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Abstract

Genes of the Major Histocompatibility Complex (Mhe) play a fundamental role duting
the immune response because MHC molecules expressed on cell surface allow the
recognition and presentation of antigenic peptides to T-lymphocytes. Although Mhe
alleles have been found to correlate with pathogen tesistance in several host-parasite
systems, several studies have also reported associations between AMbe alleles and an
accrued infection risk or an accelerated disease progression. The existence of these
susceptibility alleles is puzzling, as the cost generated by the infection should rapidly
eliminate them from the population. Here, we show that susceptibility alleles may be
maintained in a population of house sparrows (Passer domesticus) if they have antagonistic
effects on different malaria parasites. We found that one Me class I allele was associated
with a 2.5-fold increase in the risk to be infected with a Plasmodium strain, but with a
6.4-fold reduction in the risk to harbour a Haemoprotens strain. We suggest that this
antagonistic effect might arise because Mbe genes can alter the competitive interactions
between malaria parasites within the host.
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INTRODUCTION

control the infection (Patham & Ohta 1996; McDevitt
2000). Polymorphic class I and II loci ensure the

Understanding how variation of selected genes is main-
tained has been a major challenge for evolutionary
biologists (Hedrick 1972; Maruyama & Nei 1981; Hedrick
& Thompson 1983; Hughes & Nei 1992). Mhc genes are a
particularly intriguing case as this complex of genes is one
of the most polymorphic regions of the vertebrate genome
and plays an important role in parasite resistance (Segal &
Hill 2003; Frodsham & Hill 2004; Nikolich—Zugich et al.
2004). MHC molecules present peptides derived from
pathogens to cytotoxic T-cells (CTLs). If the complex
MHC-peptide binds to a T-cell receptor (TCR), CTLs are
activated and MHC-restricted CTL clones expand to
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presentation of a broad spectrum of antigenic peptides
and several examples of associations between AMbc alleles
and resistance to infectious diseases have been reported in
humans (Hill ez 2/ 1991; Meyer ef al. 1994; Siddiqui e al.
2001; Fitness ef al. 2002), animal models (Briles ez a/. 1977,
Penn et al. 2002; McClelland ¢ a/. 2003), and wildlife
species (Paterson ef al. 1998; Lohm e al. 2002; Wegner
et al. 2003; Westerdahl e a/. 2005; Bonneaud ez a/. 2000).
Surprisingly, however, Mhec alleles are almost equally often
reported to be associated with increased susceptibility or
increased resistance to infection (Segal & Hill 2003;
Frodsham & Hill 2004; Schad ef 2/ 2005; Bonneaud ef al.
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2006). For instance, several alleles have been associated
with accelerated or retarded progression of HIV-1 infec-
tion to AIDS (Carrington ez al. 1999; Hendel ez al 1999).
The persistence of susceptibility alleles poses an evolu-
tionary dilemma as the costs associated with carrying the
alleles should eliminate them from the populaton (O’Btien
& Carrington 1999; Wills 1999). In theory, alleles that have
antagonistic effects on fitness can be maintained in the
population (Zhang e# al. 2002). Classical examples of such
pleiotropic genes involve haemoglobin and enzymatic
disorders, such as the GOPD deficiency (Tishkoff &
Verrelli 2004). Here, we report a case of a Mbe class 1 allele
that is associated with increased tisk of harbouring an
infection with a Plasmodium strain and an enhanced chance
of being free of a Haemoprotens parasite in the same
population of house sparrows (Passer domesticus).

MATERIALS AND METHODS
Screening for malaria infections

A population of house sparrows, a sedentary passerine bird,
located in North-East France (Crégy les Meaux; 48°58'N,
2°52’E) was followed from 2004. Eighty five individuals
were captured with mist nets and blood samples were
collected by vein puncture (24 samples in 2004, 40 in 2005
and 21 in 2006). We used a highly efficient nested
polymerase chain reaction (PCR) to amplify a 524-bp-long
fragment of the cytochrome b of both Plasmodinm sp. and
Haemoproteus sp. parasites from infected birds (Waldenstrém
et al. 2004). This method is highly repeatable, and has a
detection limit identifying parasitemia as low as one infected
red blood cell per 100 000. We identified parasite strains by
sequencing the fragments on an ABI3730XL, Applied
Biosystems, Cartaboeuf, France. Sequence electrophero-
grams were carefully inspected for double nucleotide peaks.
Although very effective, this screening method has been
suggested to underestimate the occurrence of multiple
infections (ValkiGnas e# /. 20006). If one parasite strain has a
much higher intensity compared with other strains co-
infecting a given host, then there is a risk that the nested
PCR will only amplify the fragment belonging to the most
abundant strain (Pérez-Tris & Bensch 2005). To avoid this
potential problem we also used strain specific primers for
the Plasmodinm SGS1 strain (SGS1F: 5-ATGTGGTGGAT-
ATCTTGTTGTAAGTGAC; SGSIR: 5-ATATTTTAAG-
TCTTGATATTAAAGGA) and the FHaemoproteus PA-
DOMS3 strain (PADOM3F: 5" TTGTGGAGGATATACT-
ATTAGTGAT; PADOM3R: 5-GTGTATTATGTCTA-
GATATAAAAGGA). We used the same pre-amplification
(20 cycles) using primers located outside the target
fragment (HaemFN and HaemRN2) followed by a

