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Abstract

The major histocompatibility complex (MHC), which harbours the most
polymorphic vertebrate genes, plays a critical role in the host—pathogen
coevolutionary arms race. However, the extent to which MHC diversity
determines disease susceptibility and long-term persistence of populations is
currently under debate, as recent studies have demonstrated that low MHC
variability does not necessarily hamper population viability. However, these
studies typically assayed small and decimated populations in species with
restricted distribution, thereby making inferences about the evolutionary
potential of these populations difficult. Here, we show that MHC impoverish-
ment has not constrained the ecological radiation and flourishing of falcons
(Aves: Falconidae) worldwide. We found two remarkably different patterns of
MHC variation within the genus Falco. Whereas MHC variation in kestrels (the
basal group within the genus) is very high, falcons exhibit ancestrally low
intra- and interspecific MHC variability. This pattern is not due to the
inadvertent survey of paralogous genes or pseudogenes. Further, patterns of
variation in mitochondrial or other nuclear genes do not indicate a generalized
low level of genome-wide variability among falcons. Although a relative
contribution of genetic drift cannot be completely ruled out, we propose the
falcons went through an evolutionary transition, driven and maintained by
natural selection, from primarily highly variable towards low polymorphic and
slow-evolving MHC genes with a very specific immune function. This study
highlights that the importance of MHC diversity cannot be generalized among
vertebrates, and hints at the evolution of compensatory immune mechanisms
in falcons to cope with emerging and continuously evolving pathogens.
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environmental change (Allendorf & Luikart, 2007).

Introduction Genes of the major histocompatibility complex (MHC)

It is widely assumed that decreased variation at adaptive
loci may have negative effects on individual fitness and
long-term population survival, as these populations
would have reduced potential for future adaptation to
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are thought to play an essential role in the adaptive
immune response of jawed vertebrates by coding for
molecules that recognize and present antigenic peptides
to T lymphocytes, thereby initiating an adaptive immune
response (Klein, 1986). The extensive polymorphism and
unusual persistence of MHC alleles are clearly of adaptive
significance, and their maintenance is mainly promoted
by balancing selection resulting from host—-pathogen
coevolution (Sommer, 2005; Spurging & Richardson,
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2010). Theory predicts that populations demonstrating
higher MHC diversity can respond to a broader spectrum
of pathogens (Sommer, 2005; Meyer-Lucht & Sommer,
2009). However, evidence that loss of MHC variation
negatively affects population survival is so far equivocal
(Acevedo-Whitehouse & Cunningham, 2006).

In an increasing number of cases, the observed
patterns apparently do not follow the predictions of
MHC diversity; that is, populations do not always show
increased disease susceptibility or viability despite
eroded MHC polymorphism (Mikko & Andersson,
1995; Babik ef al, 2005, 2009; Radwan et al., 2010;
Castro-Prieto ef al., 2011). However, many of these
studies focused on populations that are small and
confined to their original geographic distributions; thus,
population response to novel and potentially harmful
pathogens is difficult to determine for species with
potential to encounter a greater range of immune
challenges. Nevertheless, dramatic negative impacts,
including population declines and even extinctions,
have certainly been documented, for example, when
endemic avian species occupying isolated archipelagos
were exposed to novel pathogens, such as malaria or
poxvirus, causing diseases transmitted by introduced
mosquito vectors (e.g. Wikelski et al., 2004).

Here, we investigated the evolution of MHC genes in
the genus Falco by using a comprehensive phylogenetic
approach that includes species with very restricted
distributions, such as the Mauritius kestrel (F punctatus),
as well as some with near-global distribution (Table S1),
such as the peregrine falcon (F. peregrinus). The genus
Falco (Falconiformes: Falconidae) is represented by 37
species of small- to medium-sized predatory birds that
occur on all continents except Antarctica (Cramp &
Simmons, 1980; del Hoyo et al., 1994). They are present
in most habitats, from tundra to desert to tropical forest.
We compiled data from twelve Falco species located at
both basal (hereafter kestrels) and more diverged steps
(hereafter falcons) in the mitochondrial DNA-based
phylogeny proposed for this avian clade (Roulin &
Wink, 2004) (see Figs S1 and S2). We found two
remarkably different patterns of MHC class I and MHC
class II variation within the genus. Whereas kestrels fit
the theoretical framework and usually display extremely
high MHC variability (e.g. Alcaide et al., 2010), falcons,
in turn, exhibited an ancestrally low intra- and inter-
specific MHC diversity. This surprising pattern, which
has not precluded the ecological radiation of falcons and
their successful colonization of most habitats worldwide,
begs an explanation. We thus investigated whether the
generalized low MHC variation across the most diverged
species of the genus could have resulted from (i) the
inadvertent survey of paralogous genes or the degener-
ation of functional genes into pseudogenes, or (ii) the
outcome of demographic events. The rejection of those
hypotheses would point to a predominant role of natural
selection in the observed pattern.
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Materials and methods

