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Abstract The passerine major histocompatibility com-
plex (MHC) class I and IIB genes are different from those
of the avian model species the chicken because passerines
have (1) a larger number of MHC genes, (2) MHC genes
with longer introns, and (3) MHC genes that are pseudo-
genes. Most passerine MHC genes are transcribed (coding),
extremely variable and subject to balancing selection. The
high genetic diversity of the MHC genes of passerines is
most likely maintained by selection from a large number of
different pathogens. Association between MHC alleles and
resistance to avian malaria infections have been reported in
House Sparrows and Great Reed Warblers. Passerines are
infected by a large number of different avian malaria
infections. Therefore passerines and avian malaria is a
study system that is well-suited to investigations of bal-
ancing selection and associations between MHC genes and
disease resistance.

Keywords Passerines - MHC class I and class 1I -
Balancing selection - Avian malaria - Disease resistance

Introduction

The major histocompatibility complex (MHC) is a well-
known gene complex that is found in all vertebrates and it
is known to be of importance for survival, and potentially
also in mate choice. The MHC genes are the most variable
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coding genes known in vertebrates and this polymorphism
is most likely maintained by selection from pathogens
(Klein 1986). In recent years particular MHC alleles have
been shown to correlate with parasite burdens in a very
divergent group of species from natural populations: Mal-
agasy Mouse Lemur, Yellow-necked Mouse, Three-spined
Stickleback, Great Reed Warbler, House Sparrow and
Tropical Python (Meyer-Lucht and Sommer 2005; Kurtz
et al. 2004; Schad et al. 2005; Westerdahl et al. 2005;
Bonneaud et al. 2006b; Madsen and Ujvari 2006). These
studies indicate that there are associations between par-
ticular MHC alleles in the hosts and the prevalence of
certain parasites; hence, there are associations between the
host’s genes and the host’s fitness that can be quantified,
given that the parasites affect the fitness of their host.

The genetic component of an individual’s phenotype has
been investigated using DNA sequences in a large number
of molecular ecological studies during the last decade, but
only a few investigations have found a good correlation
between genotype and actual fitness of the phenotype in the
natural selecting environment (Hansson et al. 2001). The
MHC genes have the potential to bridge the gap between
phenotype and genotype because these genes are related to
fitness and survival. It is likely that the MHC provides the
best system available in vertebrates for investigating how
natural selection can promote local adaptation at the
genetic level (Bernatchez and Landry 2003; Piertney and
Oliver 2006).

An alternative or additional mechanism for maintaining
genetic diversity in the MHC genes is an MHC-based mate
choice. Female mate choice may be driven by genetic
compatibility in such a way that females choose mates who
are genetically compatible with them (reviewed in Treg-
enza and Wedell 2000). The MHC is a good candidate for
such mate choice, since these genes may increase offspring
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viability and may also be the actual cue used during mate
choice (reviewed in Penn and Potts 1999). Several mate
choice experiments in mice and some in humans have
found that females preferentially mate with males with
dissimilar MHC genes, though other studies have failed to
find a mating preference (Wedekind et al. 1995; reviewed
in Penn and Potts 1999; Eklund et al. 2000). So far, there
are a handful of studies that have investigated an MHC-
based mate choice in passerines, and none of these studies
have found any evidence of a female mate choice based on
the male MHC, at least not in the female’s first and main
social mate choice (Freeman-Gallant et al. 2003; Wester-
dahl et al. 2004; Richardson et al. 2005; Bonneaud et al.
2006a). However, two of these mate choice studies have
detected an MHC-related mate choice when investigating
extra pair paternity (Freeman-Gallant et al. 2003; Rich-
ardson et al. 2005).

This short review on current knowledge about passerine
MHC genes will focus on three different MHC topics; (1) I
will compare the characteristics of passerine MHC genes
with those of the avian model species the domestic chicken
Gallus gallus; (2) 1 will then discuss aspects of evolution
and selection for the MHC genes in passerines, and; (3) I
will finally compare two studies that have investigated
associations between MHC alleles and resistance to avian
malaria infections and discuss the associations that can be
expected.