final amplification (35 cycles) with the strain specific
primers.

Screening of Mhc class | variation

We screened all individuals to assess allelic diversity
(number of alleles per individual ranging from one to eight)
at the most variable Mhe class 1 gene family using the
PCR-based denaturant gradient gel electrophoresis (DGGE)
method (Myers ef al. 1987). This method allows us to
examine single-nucleotide polymorphism at Mhe class 1
exon 3, corresponding to the highly variable peptide binding
site of the protein (42 domain), but does not allow us to
assign the alleles to specific loci (Bonneaud ef a/. 2004). To
preferentially amplify transcribed alleles, we used cDNA
sequences as reference [GCA2IM 5-CGTACAGCGG-
CTTGTTGGCTGTGA-3" and fA23M 5-GCGCTCCA-
GCTCCTTCTGCCCATA-3" (Bonneaud ef al. 2004)]. The
polymerase chain reaction products were separated using a
DGGE. The DGGE gel contained 7% of 40% 19:1
actylamide/bisacrylamide, 1x TAE, formamide, and a
40-65% denaturating gradient of wurea. Standardized
markers were used to enable comparison between gels.
The gels were run at 60 °C in 1x TAE buffer for 20 h at
180 V. As mentioned by Westerdahl ef al (2004), the
DGGE method does not have a 100% resolution and
therefore we could have failed to separate some alleles.
However, as suggested by two recent studies (Richardson &
Westerdahl 2003; Westerdahl e a/ 2004), this screening
method is more repeatable and sensitive in detecting genetic
variation than the RFLP method.

DGGE bands were excised from gels and re-amplified
with the same primers to be sequenced. Then, we translated
the nucleotide sequence into the corresponding amino acid
sequence with Expasy Translate Tool and checked if the
sequence presented conserved domains in GenBank. The
allele pado123 (which was associated with malaria preva-
lence) had the following sequence (GenBank accession no.
EF429132): 5CGGTTGTTTGGCTGTGACCTCCTATC-
CAATGGGAGCGTCCGTGGATCCCGCCGGGAGGG-
CTACGATGGGCAGGATTTCATCTCCTTTGACCTG-
GAATCCGGGAGATTTGTGGCGGCCGACAACGTT-
GCTGAGATCACCAGGAGGCGCTGGGAACAGGAA-
GGGACTGTGGCTGAGAGGTGGACGAATTACCTG-
ACGGTTGTTTGGCTGTGACCTCCTATCCAATGGG-
AGCGTCCGTGGATCCCGCCGGGAGGGCT 3.

The corresponding amino acid sequence (GCDLLSNG-
SVRGSRREGYDGQDFISFDLESGRFVAADNVAEITR-
RRWEQEGTVAERWINYLKHECPEWLRKYVGYGQ-
KELER) fits with conserved domains of the MHC class 1
protein complex (GenBank, pfam0019, MHC, class I
Histocompatibility antigen domains alphal-2).
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Microsatellite analyses

Thirty seven individuals (16 pado723" and 21 pado1237) were
genotyped using seven microsatellite markers: Pdo3, Pdo4,
Pdo5, Pdo6 (Griffith ez al. 1999), Mjgl (Li e al. 1997), Fhu2
(Primmer ef al. 1996), and Asel8 (Richardson ez a/. 2000).
Amplifications were run in a final volume of 10 pL
including 15-50 ng of DNA, 50-200 nm of each primer,
300 v of ANTPs, 1 puL of 10x incubation buffer (50 mm
KCl, 10 mm Tris—HCI, 1.5 mm MgCl,, 0.1% Triton X-100,
pH 9.0) and 0.25 U of 7ag DNA polymerase (Qbiogene,
Irvine, CA, USA). The reaction was performed in a Gene
Amp PCR System 9700 thermocycler (Applied Biosystems).
Fluorescently labelled fragments were analysed in an ABI
310 automated sequencer following the manufacturer’s
protocol using GENEMAPPER 3.0 software. Individual pair-
wise coefficients of relatedness were based on microsatellite
genotype similarity. Using SPAGeDi 1.2 (Hardy &
Vekemans 2002), three different relatedness coefficients
were computed according to Queller & Goodnight (1989),
Li et al. (1993) and Wang (2004).