DNA/RNA isolation

DNA extracts were obtained using the HotSHOT
(Truett et al.,, 2000) or salt extraction protocols (Talbot
et al, 2011). In most cases, we used blood samples,
except for a few instances: in the case of peregrine
falcons, four of the DNA samples were extracted from
muscle tissue, four from museum skins (skin and
feather; Aleutian Islands), one from eggshell mem-
brane (Aleutian Islands) and one from an egg (Fiji).
Two of the Merlin (F. columbarius) samples were from
feathers and one hobby (F. subbuteo) from museum
skin (toe pad). Total RNA from the spleen of a freshly
dead Eleonora’s falcon F. eleonorae was isolated follow-
ing the procedure described by Chomczynski & Sacchi
(1987). Tissue was homogenized into a solution
containing 4 m guanidine-isothiocyanate, 25 mm sodium
citrate, 0.5% sodium dodecyl sulphate and 100 mm
p-mercaptoethanol. After an organic extraction based
on the addition of phenol and chloroform-isoamyl
alcohol (24 :1), the pellet was washed twice with
70% ethanol and resuspended in RNAase-free Milli-Q
water.

MHC typing and sequence analyses

We amplified the third exon of a single MHC class I
gene using the primers MHCI-int2F and MHCIEx4Rv
(Alcaide et al., 2009) or MHCI-INT18 (5-CAGGGGCT
CACACAATACAG-3’) and MHC-ex395R (5'-GGCAG
TACAAGGTCAGCGTCCC-3’). The second exon of a
single MHC class I B gene was amplified according to
Alcaide et al. (2007) using the primers Fal2FC and
Fal2RC. Genomic fragments spanning exon 2 to exon 3
were amplified using the primers Fal2FC and RapEx3CR
(Alcaide et al., 2007). PCR products were sequenced
according to the Big Dye technology (Applied Biosys-
tems) and resolved into an ABI3130xl (Applied Biosys-
tems, Foster City, CA, USA), or universal tailed
simultaneous bidirectional cycle sequencing (SBS,
LI-COR, Inc., 1999; see Steffens ef al., 1993; Oetting
et al., 1995), using procedures similar to those reported
in the study by Talbot ef al. (2011) and resolved on a
LI-COR 4200 or 4300 automated sequencer (LI-COR,
Inc., 1999).

Resolving the gametic phase of the MHC class II locus
was straightforward, as the majority of the falcons
analysed were homozygous and alleles in heterozygotes
differed in no more than two point mutations (see
Table 1). However, the MHC class I locus was slightly
more polymorphic in some species, such as the gyrfalcon
and peregrine falcon. Here, heterozygotes were inferred
from the sequence data but confirmed through single-
strand conformational polymorphism (SSCP; Sunnucks
et al., 2000) using automated procedures modified from
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Table 1 Polymorphism statistics at MHC class I and MHC class II genes across different species of (a) kestrels and (b) falcons. See Fig. S1
for the phylogenetic relationships among species. Na, number of different alleles at a given locus (the number of different amino acid
sequences is indicated in parentheses); k, average number of nucleotide differences between alleles; and N, number of individuals