Characteristics of the passerine MHC genes
MHC genes and selection for polymorphism

The MHC genes encode cell-surface proteins (MHC mol-
ecules) that play a key role in adaptive immune defense.
Each MHC molecule can bind a limited number of pep-
tides, and if the bound peptide is from a pathogen there will
be an appropriate immune reaction (Abbas 1994). The
leading hypothesis for the diversity of the MHC is that
there is an ongoing evolutionary arms race between the
pathogens in the environment and the MHC genes of their
hosts (Potts and Wakeland 1990; Borghans et al. 2004).
Different MHC alleles will be at an advantage at different
times, and therefore a large number of different MHC
alleles will be maintained within populations over very
long time intervals (Edwards and Hedrick 1998). It is
advantageous for each individual to carry rare beneficial
MHC alleles to which the pathogens have not adapted or to
be heterozygous at MHC loci (Bodmer 1972; Hedrick
2002). The latter is advantageous either because hetero-
zygote individuals are more likely than homozygote
individuals to carry a rare beneficial MHC allele by chance,
or because it is advantageous to be heterozygote at a locus
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per se—the so-called heterozygote advantage (Doherty and
Zinkernagel 1975a, 1975b; Hughes and Hughes 1995).

MHC genes in birds

There are two classes of MHC genes—MHC class I and
MHC class II—where the function is well understood.
MHC class I deals predominantly with intracellular infec-
tions (e.g., viruses) and MHC class II mostly with
extracellular infections (e.g., bacteria) (Abbas 1994;
Hughes and Yeager 1998). There are also infections like
malaria which most likely activate both MHC classes I and
II. The domestic chicken has a “minimal essential MHC,”
which means that it has few genes in the MHC region on
chromosome 16, few copies of the MHC class I and II
genes, and also that each gene is of a small size (i.e., it has
short introns). The chicken has two class I and two class II
genes at the classical MHC-B locus (Kaufman 1999; Ka-
ufman et al. 1999). Furthermore, the chicken has a MHC-Y
locus. The function and expression level of the genes at this
locus is not known, and at this locus there are two or three
additional class I and II genes, respectively (Miller et al.
2004). The Ring-necked Pheasant Phasianus colchicus
possesses two MHC class I and two class II genes at the
MHC-B locus and the Black Grouse Tetrao tetrix also has a
low number of MHC-B and MHC-Y class II genes (Wit-
tzell et al. 1999; Strand et al. 2007). These three galliforms,
chicken, Ring-necked Pheasant and Black Grouse, all have
a low number of MHC class II genes, and so do penguins
(Bollmer et al. 2007). However, except for these two bird
orders, all of the birds studied so far have presented a larger
number of MHC class I and II genes (Hess and Edwards
2002; Ekblom 2003), and this finding is particularly pro-
nounced for passerine birds (e.g., Bonneaud et al. 2004;
Miller and Lambert 2004a; Richardson and Westerdahl
2003).

MHC genes in passerines

Passerines have a considerably higher number of MHC
genes than the chicken, and they have class I and II genes
that are much larger than chickens, hence the introns are
longer in passerines (class I, Great Reed Warbler, West-
erdahl et al. 2004b; class II, Red-winged Blackbird,
Edwards et al. 1998; House Finch, Hess et al. 2000; Fig. 1).
It is not clear whether there is an MHC-Y locus in passe-
rines, although MHC alleles with low variability have been
reported (Jarvi et al. 2004). Pseudogenes (nonfunctional
genes) have been reported for MHC classes I and II in
passerines, and MHC class I and II pseudogenes have not
yet been reported in chicken (Table 1). In Great Reed
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Chicken Gallus gallus

Y-MHC B-MHC
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Passerines (Great reed warbler)
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Fig. 1 Comparison of the genomic organization (indicated as number
of loci) of MHC for chicken and passerines. Available number of
MHC loci in the Great Reed Warbler represent the number of
passerine MHC loci here. MHC class I loci are indicated with filled
squares, MHC class II with open squares, and Y-MHC loci that have
not been identified as grey squares