Statistical analyses

The association between specific Mhc alleles and the
infection status was tested in a multivariate GEE model
[Proc GENMOD with binomial distribution of errors and
logit link function, SAS Institute (1999)], which allowed us
to test the interaction between the presence of the alleles
and the parasite strain. The model included the eight most
common alleles ( /> 15%), the total number of alleles, the
season when birds were captured (winter or summer), the
year, sex, and body mass. Because the total number of alleles
can be nonlinearly related with the risk of parasitism
(Wegner et al. 2003), we also included a squared term in the
statistical model.

RESULTS

Based on cytochrome — / sequencing, we found three
malaria lineages which ranged in prevalence from 31.8%
(Plasmodinm SGS1), to 14.1% (Haemoproteus PADOM3) and
3.5% (Plasmodium GRW11). Because Plasmodium GRW11
occurred in only three individuals we restricted the
subsequent statistical analyses to Plasmodium SGS1 (hereafter
Plasmodinm) and Haemoproteus PADOM3 (hereafter FHaemo-
proteus) infected birds. None of the 85 hosts was co-infected
(harboured both Plasmodium and Haemoproteus strains) based
on the nested PCR. However, when using the strain specific
primers, it turned out that 6 out of 85 sparrows (7.1%) were
co-infected by the Plasmodium and the Haemoproteus strains.
This is not statistically different from the random expecta-
tion on the proportion of co-infected birds (6.2%,
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P > 0.05). Therefore, among the 85 individuals screened
for malaria infections, 51% (43/85) were free of parasites,
28% (24/85) were only infected with the Plasmodinm strain,
11% (9/85) were only infected with the Haemoprotens strain,
and 7% (6/85) were co-infected. This finding confirms
previous results showing that the nested PCR does actually
underestimate the number of co-infected individuals,
possibly amplifying only the most abundant parasite strain.
Among the six co-infected birds, the nested PCR picked up
the Plasmodium strain for three of them and the Haemaproteus
strain for the other three. Instead of ignoring this
information on the relative abundance of the two parasite
strains in co-infected birds, we decided to analyse the data
using two different approaches: first, we took advantage of
the information on the relative abundance of the two strains
(e.g. 27 individuals where the only or dominant parasite
strain was Plasmodinm; 12 individuals where the only or
dominant parasite strain was Haemoprotens); second, we
considered the co-infected birds as a separate group of
individuals, which gave us four categories of birds (i.e. non-
infected, infected with Plasmodinm, infected with Haemopro-
teus, co-infected).

One allele (pado23, f= 36.5%) was highly significantly
associated with malaria prevalence, but the sign of the
association depended on the parasite strain (parasite
strain X padol23, le = 10.24, P = 0.0014; Fig. 1). Because
overdispersed data can give erroneously low P-values, we
checked whether there was any indication of over- (or
under-) dispersion in the data. The ratio deviance/d.f. was
close to one (0.9497, le = 0.44), showing that the data
were not overdispersed.

The presence of pado123 was associated with a decreased
risk of being infected with Haemoprotens (1 = 5.12,
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Figure 1 Prevalence of two lineages of malaria parasites (Plasmo-
dinm SGS1 and Haemoproteus PADOM3) as a function of the
absence/presence of the allele pado123.
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P = 0.0236; Fig. 1), but with an enhanced risk of carrying
Plasmodinm (1*1 = 8.77, P = 0.0031; Fig. 1). Prevalence did
not differ between gender (Plasmodium, females: 31.0%;
males:  33.3%, ;{21 = 0.045, P =0.831; Haemoproteus,
females: 17.2%; males: 9.3%, )(21 = 1.134, P = 0.280).
Similatly, body mass was not statistically associated with
prevalence for any of the two parasites (Plasmodium,
1 =0080, P=0.782;  Haemoprotens, yx°1 = 1.980,
P =0.159). The total number of Mhe alleles was not a
good predictor of the likelihood of harbouring the infection
for any of the two parasite strains (Plasmodium: number
of alleles le = 0.00, P = 0.9657, squared number of alleles
le = 0.13, P = 0.7203; Haemoproteus: number of alleles
121 = 3.13, P =0.077, squared number of alleles le =
2.62, P =0.1055). As well, the interaction between the
number of alleles and parasite strain was not statistically
significant (parasite strain X number of alleles, )(21 = 1.99,
P = 0.1581; parasite strain X squared number of alleles,
2’1 = 3.58, P = 0.0585). Finally, including the year in the
statistical model did not change the results as the interaction
parasite  strain X padol23 was still highly significant
(*1 = 1032, P =0.0013), whereas the year effect
approached the significance threshold  (y% = 5.92,
P = 0.052). To corroborate the finding that the opposite
effect of pado123 on the prevalence of the two parasite strains
was not due to between-year variability in allele frequency,
we also checked whether the proportion of birds carrying the
allele differed across years. We did not find any evidence for
an inter-annual variation in pads?23 frequency (1 = 1.58,
P = 0.4549). However, we should keep in mind that birds
were only sampled during a 3-year period which might be
insufficient to detect temporal variation in allele frequency
(Westerdahl ez 2/ 2004; Bensch e al. 2007). Analysing
co-infected birds as a fourth category, provided very similar
results as the interaction parasite strain X pado!23 was still
statistically significant (%1 = 5.00, P = 0.0253).