genotyped.
MHC class | (exon 3)
Species Na K N Populations sampled References GenBank Acc. Nos.
(a) Kestrels
Falco naumanni >80  9.15 >80 Portugal, Spain, France, Alcaide et al., 2010; JF831086-JF831120
Italy, Greece, Israel A. Rodriguez & M. Alcaide,
unpublished data
Falco tinnunculus 23 (23) 10.99 25  Spain Alcaide et al., 2010 EU120696- EU120722
(continental)
Falco tinnunculus 6 (6) 8.45 25 Canary Islands Alcaide et al., 2010 EU120696- EU120722
(insular)
Falco punctatus 1 (1) 0 4 Mauritius Islands This study JNB613279
(b) Falcons
Falco peregrinus 5 (2) 1.00 30 Fiji, Tasmania, Australia, This study JNB613264, JN613269-72
Alaska, Greenland, Russia,
Argentina, Chile, Falkland Islands,
Spain, Northern Africa
Falco eleonorae 3 (2) 4.66 32  Canary Islands, Greece This study JN613263, JN613265-66
Falco rusticolus 4 (4) 3.83 8 Alaska, Canada This study JN613273-76
Falco cherrug 2 (2) 200 3 United Arab Emirates This study JNB13277
Falco fasciinucha 1 (1) 0 2 Zimbabwe This study JN613278
Falco subbuteo 22 200 1 Spain This study JN613267-68
Falco biarmicus NA NA NA  NA NA NA
Falco columbarius NA NA NA NA NA NA
Falco concolor NA NA  NA NA NA NA
Falco femoralis NA NA NA  NA NA NA
MHC class Il B (exon 2)

(a) Kestrels
Falco naumanni >100 22.68 >100
Falco tinnunculus 41 (41) 24.31 25
(continental)
Falco tinnunculus 10 (10) 25.78 25
(insular)
Falco punctatus 1 (1) 0O 5
(o) Falcons

Falco peregrinus 3 (3) 150 68
1
22

Falco eleonorae 2 (1) 1.00 32

Falco rusticolus 1(1) O 12

Falco cherrug 1(1) 0 3

Falco fasciinucha 1 (1) 0 2

Falco subbuteo 1(1) 0 1

Falco biarmicus 2 (2) 2.00 1

Falco columbarius 1 (1) 0 3

Falco concolor 1(1) O 1

Falco femoralis 1(1) 0 1

Spain, France, Italy, Greece,
Israel, Kazakhstan
Spain

Canary Islands

Mauritius Islands

Fiji, Tasmania, Australia,
Alaska, Greenland, Russia,
Canada, Northern Africa,
South American migrants

Spain

Northern Africa, South American
residents (Argentina, Chile,
Falkland Islands)

Canary Islands, Greece

Alaska, Canada

United Arab Emirates

Zimbabwe

Spain

Unknown

Alaska

Bahrain

Unknown

Alcaide et al., 2008, 2010

Alcaide et al., 2010

Alcaide et al., 2010

This study

Alcaide et al., 2007;
this study

Alcaide et al., 2007;
this study
This study

This study
This study
This study
This study
This study
Alcaide et al., 2007
This study
This study
Alcaide et al., 2007

EF370839-370864; EU10767-EU107746;
HQ418344-HQ402921
EU118314-EU118359

EU118314-EU118359

EF370947

EF370948

JNB13255

JNG613254, JN613256
JNB13259

JN613262

JNG13261

JNG613258
EF370949-370950
JNG613260

JNG13257

EF370988
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Dahse et al. (1998). We employed the same forward and
reverse universal tailed primers used in the sequencing
reactions. PCR amplifications of the SSCP product were
carried out in a final volume of 10 pL reaction mixture
containing 2-100 ng genomic DNA, 0.2 mm dNTPs,
5 pmole unlabelled primer, 1.5 pmole IRD-labelled uni-
versal primer, 0.1 ng BSA, 1x PCR buffer (Perkin Elmer
Cetus I) and 0.3 units Taqg polymerase (Promega,
Madison, Wisconsin, USA). PCRs were began at 94 °C
for 2 min and continued with 40 cycles each of 94 °C for
30 s; 50 °C for 30 s; 72 °C for 60 s and concluded with a
30-min extension at 72 °C. PCR-amplified SSCP products
were diluted approximately five-fold (2 pL of PCR prod-
uct to 9 pL standard formamide-loading dye) and dena-
tured for 4 min at 94 °C. The fluorescently labelled PCR
products were electrophoresed on a 48-well 0.5x muta-
tion detection enhancement (MDE) gel (Lonza) contain-
ing 0.5x MDE gel solution, 0.6x TBE, 0.005% to 10%
APS and 0.0005% TEMED. Gel electrophoresis was
carried out with 0.6x TBE at room temperature (22 °C;
motor speed 1; power settings: voltage 2000 V, current
30 mA, power 6 W) for 12h on a LI-COR 4200
automated sequencer. Two individuals homozygous for
different MHC class I alleles, based on sequence data,
were included in all SSCP gels to facilitate allele identi-
fication and augment quality control standards.