Warblers the MHC class I pseudogenes have a 5 bp dele-
tion in exon 3 that leads to a shift in the reading frame, and
these pseudogenes are less variable than the transcribed
class I genes (Westerdahl et al. 1999, 2004b). The House
Sparrow has two groups of transcribed alleles for MHC
class I, one group that is very variable and another group
that is much less variable (Bonneaud et al. 2004). The
general picture from the genetic organization of the MHC
genes in passerines is that they are much more complex
than in chicken due to the passerines having (1) a larger
number of genes, (2) genes that are highly polymorphic and
also genes that have low diversity within the classical
MHC region, and (3) pseudogenes (Fig. 1; Table 1).

MHC alleles are homogenized

In passerines it is difficult to determine the locus to which a
certain MHC class I or II allele belongs. The high simi-
larity of alleles between loci is most likely the result of
gene conversion. Gene conversion is a process where a
sequence fragment is transferred from one gene to another
(segmental mutation), where the origin of the template
sequence is outside the mutated gene. This process causes
alleles from different loci to become similar to one another,
at least when longer fragments are transferred, and it can
therefore erase locus-specific patterns of alleles (Hogstrand
and Bohme 1999). Gene conversion has been observed
both within and between loci in several species and, e.g., in
the Ring-necked Pheasant identical MHC class II alleles
have been reported at the two class IIB loci (Wittzell et al.
1999). When screening for MHC diversity in study popu-
lations we preferentially want to amplify alleles from a
single locus at a time, primarily because we want to know
the locus to which a certain allele belongs, but also for
practical reasons when calculating, e.g., heterozygosity
estimates. However, it is important to amplify alleles from

several loci since it is not known which locus is the most
informative or is subject to the strongest selection in most
species. Furthermore, we need information from several
loci to obtain more knowledge about gene conversion
within and between loci. In passerines it seems difficult to
amplify alleles from a single locus at a time. One approach
that potentially could separate alleles on a locus basis is to
study a noncoding region of the gene. The 3’-untranslated
region of the mRNAs could potentially indicate the locus
from which a certain allele comes. This has been suggested
for both class II in South Island Robins and for class I in
Great Reed Warblers (Miller and Lambert 2004a; West-
erdahl et al. 1999). However, in general, a locus-specific
amplification might be less critical in species where the
locus-specific patterns of alleles have been erased by the
gene conversion process, because in this case functional
alleles (irrespective of level of expression) potentially look
very similar. Locus-specific amplification, and hence sep-
aration of alleles per locus, has actually been reported for
class II in Red-winged Blackbird (Gasper et al. 2001).
Genome sequencing of the entire MHC region in several
passerines is most likely the best way to find locus speci-
ficity in passerine MHC genes. The MHC sequences from
cosmid libraries (House Finch, Little Green Bull and Red-
winged Blackbird) and the Zebra Finch genome projects
are a significant step in that direction (Edwards et al. 2000;
Hess et al. 2000; Gasper et al. 2001; Aguilar et al. 2006).

Aspects of evolution and selection of the MHC genes
Trans-species evolution of MHC alleles

A large number of MHC alleles are maintained within a
population over long time periods, and this is likely to be
accomplished by balancing selection (Hedrick et al. 2002).
Trans-species evolution of MHC alleles suggests that not
only will MHC alleles be maintained in populations, but
MHC alleles will even survive several speciation events
[alleles are identical in the regions of the allele that encode
the peptide binding region (PBR) of the MHC molecule],
and a phylogenetic tree based on MHC genes from several
species can therefore be in discordance with the true spe-
cies tree (Edwards and Hedrick 1998). The most frequently
mentioned explanatory forces behind balancing selection
are negative frequency-dependent selection and heterozy-
gote advantage (Bodmer et al. 1972; Doherty and
Zinkernagel 1975a, 1975b). Negative frequency-dependent
selection is when rare alleles are at an advantage while
more common alleles are selected against (Bodmer et al.
1972). Heterozygote advantage is when individuals that
carry two different alleles at a locus are at an advantage
compared with individuals that carry a single allele
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Table 1 Published data on available gene sequences for MHC classes I and II in passerines