There was very large within year (seasonal) variation in
Haemoprotens prevalence. Only two of 50 spartows sampled
in fall-winter were infected with Haemoprotens (4.0%)
whereas the prevalence rose to 28.6% in spring-summer
(1 = 10.532, P = 0.0012). The prevalence of Plasmodium
was constant throughout the year (fall-winter: 32.0%;
spring-summer: 31.4%; }(21 = 0.003, P = 0.955). Because
of this strong seasonal effect on Haemoprotens prevalence, we
reran the model on the association between pado?23 and
prevalence separately for birds caught in the two seasons.
Again, pado123 was significantly associated with prevalence
for birds caught in spring-summer with the sign of the
association being significantly different between parasite
strains (parasite strain X pado123, le =482, P=0.0281;
Fig. 2a). The low prevalence of Haemaproteus prevented us to
run the same model for birds captured during fall-winter
(Fig. 2b). The frequency of pade723 did not differ between
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Figure 2 Prevalence of two lineages of malaria parasites (Plasmo-
dinm SGS1 and Haemoproteus PADOM3) as a function of the
absence/presence of the allele pado723 during the spring-summer
(a) and fall-winter (b).

individuals captured in spring-summer (31.4%) and
fall-winter (40.0%; 7% = 0.653, P = 0.419). As for the
overall sample, analysing co-infected birds as a separate
group gave similar results (parasite strain X padol23,
$°1 = 4.00, P = 0.0455).

Mbhe alleles might co-occur in the same individual more
often than expected by chance. We tested whether pairs of
DGGE bands found in the sampled sparrows were in
linkage disequilibrium (tended to co-occur more often than
expected) but found no evidence for it (all P > 0.05).
Similatly, positive/negative associations between Mhc alleles
and malaria prevalence might arise because carriers of the
allele have a common ancestor (are related to each other)
and therefore share other genes that are casually involved
in the observed associations. In this case, we would expect
a greater pair-wise genetic relatedness between individuals
sharing this AMbe allele. We performed a Mantel test to
assess the association between a pair-wise relatedness
matrix and a simple binary matrix (containing 0 for pairs
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of individuals who shared or did not have the allele and
one for pairs of individuals for which only one had the
allele). There was no significant association between pait-
wise relatedness and binaty matrices for the three
relatedness estimators computed (all 2 > 0.05). This shows
that the observed correlation between prevalence and the
presence of the allele pado123 is unlikely to have arisen as
the consequence of other alleles shared by genetically
related birds.

We also explored if and under which conditions the
antagonistic effect of pado?23 could explain the maintenance
of susceptibility. To do this we computed the fitness (V') as
follows:

W = (1 _pPlasm) + [Z}Plasm(l - [Plasm)} X (1 _pHacm)
+ V)Haem(l - 5Haem)]

where p represents the proportion of birds infected and ¢ the
cost of the infection. W was computed independently for
pado723+ and pado123™ bitrds, using the observed ppj,sm and
PHaem for each group of birds. We also computed W using
prevalence values that were increased or decreased by a
factor 2. The cost of the infection ¢ was varied between 0.1
and 0.2 for Plasmodium and between 0.2 and 0.4 for
Haemoprotens. We then plotted the relative fitness of pado123"
birds (Wyui123/W pads123-) against the relative cost of being
infected with Plasmodium ot Haemoproteus (¢prasm/ cHaem)- FOr
the observed prevalence values, pado725+ birds achieve
similar fitness than pado723™ sparrows only when the cost of
Haemoprotens infection is twice as high as the cost of
Plasmodium infection. When the cost of Haemoprotens infec-
tion is similar to that of Plasmodium, the cost of susceptibility
largely outweighs the benefits of resistance (Fig. 3).