Unique alleles identified in the SSCP analysis were
reamplified in an independent PCR and resequenced. For
quality control purposes, we extracted, amplified and
sequenced in duplicate 20% of the individuals typed
using SSCP.

We verified that resulting SSCP allele configurations
and quality control tests were consistent with sequence
data; no inconsistencies between the SSCP and the
sequence scores were identified, and there were no
failures in quality control comparisons. Similar to the
MHC class II locus, the high frequency of homozygous
individuals for a particular MHC class I allele and the
high sequence similarity between the alleles isolated
from the same species (see Table 1), and verification
using SSCP procedures, made cloning of individual alleles
unnecessary.

The phylogenetic relationships among MHC sequences
were visualized through neighbour-net networks built
using SplitsTree 4.0 (Huson & Bryant, 2006) and based
on Kimura 2-parameter distances (Kimura, 1980). Rates
of positive diversifying selection at putative peptide-
binding regions (PBR) and non-PBR codons were
inferred by comparing nonsynonymous (dN) and syn-
onymous (dS) substitution rates. Codons were classified
as PBR and non-PBR in accordance with the predicted
PBR of humans (see Bjorkman et al., 1987; Brown et al.,
1993) and previous analyses of positive selection in birds,
including kestrel MHC genes (see Alcaide et al.,, 2007,
2009; Balakrishnan et al., 2010). For the MHC class I,
codons 4, 6-8, 22, 24, 37, 59-61, 64-65, 67 and 72 (exon
3) were labelled as PBR sites. For the MHC class II,
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codons 5, 7, 9, 13, 24, 26, 28, 32-35, 40, 43, 49, 52-54,
56, 57, 61, 63, 64, 66, 67, 70, 74, 77, 78, 81, 82, 84, 85
and 88 (exon 2) were labelled as PBR sites. Calculations
were made in MEGA 5.0 (Tamura et al., 2011) using the
modified distance-based Nei & Gojobori (1986) method
with Jukes & Cantor (1969) correction and 10 000
bootstrap replicates. Two set of analyses were performed,
one including all kestrel sequences and the other
including all falcon sequences (see Fig. 1).

Gene expression analyses

We used the one-step RT-PCR kit (Qiagen, Valencia,
CA) to obtain PCR amplicons from expressed MHC
sequences. We used the primers Mhcl-Faelex3F (5'-
GGCTGAGGAAATACGTGAG-3’) and MHCIex4Rv to
target expressed MHC class I sequences. Specific prim-
ers Mhcll-Faelex2F (5-TGCCGGCACAACTACGAG-3)
and Mhcll-Faelex3R (5-ACCATTTCACCTCGATCTCC-3")
were used to amplify expressed MHC class II B
sequences. Note here that the application of these
primers using genomic DNA would amplify intron 3
and intron 2 for the MHC class I and the MHC class II
B gene, respectively. Cycling conditions consisted of
30 min at 50 °C for the reverse transcription step
followed by an initial PCR activation step of 15 min at
95 °C, 35 cycles of 30 s at 94 °C, 55 °C and 72 °C, and
a final extension step of 2 min at 72 °C.