RFLP ¢gDNA CDNA Intron Pseudo Complete gene
Passerine MHC class 1
Seychelles Warbler Acrocephalus X 23-35 X Richardson and
seychellensis Westerdahl (2003)
Great Reed Warbler Acrocephalus X 2125 X X X X Westerdahl et al. (1999)
arundineceus
Blue Tit Parus caeruleus X X X Foerster et al.
(unpublished)
Great Tit Parus major X Bintz et al.
(unpublished)
Starling Sturnus vulgaris X 24-30 Wittzell et al. (1999)
House Sparrow Passer domesticus X4-10 X X Bonneaud et al. (2004)
Passerine MHC class 1IB
Great Reed Warbler Acrocephalus X 13-17 X X X Westerdahl et al. (2000)
arundineceus
Willow Warbler Phylloscopus X 25-30 Westerdahl et al. (2000)
trochilus
Black Robin Petroica traversi X6 X X X X Miller and Lambert (2004a)
South Island Robin Petroica australis a X6-15 X X X Miller and Lambert (2004a)
Little Greenbul Andropadus virens X X X X Anvi-DAB1 Aguilar et al. (2006)
Darwin’s Finches Geospitza X Vincek et al. (1997)
House Finch Carpodacus X X X X Came-DABI1 Hess et al. (2000)
mexicanus
Bengalese Finch Lonchura striata X Vincek et al. (1995)
House Sparrow Passer domesticus X 6-12 X X Bonneaud et al. (2004)
Savannah Sparrow Passerculus X 25 X Freeman-Gallant
sandwichensis et al. (2002)
Honeycreepers Drepanidinae X Javi et al. (2004)
Red-winged Blackbirds Agelaius X X X X Agph-DAB1,2,3 Edwards et al. (1998,
phoeniceus 2000); Gasper
et al. (2001)
Florida Scrub Jay Aphelocoma coerulesens X 2—4 X Edwards et al. (1995)

The RFLP column gives comparable estimates of the number of alleles per species and between species. The columns for genomic sequences
g(DNA), transcribed sequences (cDNA), pseudogenes (pseudo) and sequenced cosmid clones (complete gene) report the presence of data

(Doherty and Zinkernagel 1975a, 1975b; Parham and Ohta
1996). Great Reed Warblers and Seychelles Warblers are
both members of the genus Acrocephalus and MHC class 1
alleles from these warblers do not form separate clusters on
a species level in a phylogenetic tree. Aguilar et al. (2006)
investigated how two different exons (exon 2 and exon 3)
of the class IIB alleles from passerines clustered in phy-
logenetic trees. As expected, the exon 2 sequences (which
encode the PBR for MHC class II and are subject to strong
balancing selection) from related species, e.g., House Finch
and Bengalese Finch, did not cluster in a species-specific
manner. Less related species, e.g., finches and warblers, did
form separate clusters in the phylogenetic tree, so species
that have been diverged for longer time periods often have
diverged MHC alleles even though the MHC sequence is
subject to balancing selection. When Aguilar et al. (2006)
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analyzed class IIB sequences from exon 3 in a phylogenetic
tree, these sequences did cluster in a species-specific way
because exon 3 encodes a structural region of the MHC
class II molecule which is not subject to balancing
selection.

A selection pressure from a single pathogen that is shared
between two diverged species, like Great Reed Warblers and
House Sparrows, could potentially counteract divergence
and even maintain identical MHC alleles in these two dis-
tantly related species. Great Reed Warblers and House
Sparrows are, e.g., known to be infected by identical strains
of avian malaria (Plasmodium relictum GRW4) and these
bird species could therefore be subject to similar selection
pressures from the avian malaria infection GRW4. However,
identical MHC alleles (considering the PBR) have not yet
been reported in Great Reed Warblers and House Sparrows.
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Balancing selection