DISCUSSION

We have shown here that one Mhe class 1 allele is associated
with antagonistic effects in terms of susceptibility/resistance
to two malaria parasites. Although frequently evoked in
theoretical models as a mechanism allowing the mainte-
nance of alleles with deleterious effects (Zhang ef al. 2002),
empirical evidence for antagonistic pleiotropy involving two
pathogens is scarce, especially for free ranging hosts and
their natural parasites.

The maintenance of the allele pado723 obviously
depends on the costs and benefits associated with the
presence of the allele, which in turn depend on the effect
of Plasmodium and Haemoproteus parasites on their hosts as
well as on parasite prevalence. If we were facing benign
parasites there would be no benefit to be resistant and no
cost to be susceptible. Infection by haematozoa has been
reported to induce mortality in domestic birds, such as
poultry and canaries (McCutchan e a/, 2004; Williams
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Figure 3 Relative fitness of birds catrying the pado723 allele
(W723+/W723_> as a function of the cost-inflicted by SGS1 and
PADOM3 infections. pade?23" birds achieve similar fitness than
pado123” individuals only when the cost of PADOMS3 infection is
twice the one of SGS1 infection. This result holds for vatiable
prevalence (blue line = observed prevalence; red line = increase in
prevalence in a factor of 2; green line = decrease in prevalence in a
factor of 2).

2005) and empirical evidence has built up to show that
both  Plasmodium and Haemoprotens strains can have a
substantial impact on their avian hosts. Plasmodium infec-
tion of native Hawaiian birds has become a text-book
example of parasite-driven local extinction of hosts
(VanRiper ef al. 1986). Experimental infections of house
sparrows with the Plasmodium SGS1 strain have also shown
that infected hosts have increased anaemia compared with
sham-infected sparrows and that the degree of anaemia
positively correlates with parasite intensity (Guivier ef al.
unpublished work). Similarly, medication experiments have
shown that Haemoproteus infection in Blue tits (Cyanystes
caerulens) and in House martins (Delichon wurbica) has a
detrimental effect on reproductive success and demo-
graphic variables (Merino ez al. 2000; Marzal et al. 2005).
Finally, the intensity of FHaemoprotens columbae infection has
been shown to correlate with juvenile survival in feral
pigeons (Columba livia), highly infected individuals suffering
from reduced survival (Sol e a/ 2003). We found that
pado123" and pads123” sparrows achieve similar fitness if
the cost of the infection with the FHaemoprotens strain is at
least twice the cost induced by the Plasmodium strain. This
is somehow contrary to the common belief that Haemo-
protens parasites are less virulent than Plasmodium strains
(Valkitnas 2005). Unfortunately, however, we badly lack
comparative studies that have assessed the relative impact
of Plasmodinm and Haemoprotens patrasites on host fitness in
the same host species.
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An association between a Mbe class 1 allele and increased
susceptibility to Plasmodium SGS1 has already been reported
in another house sparrow population (Bonneaud ez a/. 20006).
Interestingly, susceptibility alleles have been reported to
occur almost as often as resistance alleles, both in humans
and wildlife species (Segal & Hill 2003; Schad ez /. 2005;
Bonneaud e a/. 2006). Mhe alleles with antagonistic effects
on different pathogens have also been reported but only for
lab strains of mice (B10) (Apanius ez 2/ 1997). For instance,
the allele H-2" confers resistance to Sendai virus, Zoxoplasma
gondzi, Trichuris muris, Streptococcus  pyogenes, Heligmosomoides
pobygyrus  and  susceptibility to  Borrelia  burgdorferi  and
Leishmania donovani (Apanius e al. 1997 and references
therein). Recently, a similar antagonistic effect has also
been described in a plant-pathogen system (oat-fungus).
Lorang et al. (2007) showed that the 2,017 gene, a member
of the NBS-LRR resistance gene family, confers suscepti-
bility to the fungus Cochliobolus victoriae. NBS-LRR (nucleo-
tide-binding site-leucine-tich repeats) proteins are defense
proteins structurally similar to proteins of the innate
immune response of animals.

To our knowledge, we show for the first time that these
pleiotropic effects can also operate in natural animal host-
parasite systems. Experimental infections with the two
parasites, of course, are necessary to confirm this pattern.
However, whereas Plasmodium strains can be transferred
from one infected host to another, Haemoprotens parasites
need to be passaged through the dipterean vector, which is
unfortunately unknown. Nevertheless, experimental infec-
tions conducted in two other populations of house
sparrows have confirmed the existence of susceptibility
alleles to Plasmodium SGS1 parasites (Guivier et al. unpub-
lished work).