Results and discussion

We observed a remarkably low level of inter- and
intraspecific MHC variation in falcons that strongly
contrasts with the extensive polymorphism previously
documented in congeneric kestrels (Alcaide et al., 2010).
Inspection of the phylogenetic network (Fig. 1) shows
that the degree of MHC polymorphism within a single
kestrel species is much larger than the polymorphism
detected across several species of falcons. In addition, the
intermingling of kestrel alleles across species (Fig. 1)
supports evidence for the trans-species evolution of the
polymorphism (i.e. the retention of MHC motifs during
periods of time exceeding the evolutionary split between
species: Klein, 1987). By contrast, this pattern is not
observed in falcons: MHC sequences are more likely to
cluster according to species and in a distribution that
mirrors the mitochondrial DNA-based phylogeny of the
falcon clade (Fig. S1). The number of highly simi-
lar amino acid sequences found at the MHC class I B
(exon 2) of falcons ranged from one to three per species
(see Table 1). Unlike falcons, lesser kestrels have shown
more than 100 different alleles at the same locus, as well
as high allelic divergence (Alcaide et al., 2008; Table 1).
Likewise, the diversity of the MHC class I repertoire
(exon 3) of falcons was very low, with alleles differing in
their amino acid sequence ranging from just one to four
per species, again in contrast with lesser kestrels,
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dN-d$ = 0.201 £ 0.058 (PBR codons)
dN-dS = 0.018 + 0.010 {non.PBR codons)

Fanad Fanal

Fael2

Fabiz2 Fachl

Farul Fafal
Fabil

Fapel

Fape2

Fape3

| dN-dS = 0.101 £ 0.043 (PBR codons)

F
|I dN-d5 = ~0.045 £ 0.006 {non-PBR codans) o]

Facoll

Fapel ary
Farud
Faped/ fatay Faru3 3381
Fape3s Farul Fasu2
FapedFape2

MHC CLASS I (Exon 3)

AN -dF = 0.004 £ 0.037 (PER codons)
AN -4F = -0.007 £ 0.017 (non-PER codons)

Faell

di-d5 = 0.192 £ 0053 [PER codons)

Fati4 dN-d5 = 0008 £ 0,009 (non-FER codons)

Fanalg Fanals

Fanad2

FALCONS

Fati3

 Fanil

Fatil3

Fati
FatilB

MHC CLASS Il B (Exon 2)

Fapul

Fig. 1. Phylogenetic network of MHC class I and MHC class II alleles from different species of falcons and kestrels. Rates of diversifying
selection (+ SD) at putative PBR and non-PBR codons are also indicated. Species codes are as follows: Fana (Falco naumanni, Lesser kestrel); Fati

(Falco tinnunculus, Eurasian kestrel); Fapu (Falco punctatus, Mauritius kestrel); Fafe (Falco femoralis, Aplomado falcon); Facol (Falco columbarius,
Merlin); Facon (Falco concolor, Sooty falcon); Fasu (Falco subbuteo, Eurasian hobby); Fape (Falco peregrinus, Peregrine falcon); Faru (Falco
rusticolus, Gyrfalcon); Fabi (Falco biarmicus, Lanner falcon); Fach (Falco cherrug, Saker falcon); Fafa (Falco fasciinucha, Taita falcon); Fael (Falco
eleonorae, Eleonora’s falcon). Numbers reflect allele codes (see also Table S1 for GenBank accession numbers).

in which more than 80 different alleles have been
isolated (Table 1).

Low MHC variability in falcons is not due to the
survey of paralogous genes or pseudogenes

In agreement with Alcaide et al. (2007), our analyses did
not detect more than two alleles per MHC locus per
individual. This finding, independently obtained in dift-
erent laboratories [the Estacion Biol6gica de Dofiana
(EBD-LEM) and USGS Alaska Science Center Molecular
Ecology (ASC-MEL)], supports the putative occurrence
of single MHC class I and MHC class IT B genes within the
genus Falco (see similar results in parrots: Hughes et al.,
2008). By contrast, PCR-based approaches have uncov-
ered multiformity in MHC loci in other avian species,
including raptors (e.g. Alcaide et al.,, 2007, 2009; Canal
et al., 2010; Miller et al., 2011). That said, only Southern
blot experiments or the genome characterization of one
of the members of the genus would yield conclusive
evidence for the extreme MHC simplicity inferred by
PCR-based methods. Notwithstanding, hybridization
experiments have mirrored quite well the actual number
of functional MHC class II B genes inferred using PCR-
based approaches, especially in those avian species with

low numbers of duplicates (e.g. Burri et al, 2008;
Strandh et al., 2011). The apparently simple MHC archi-
tecture within Falco, coupled with comparisons of coding
and noncoding sequences across species (see Fig. S2),
argues against confounding effects deriving from the
inadvertent survey of paralogous genes. Studies in owls
have clearly demonstrated that two ancient MHC class 1T
B lineages can be easily distinguished by the accumula-
tion of adaptive mutations following gene duplication
(Burri et al., 2010). Finally, we also confirmed that the
MHC genes investigated here are functional, as indicated
by the lack of stop codons or altered reading frames in
coding sequences and the retrieval of intronless MHC
sequences from the cDNA obtained in the spleen (see
Fig. S3). Intronless sequences were never obtained from
genomic DNA in falcons (e.g. Alcaide et al., 2007, 2009).