The classical way to investigate whether an MHC gene has
been subject to balancing selection is to investigate the
ratio between nonsynonymous and synonymous substitu-
tions (dN/dS) in the PBR (Li 1997). This dN/dS measure
gives an indication of whether the gene actually has been
subject to balancing selection or not, but the dN/dS ratios
does not tell us whether a gene is currently under balancing
selection. This is because the dN/dS pattern was most
likely generated a long time ago, and thus visualizes an
ancient selection. Often it is an ongoing selection that we
want to be able to detect and investigate. A few avian
studies have recently tried to screen for ongoing balancing
selection in the MHC genes. Westerdahl et al. (2004a)
showed that the MHC class I alleles in Great Reed War-
blers varied significantly in frequency between different
cohorts of breeding adults. This result suggests that there is
selection on the MHC genes and that selection is occurring
in the Great Reed Warbler population at present. However,
this study did not show that rare alleles are at an advantage
and hence that negative frequency-dependent selection was
actually acting. Miller and Lambert (2004b) compared the
genetic diversity in large source populations of New Zea-
land Robins Petroicidae with those of bottlenecked island
populations. They screened for diversity in both neutral
markers and in selected MHC alleles 20 years after five
individuals had been transferred from source to island
populations. The expected result was that the genetic
polymorphism should be maintained to a higher degree in
the MHC alleles compared with the neutral markers,
although their results did not show any difference between
the neutral and selected genetic markers. Very few indi-
viduals actually founded the island populations (two and
four), which could explain the limited amount of MHC
genetic variation that was observed.

MHC alleles and resistance to avian malaria infections
Selection from pathogens

The high genetic diversity in the MHC genes is likely
maintained by selection from a large number of different
pathogens and not by a single pathogen, because a single
pathogen would exert a uniform directional selection
pressure resulting in few MHC alleles, and hence in low
MHC diversity. As mentioned above, negative frequency-
dependent selection could potentially maintain the MHC
diversity, but then the prevalence of pathogens must vary
in either time and/or space (Hedrick 2002). Individuals that
are heterozygous at an MHC locus could possibly mount an
immune response against more pathogens than an

individual that is homozygous at that locus. Therefore,
heterozygotes are beneficial and heterozygote advantage is,
as mentioned earlier, a selective force that could maintain
some of the MHC diversity. Different species of avian
malaria (including parasites from the genera Plasmodium,
Haemoproteus and Leucocytozoon) could be one set of
pathogens that maintains the MHC genetic diversity in
passerines because (a) these pathogens are common, (b)
experiments have shown that they could be lethal, and (c)
their prevalence varies in time and space (Atkinson and van
Riper 1991; Bensch et al. 2000; Ricklefs and Fallon 2002;
Bensch and Akesson 2003).

Associations between prevalence of malaria and MHC
alleles

Two recent passerine studies, one in House Sparrows and
one in Great Reed Warblers, investigated associations
between prevalence of malaria infections and presence of
certain MHC class I alleles. Prevalence of avian malaria
infections were screened by polymerase chain reaction
(PCR) that amplified parts of the cytochrome b gene of
avian malaria parasites (of the genera Plasmodium and
Heamoproteus) from DNA extracted from avian blood
according to Waldenstrom et al. (2004). Bonneaud et al.
(2006b) investigated associations between malaria infec-
tion SGS1 and ten different MHC class I alleles in two
populations of resident House Sparrows. The prevalence of
the SGS1 infection was high, 68 and 56%, respectively, in
the two populations, and it is therefore likely that this is a
relatively mild form of avian malaria. The authors found a
negative association between MHC allele al51 and the
SGS1 infection in one population and between MHC allele
al72 and SGS1 in the other study population.

Westerdahl et al. (2005) investigated associations
between three different malaria infections (GRW1, GRW2
and GRW4) and 23 different MHC class I alleles in a long-
distance migratory bird, the Great Reed Warbler. It should
be noted that these three malaria infections are all trans-
mitted at the African wintering grounds and that the Great
Reed Warblers are only studied at their Swedish breeding
grounds (Waldenstrom et al. 2002; Bensch et al. 2007). The
authors found a positive association between MHC allele
B4b and malaria infection GRW2. The prevalence of
GRW2 is low in the study population—8% of the indi-
viduals carry the infection—and preliminary experimental
data suggests that GRW2 is severe (even lethal) in Great
Reed Warblers (S. Bensch, unpublished).

