edwards and Potts 1996; Hedrick 2001), this study may

also aid in the preservation of genetic diversity in raptors.
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