Genetic drift and demographic events are not
sufficient to explain reduced MHC variation in falcons

Genetic drift following population decline can deplete
genetic variation in natural populations. Empirical data
indicate that both MHC and neutral diversity are usually
lost during these demographic episodes (reviewed in
Radwan et al, 2010), albeit these estimates are not
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always directly correlated. Some studies suggest that
balancing selection can counteract genetic drift and
retain MHC polymorphism even in severely bottlenecked
populations (e.g. Aguilar ef al., 2004). On the other hand,
some studies have shown that genetic drift may override
selection, especially in small and isolated populations
(e.g. Miller & Lambert, 2004). Recent papers incorporat-
ing both empirical data and simulations suggest that the
simultaneous action of genetic drift and natural selection
may drive a more rapid loss of MHC variability relative to
neutral variation (e.g. Ejsmond & Radwan, 2011; Sutton
et al., 2011). Despite these contrasting results regarding
the relative roles of different evolutionary forces in the
determination of MHC variation, it seems clear that if
genetic drift was the primary mechanism responsible for
the low MHC variability found in falcons, its erosive
effect would be generalized throughout the genome (e.g.
Babik et al., 2005, 2009). This is effectively the case of
peregrine falcons from the Fiji archipelago (see Talbot
et al., 2011), where genetic drift has led to monomor-
phism at neutral nuclear microsatellite and mtDNA loci
within this insular population (Table S2). This phenom-
enon could similarly apply to the highly endangered
Mauritius kestrel (Nichols et al., 2001).

However, throughout their global range, data from
neutral markers do not support the hypothesis that low
MHC polymorphism observed in falcons is due to recent
population declines (see a summary in Table S2).
Indeed, previous studies have reported levels of varia-
tion in microsatellite loci in falcons that are not different
from those found in kestrels (Table S2). In addition,
data from mtDNA control region sequences show
considerable levels of genetic variability (Table S2). For
example, the saker falcon, F. cherrug, exhibits high
mtDNA and microsatellite variation, but low MHC
diversity. Although microsatellite estimates cannot be
easily compared among species due to the application of
different loci and variable sample sizes, we can extract
important conclusions at the species level. For instance,
Jacobsen et al. (2008) and Brown et al. (2007) showed
that Scandinavian and North American populations of
peregrine falcons, respectively, have not experienced
significant loss of genetic variability after recent con-
taminant-induced population bottlenecks (see Table S2).
It has been argued (Jacobsen et al, 2008) that the
current levels of genetic diversity in recovered Scandi-
navian and some North American populations are
unexpectedly high due to introgression following the
introduction of captive-bred peregrine falcons, some of
which were not native subspecies (Enderson et al., 1995;
Heinrich, 2009). Nevertheless, populations of peregrine
falcons in Alaska, which were not augmented subse-
quent to population declines (Enderson et al., 1995;
Heinrich, 2009), show levels of variation at neutral
genetic markers (microsatellite loci, mtDNA control
region) that are similar to levels observed in augmented
populations (Table S2).

© 2012 THE AUTHORS. J. EVOL. BIOL. 25 (2012) 1438-1447
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It is important to point out that comparisons of
diversity estimates between microsatellite and MHC
markers are not straightforward, mainly due to differ-
ences in their mutational and evolutionary mechanisms
(Ellegren, 2000). Ideally, patterns of nucleotide variation
at MHC markers should be compared with sequence data
from other functional nuclear markers. We therefore
compared data from a set of recombination-activating
gene (RAG-1) nuclear sequences, deposited in GenBank
(Table S2, see Wink et al, 2010 for details), between
two falcon (peregrine and saker falcons) and two
kestrel species (lesser F. naumanni and Eurasian kestrels
F. tinnunculus). Once again, we found no indication that
reduced MHC diversity in falcons is accompanied by low
levels of genome-wide genetic variability (Table S2). For
example, 13 haplotypes with 17 polymorphic sites across
1774 bp at RAG-1 are found within peregrine falcon
(Table S2).