At first thought it is surprising that there is a negative
association between prevalence of an avian malaria infec-
tion and presence of an MHC allele in the House Sparrow,
while there is a positive association between avian malaria
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infection and an MHC allele in the Great Reed Warbler.
However, if there is a difference in virulence between the
two malaria infections, one being benign and the other
lethal, then there is a reasonable explanation for these
findings. The virulence of the malaria parasites affects its
competitive ability and more virulent strains have been
shown to have a competitive advantage in mixed-strain
infections (de Roode et al. 2005; Raberg et al. 2006).
According to studies of human malaria, the genetic resis-
tance to malaria varies markedly from population to
population, and the resistance genes can affect different
parts of the immune defense, from parasite invasion to
immune responses to the infection (Hill et al. 1997).

An MHC allele that provides resistance to an avian
malaria infection could potentially either give full protec-
tion against the infection or it could make a potentially
lethal malaria infection milder. Hill et al. (1991) found that
children with certain MHC haplotypes were resistant to
lethal cerebral malaria even though all children in the study
were suffering from a milder clinical malaria infection. The
virulence of an avian malaria infection probably affects the
sign of the association that should be expected. A nonlethal
malaria infection is likely to generate a negative associa-
tion between prevalence of a malaria infection and
presence of an MHC allele, provided that the MHC allele
gives complete resistance against the malaria infection.
This negative association comes from the idea that there
are no individuals that are simultaneously infected and
carrying the resistance allele, because these individuals
never become infected (nonexistent, Fig. 2a). A lethal
malaria infection is on the other hand likely to generate a
positive association between prevalence of a malaria
infection and presence of an MHC allele that gives

(a) House sparrow
Mild European malaria infection

1 @
Prevalence

of malaria

(2) non existent

(3) never infected, or
@ cleared infection
0

0 1

1 l

\Negative association
0

0 1

Fig. 2a-b a House Sparrow individuals that carried certain MHC
alleles never became infected with malaria (nonexistent), and this
results in a negative association between prevalence of malaria and
certain MHC alleles (Bonneaud et al. 2006b). b In the Great Reed

MHC allele
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(1) infected, survived

resistance. In this scenario only the individuals that carry
the resistance allele survive the malaria infection, while the
individuals that do not carry the MHC allele die from the
infection. The individuals that are infected and do not carry
the resistance allele do not exist long enough to be sampled
(infected, died, Fig. 2b). These two hypotheses should be
testable in an experimental setup where wild birds are
inoculated with either mild or severe malaria infections
(Zehtindjiev et al., submitted to Exp Parasitol), although
several factors like the genetic backgrounds of the birds
and the natural selection in the original wild population
preferably need to be taken into account.

The results from the House Sparrow study fit with
Fig. 2a, where individuals with a certain resistance MHC
allele do not become infected with the relatively mild avian
malaria infection. The data from the Great Reed Warbler
study fit with Fig. 2b, because here only individuals with a
certain resistance allele survive when they become infected
with lethal malaria. Individuals that do not carry the
resistance allele die from the lethal malaria infection.

Detection of avian malaria infections in natural
populations

In both the House Sparrow and the Great Reed Warbler
studies, it would have been preferable to separate indi-
viduals that never were infected from those that completely
cleared the infection, because this would have made the
associations between malaria infection and the presence of
MHC allele more linear and it would have also decreased
the variance of the association. There are really five dif-
ferent groups of individuals that we preferably want to

(b) Great reed warbler
Lethal African malaria infection

0@
OO

0 1

0 1

Warbler, only individuals that carried a specific identified MHC allele
survived the severe tropical malaria infection GRW2, and this

generates a positive association between prevalence of malaria and a
certain MHC allele (Westerdahl et al. 2005)