An alternative interpretation for the positive association
between specific Mbe alleles and parasite prevalence is that
hosts not carrying the allele had succumbed to the infection
and only ‘resistant’ birds carrying the allele have actually
managed to survive by converting the infection to a low
chronic level (Westerdahl ¢ a/. 2005). This is of course an
interesting possibility that deserves to be addressed using an
experimental approach.

Patterns of association between Mbe alleles and infectious
diseases might also arise because of other genes inherited by
related individuals. To check this hypothesis, we used
microsatellite markers to assess the relatedness of pado?23"
sparrows and found no evidence in support to the
hypothesis.

The precise molecular mechanisms through which these
susceptibility alleles operate are largely unknown. Suggested
mechanisms involve the failure to present pathogen
epitopes to T-cells (Kast ef a/. 1986) or more intriguingly,
the idea that MHC molecules could present pathogen
epitopes that function as a decoy. TCR binding to these

epitope/MHC molecule complexes might fail to elicit an
effective parasite clearance (O’Brien & Carrington 1999).
Whatever the precise molecular mechanism that allows
one parasite strain to take advantage of the presence of the
allele, these results suggest that antagonistic effect of
immune genes on different parasites can contribute to
explain the petsistence of susceptibility alleles, at least under
certain conditions. Genes that affect multiple traits are
thought to be common in nature (Otto 2004). Examples of
genes with antagonistic effects concern haemoglobin-
associated disease loci that appear to protect the carrier
from infections with malaria parasites (Nagel 2001).
Glucose-6-phosphate dehydrogenase (G6PD) enzyme defi-
ciency is another classical example of a human genetic
disorder that seems to have been positively selected in areas
with high malaria prevalence (Tishkoff & Verrelli 2004). The
wotldwide distribution of G6PD deficiency show a tight
correlation with risk of Plasmodium infection suggesting that
failure in the enzyme might protect against malaria. Both
in vivo and 7n vitro studies have confirmed the role played by
GOPD deficiency in malaria protection, probably because
GG6PD deficient red blood cells infected with Plasmodium
experience high oxidative stress that might result in cell
phagocytosis and parasite mortality (Tishkoff & Verrelli
2004). The signature of balancing selection on genes that
expose to enhanced risk of disease has also been, recently,
found in a gene coding for the poliovirus receptor protein
(CD155) (Suzuki 2000) and a genetic variant of the signal
transducer and activator of transcription (§72476) gene that
is associated with increased susceptibility to asthma an
protection from Ascaris worm infection (Peisong ef al. 2004).
In addition, or alternatively to a direct effect of pado123
on resistance/susceptibility to malaria parasites, we would
like to stress that within-host competition between parasite
strains could also explain the observed results. Parasites
exploiting the same resources in the host are potentially
involved in competitive interactions that may contribute to
regulate the number of co-existing individuals (deRoode
et al. 2005). Specific immune trecognition of different
parasite epitopes by MHC molecules can therefore alter
the strength of the competitive interactions between
parasites. If pado7123 confers a quantitative resistance
towards FHaemoprotens, and Haemoprotens and  Plasmodium
compete for resources within the host, pado?23 may reduce
the within-host growth rate of Haemaprotens and conse-
quently reduce the strength of the competition acting on
Plasmodium. According to this scenario the observed positive
association between pado123 and Plasmodium might not be
the direct consequence of the presence of the allele but
instead the outcome of the altered competition with
Haemoprotens. Although still anecdotic, the observed pattern
of co-infections suggests a role for pado123 in the relative
within host growth of the two parasite strains. Among the 6
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co-infected birds, those carrying the pado?23 allele (n = 3)
were predominantly infected by the Plasmodium strain,
whereas those not carrying the allele (# = 3) were predom-
inantly infected by the FHaemoprotens strain. Nevertheless, this
evidence is indirect and based on the difference between the
nested and the strain specific PCR. Direct quantification
with smear counts or quantitative PCR is thus required.
However, in line with this argument, Raberg ez a/ (2006)
have recently shown that competition between two clones
of Plasmodium chabandi was affected by the immune status of
the hosts (nude vs. T-cell-reconstituted nude mice).

To the best of our knowledge, the role played by Mhe
genes in the process of parasite competition and the
virulence of mixed infections has not been properly
evaluated. MHC-mediated selection can alter the competitive
equilibrium between parasite strains or species and affect the
level of optimal virulence in mixed infections. A theoretical
appraisal of such effect might provide fruitful insight on the
expected direction of the evolutionary changes.

ACKNOWLEDGEMENTS

We thank Manfred Milinski, Jean Clobert, Simon Fellous
and Bruno Faivre for discussions and comments on earlier
versions of the manuscript. Véronique Morin, Anne Oudin
and Thomas Ruby provided assistance during the screening
of Mhe alleles and Murielle Richard during the screening of
microsatellites. We are also grateful to Staffan Bensch and
two anonymous referees who provided very useful
comments as to improve the manuscript. In particular,
Staffan Bensch suggested using strain specific primers to
detect co-infections. Financial support was provided by the
Région Ile de France to C.L., R.J. and G.S. and the Agence
Nationale de la Recherche to G.S.