The observed pattern of low MHC variability could
also be the consequence of a strong bottleneck in a
common ancestor of falcons. However, although over-
all divergence times of falcons are still unresolved,
falcons and kestrels diverged as far back as 10.2 million
years ago (Hedges et al., 2006). It seems highly unlikely
that MHC variation in falcons has not recovered since
then, unless natural selection has played a determinant
role in the evolution of these adaptive genes. Closely
related species, including the peregrine falcon, saker
falcon, taita falcon F. fasciinucha, lanner falcon F. biar-
micus and gyrfalcon F. rusticolus, which radiated much
more recently (Nittinger ef al, 2005), present remark-
ably high similarity among the MHC alleles isolated.
This suggests that falcons derive from a common
ancestor with already-depleted and slow-evolving
MHC. Microsatellite and mtDNA loci may have
mutated faster than the MHC loci, recovering genetic
variation in a shorter period of time, but this would
not explain the retention of considerable levels of
genetic diversity at the RAG-1 nuclear gene found in
some of these species (Table S2). Moreover, MHC
genes are also known to respond rapidly to pathogen-
mediated selection (reviewed by Spurging & Richard-
son, 2010) and are subjected to elevated recombination
rates that generate high genetic polymorphism (e.g.
Mikko & Andersson, 1995; Richman ef al., 2003). In
fact, a recent study in the Berthelot’s Pipit Anthus
berthelotii exemplified how gene conversion can rapidly
restore MHC variability in a bottlenecked bird popula-
tion (Spurgin ef al., 2011). Collectively, all these lines
of evidence lead us to conclude that even if a strong
bottleneck was initially responsible for low MHC
variation in a common ancestor of falcons, genetic
drift exclusively, or even primarily, cannot explain the
continued maintenance of low levels of MHC variation
in the face of apparently ‘normal” levels of genome-
wide variation across falcon species and within their
populations.
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Natural selection is the most plausible explanation
for reduced MHC variation in falcons

We cannot completely reject the hypothesis that genetic
drift has played some role in the initial generation of low
MHC variability in the common ancestor of extant
falcons. Likewise, we do not suggest that genetic drift
does not continue to act on the genome of extant falcons,
including at MHC loci. However, we suggest that the
most parsimonious explanation for the maintenance of
the low levels of MHC variation observed across falcon
species (and within their populations) is the action of
natural selection. Low MHC variation was not only
observed within and among closely related falcons, as
mentioned above, but extends to other species more
deeply rooted in the phylogeny of the genus (e.g. the
Merlin or the Aplomado falcon F. femoralis, Fig. 1). It is
plausible that a selection event dramatically reduced
MHC variation in a common ancestor of all these species.
Strong selective regimes mediated by particularly abun-
dant and/or harmful pathogens could have driven the
depletion of MHC variation via directional selection in a
common ancestor. Local adaptations against specific
pathogens would promote the observed pattern, espe-
cially if falcons were confined to a restricted range where
these pathogens occur. Although low pathogen exposure
could have also contributed to the maintenance of low
MHC variability through relaxed selection pressure
(Slade, 1992), we would expect that, in the absence of
selection, MHC variability would be more similar to
neutral genetic expectations (reviewed in Spurging &
Richardson, 2010).

Further, this group of raptorial birds encompasses
species with contrasting life-history traits that have
successfully colonized most continents and environ-
ments worldwide (Table S1). This characteristic alone
would presumably have exposed colonizers to a series
of novel pathogens (Abi-Rachad et al, 2011), likely
repeatedly generating variation at MHC loci, given
adherence to theoretical expectations of adaptive
immune response at MHC loci. Further, species such
as the truly cosmopolitan peregrine falcon, as well as
the more geographically restricted Eleonora’s falcon,
are highly migratory and therefore exposed to at least
two different pathogen faunas during their annual
migratory cycle (e.g. Gangoso et al., 2010), in addition
to those found at the stopovers during migration.
Moreover, Eleonora’s falcons are exposed to high
horizontal transmission rates of pathogens as a result
of colonial breeding (e.g. Tella, 2002). Thus, a combi-
nation of low and very specific pathogen pressure is
therefore an unlikely explanation of the maintenance
of low MHC diversity during the diversification of this
avian group.