(1) infected, died,
(2) infected, survived

(3) never infected, or
cleared infection

MHC allele

Positive association
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separate when studying avian malaria infections in natural
populations: (a) individuals that become infected and later
die from the malaria infection; (b) individuals that become
infected, survive and then carry the infection chronically;
(¢) individuals that become infected, survive, and com-
pletely clear the infection; (d) individuals that were
exposed to the infection but never became infected, and
finally; (e) individuals that never were exposed to the
infection. In migratory birds that become infected at their
wintering site, and are only studied at their breeding site
(like the Great Reed Warbler), group (a) will never be
observed, because these birds die from the primary malaria
infection at their wintering site. In resident birds (like the
House Sparrow), it is theoretically possible to catch all five
groups of birds, although (d) and (e) are more or less
impossible to separate. However, all birds disperse to some
degree, and a major problem when studying the prevalence
of avian malaria in natural populations is that it is not
possible to separate birds that have dispersed from those
that have died from avian malaria. Furthermore, in order to
separate birds that have cleared the infection (group c)
from those that were never infected (groups d and e), each
bird needs to be caught repeatedly during the period when
the malaria infection is spread. An alternative strategy for
separating groups (c) and (d and e) is to use a standard
immune-blotting technique where plasma samples from the
birds are tested for prevalence of antimalarial antibodies
(Jarvi et al. 2002).

Study systems for avian malaria and disease resistance

One major difference between the Great Reed Warbler and
House Sparrow studies is that House Sparrows get infected
with avian malaria at their breeding site, while Great Reed
Warblers, which are long-distance migrants, get infected at
their wintering site in Africa (Waldentrém et al. 2002;
Bonneaud et al. 2006b). In House Sparrows, the prevalence
of a mild malaria infection was measured whether a bird
was carrying the infection or not, and no consequences of
fitness were reported (Bonneaud et al. 2006b). In the Great
Reed Warbler study, only birds that actually returned to
their breeding site were screened for prevalence of malaria.
The authors suggest that Great Reed Warblers without
advantageous MHC alleles did not return to breed if they
had been infected with severe malaria because then they
would have died at their wintering site (Westerdahl et al.
2005). There appears to be no fitness effect of carrying
avian malaria infections chronically (GRW1, 2 or 4) at the
breeding site in Great Reed Warblers (Bensch et al. 2007).
Fitness costs of malaria infection are likely to be most
severe during the primary infection (Atkinson et al. 2001),
and for Great Reed Warblers the primary infection occurs

in Africa where mortality cannot be observed. Birds that
are sampled shortly after they become infected with
malaria potentially offer a better study system than these
Great Reed Warblers because then it would be possible to
measure fitness effects that are directly related to the
malaria infection. This means that resident birds (e.g.,
House Sparrows) or birds that are sampled when they
become infected with malaria are more suitable study
systems. Scientists tend to screen for the prevalence of
avian malaria in surviving birds, because it is extremely
rare to catch birds that are about to die from an avian
malaria infection. This might explain why a limited
number of studies have found fitness effects caused by
avian malaria infections under natural conditions (Richner
et al. 1995; Opplinger et al. 1996; Sol et al. 2003).
Experiments, both in the laboratory and in the field, have
on the other hand repeatedly detected severe and even
lethal effects of avian malaria infections (Hayworth et al.
1987; Nordling et al. 1998; Marzal et al. 2005; Tomas
et al. 2007). A potential way to improve the study system
of avian malaria and resistance alleles is to use a closed but
natural avian population. Data from a stationary island
population where dispersing birds could be separated from
birds that have died from malaria would be very
informative.

Conclusions

All passerines studied so far have a larger number of MHC
class I and IIB genes than the avian model species the
chicken. Passerine MHC genes can be either coding genes
or pseudogenes, and the coding genes are polymorphic and
have been subject to balancing selection. The MHC alleles
are similar between related species and this indicates trans-
species evolution. An association between particular MHC
alleles and resistance to an avian malaria infection has been
reported in both House Sparrows and Great Reed Warblers.
The MHC haplotype (or MHC alleles) has now been shown
to determine the outcome of malaria infections in humans,
mice and birds (Hill et al. 1991; Wedekind et al. 2005;
Westerdahl et al. 2005; Bonneaud et al. 2006b). Passerines
are infected by a large number of different avian malaria
infections and are hence a well-suited species group for
future studies on associations between MHC and disease
resistance.
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