REFERENCES

Apanius, V., Penn, D, Slev, P.R., Ruff, LR. & Potts, W.K. (1997).
The nature of selection on the major histocompatibility com-
plex. Crit. Rev. Immunol., 17, 179-224.

Bensch, S., Waldenstrém, J., Jonzén, N., Westerdahl, H., Hansson,
B., Sejberg, D. et al. (2007). Temporal dynamics and diversity of
avian malaria parasites in a single host species. /. Anim. Ecol., 70,
112-122.

Bonneaud, C., Sorci, G., Morin, V., Westerdahl, H., Zoorob, R. &
Wittzell, H. (2004). Diversity of Mhc class I and IIB genes in
house spatrows (Passer domesticus). Immunogenetics, 55, 855-8065.

Bonneaud, C., Pérez-Tris, J., Federici, P., Chastel, O. & Sorci, G.
(2006). Major histocompatibility alleles associated with local
resistance to malaria in a passerine. Evolution, 60, 383-389.

Briles, W.E., Stone, H.A. & Cole, R.K. (1977). Mareks-disease —
effects of B-histocompatibility alloalleles in resistant and sus-
ceptibility chicken lines. Seience, 195, 193—195.

Carrington, M., Nelson, G.W., Martin, M.P., Kissner, T., Vlahov,
D., Goedert, J.J. ez al (1999). HLA and HIV-1: heterozygote

© 2007 Blackwell Publishing Ltd/CNRS

advantage and B*35-Cw*04 disadvantage. Seience, 283, 1748—
1752.

Fitness, J., Tosh, K. & Hill, A.V.S. (2002). Genetics of suscepti-
bility to leprosy. Genes Immun., 3, 441—453.

Frodsham, A.]. & Hill, A.V.S. (2004). Genetics of infectious dis-
eases. Hum. Mol. Genet., 13, R187-R194.

Griffith, S.C., Stewart, L.R.K., Dawson, D.A., Owens, I.P.F. &
Burke, T. (1999). Contrasting levels of extra-pair paternity in
mainland and island populations of the house sparrow (Passer
domesticns): is there an ‘island effect’? Biol. J. Linn. Soc., 68, 303—
316.

Hardy, O.J. & Vekemans, X. (2002). SPAGEDI: a versatile com-
puter program to analyse spatial genetic structure at the indi-
vidual or population levels. Mol. Ecol., 2, 618—620.

Hedrick, P.W. (1972). Maintenance of genetic variation with a
frequency-dependent selection model as compared to the
overdominant model. Genetics, 72, 771-775.

Hedrick, P.W. & Thompson, G. (1983). Evidence for balancing
selection at HLA. Genetics, 104, 449—-456.

Hendel, H., Caillat-Zucman, S., Lebuanec, H., Carrington, M.,
O’Brtien, S., Andrieu, J.M. ¢t al. (1999). New class I and IT HLA
alleles strongly associated with opposite patterns of progression
to AIDS. J. Immunol., 162, 6942—6946.

Hill, A.V.S., Allsopp, C.E.M., Kwiatkowski, D, Anstey, N.M.,
Twumasi, P, Rowe, P.A. e al. (1991). Common west African Hla
antigens are associated with protection from severe malaria.
Nature, 352, 595-600.

Hughes, A.L. & Nei, M. (1992). Maintenance of MHC polymor-
phism. Nature, 355, 402—403.

Kast, W.M., Bronkhorst, AM., Dewaal, L.P. & Melief, C.J.M.
(1986). Cooperation between cytotoxic and helper lymphocytes-
T in protection against lethal sendai virus-infection — protection
by T-cells is Mhe-restricted and Mbe-regulated- a model for
Mbe-disease associations. /. Exp. Med., 164, 723-738.

Li, C.C., Weeks, D.E. & Chakravarti, A. (1993). Similatity of DNA
fingerprints due to chance and relatedness. Hum. Hered., 43,
45-52.

Li, S.H., Huang, Y.J. & Brown, J.L. (1997). Isolation of tetranu-
cleotide microsatellites from the Mexican jay Aphelocoma
ultramarine. Mol Ecol., 6, 499-501.

Lohm, J., Grahn, M., Langefors, A., Andersen, O., Storset, A. &
von Schantz, T. (2002). Experimental evidence for major
histocompatibility complex-allele-specific resistance to a bac-
terial infection. Proc. R Soc. Lond. B, 269, 2029-2033.