The data we present indeed suggest a slower and more
conservative evolution of the MHC of falcons than that of
their kestrel counterparts. Slow-evolving MHC genes

under purifying selection have already been character-
ized in birds in previous studies (e.g. Jarvi et al., 2004;
Strand et al., 2007). It is not only surprising that there is
high resemblance of allele sequence among closely
related species, but that there is also the synonymous
translation of several intraspecific alleles (see Table 1 and
Fig. 1). These findings suggest the existence of strong
selective constraints against nonsilent mutants, perhaps
due to the need to preserve a very specific biological
function. However, small variations at functionally
important sites within and between species could be
species or environmentally specific, demonstrating slight
differences in the response to pathogens. For instance,
the resident peregrines from Neotropical South America,
Patagonia and Falkland Islands (F. p. cassini) are fixed for
a different MHC class II allele (differing in just one amino
acid position) than northern populations of subspecies
(F. p. tundrius and F. p. anatum) that migrate to South
America during the winter (Table 1). Even though low
intraspecific variability points towards a major role of
stabilizing selection, we found compelling evidence for
an important role of diversifying selection at larger
evolutionary time scales. For both the MHC class I and
class II loci, nonsynonymous substitution significantly
exceeded synonymous substitution rates specifically at
PBR codons after analysing the entire set of falcon
sequences (Z-test, P < 0.001, Fig. 1). It is important to
notice that the vast majority of amino acid polymor-
phisms found within and among species at MHC class I
and class II map those regions expected to play a vital role
during antigen recognition (see Fig. S4 and Alcaide et al.,
2009). However, for both classes of MHC loci again, the
signal of diversifying selection is significantly weaker
across several species of falcons than across just three
closely related species of kestrels (two-tailed r-test,
P <0.001 for both MHC loci). Indeed, diversitying
selection rates at the putative PBR of either the lesser
or the Eurasian kestrels alone (data for individual species
not shown) and other avian species (e.g. Ekblom et al.,
2003) are much more pronounced than across all falcon
species we investigated.

Taken together, these findings suggest that there may
have been a radical and complex reinvention of how
falcons respond immunologically to pathogens in gen-
eral. We propose that the highly polymorphic and fast-
evolving MHC genes found in kestrels represent the
ancestral state and that the subsequent depletion of
MHC variation and stability of alleles in falcons
illustrate an evolutionary transition towards low poly-
morphic, but functional and expressed genes, with a
very specific immunological function. This radical
transition should have been accompanied by the
evolution of compensatory mechanisms at either the
innate or the adaptive branches of the immune system
(e.g. Lenz et al.,, 2009; Star et al., 2011) and is testable.
For instance, genetic variation at other immune genes
may orchestrate the coevolutionary arms race with
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pathogens (e.g. Acevedo-Whitehouse & Cunningham,
2006) or, alternatively, these species may deploy
powerful innate defences that override the need to
trigger a costly adaptive response. Indeed, some studies
have shown that the level of expression of MHC genes
is directly related to the strength of diversifying
selection acting upon them (e.g. Worley et al,, 2008).
Here, low MHC variability and relaxed diversifying
selection might reflect low expression levels, probably
associated with a high efficiency of the innate immu-
nity in falcons (e.g. Wegner et al., 2007).

Conclusions and further considerations

This study brings into focus one of the most compelling
instances thus far challenging the relative importance of
MHC variability in evolutionary potential and long-term
persistence of natural populations. Reduced MHC vari-
ation in falcons has not precluded the ability of appar-
ently healthy populations of these birds of prey to
flourish globally (Table S1). Although we cannot pres-
ently be absolutely certain that there are other, poly-
morphic MHC genes in the genome of Falco species, our
striking results prompt compelling questions about the
importance of maintaining specific rather than extensive
MHC repertoires and about the trade-offs between innate
and acquired immunity and fitness that led to the
proposed radical transition. We encourage further
research on potential compensatory mechanisms
through which these species respond to diverse and
continuously evolving pathogens. In short, this study
opens new and fruitful avenues in the fields of evolution
and immunity, as well as conservation biology.
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