Lorang, J.M., Sweat, T.A. & Wolpert, T.J. (2007). Plant disease
susceptibility conferred by a “resistance” gene. Proc. Natl Acad.
Sei. USA, 104, 14861-14866.

Maruyama, T. & Nei, M. (1981). Genetic variability maintained by
mutation and over-dominant selection in finite populations.
Genetics, 98, 441-459.

Marzal, A., de Lope, F., Navarro, C. & Moller, A.P. (2005). Malarial
patasites dectease teproductive success: an expetimental study in
a passerine bird. Oecologia, 142, 541-545.

McClelland, E.E., Granger, D.L. & Potts, W.K. (2003). Major
histocompatibility complex-dependent susceptibility to Crypro-
cocens neoformans in mice. Infect. Immun., 71, 4815—4817.

McCutchan, T.F., Grim, K.C,, Li, J., Weiss, W., Rathore, D.,
Sullivan, M., Graczk, T.K., Kumar, S. & Cranfield, M.R. (2004).
Measuring the effects of an ever-changing environment on
malaria control. Iufect. Immun., 72, 2248-2253.



Letter

Antagonistic effect of a Mhc allele 265

McDevitt, H.O. (2000). Discovering the role of the major histo-
compatibility complex in the immune response. Annu. Rev.
IDmmunol., 18, 1-17.

Merino, S., Moteno, J., Sanz, J.J. & Arriero, E. (2000). Are avian
blood parasites pathogenic in the wild? A medication experiment
in blue tits (Parus caernlens). Proc. R Soc. Lond. B, 267, 2507-2510.

Meyer, C.G., Gallin, M., Erttmann, K.D., Brattig, N., Schnittger, L.,
Gelhaus, A. ¢t al. (1994). HI.A-D alleles associated with general-
ized disease, localized disease, and putative immunity in Onchocerca
volyulus infection. Proc. Nat! Acad. Sci. USA, 91, 7515-7519.

Myers, R.M., Maniatis, T. & Lerman, L.S. (1987). Detection and
localization of single base changes by denaturant gradient gel
electrophoresis. Meth. Engymol., 155, 501-527.

Nagel, R.L. (2001). Pleiotropic and epistatic effects in sickle cell
anemia. Curr. Opin. Hematol., 8, 105-110.

Nikolich—Zugich, J., Fremont, D.H., Miley, M.]. & Messaoudi, 1.
(2004). The role of mhc polymorphism in anti-microbial resis-
tance. Microb. Infect., 6, 501-512.

O’Brien, S. & Carrington, M. (1999). Selection against susceptibility
to HIV-1. Science, 285, 11.

Otto, S.P. (2004). Two steps forward, one step back: the pleiotropic
effects of favoured alleles. Proc. R Soc. Lond. B, 271, 705-714.
Parham, P. & Ohta, T. (1996). Population biology of antigen

presentation by MHC class I molecules. Swence, 272, 67-74.

Paterson, S., Wilson, K. & Pemberton, J.M. (1998). Major histo-
compatibility complex variation associated with juvenile survival
and parasite resistance in a large unmanaged ungulate population
(Ovis aries L.). Proc. Natl Acad. Sei. USA, 95, 3714-3719.

Peisong, G., Mao, X.Q., Enomoto, T., Feng, Z., Gloria-Bottini, F.,
Bottini, E. e a/. (2004). An asthma-associated genetic variant of
STATG predicts low burden of ascaris worm infestation. Genes
Immun., 5, 58—062.

Penn, D.J., Damjanovich, K. & Potts, W.K. (2002). MHC
heterozygosity confers a selective advantage against multiple-
strain infections. Proc. Nat! Acad. Sci. USA, 99, 11260-11264.

Pérez-Tris, ]. & Bensch, S. (2005). Diagnosing genetically diverse
avian malarial infections using mixed-sequence analysis and
TA-cloning. Parasitology, 131, 15-23.

Primmer, C.R., Moller, A.P. & Ellegren, H. (1996). New micro-
satellites from the pied flycatcher Ficedula hypolenca and the
swallow Hirundo rustica genomes. Hereditas, 124, 281-283.

Queller, D.C. & Goodnight, K.F. (1989). Estimating relatedness
using genetic-markers. Evolution, 43, 258-275.

Raberg, L., de Roode, J.C., Bell, A.S., Stamou, P., Gray, D. & Read,
A.F. (20006). The role of immune-mediated apparent competition
in genetically diverse malaria infections. Am. Nat., 168, 41-53.

Richardson, D.S. & Westerdahl, H. (2003). MHC diversity in two
Acrocephalus species: the outbred Great reed warbler and the
inbred Seychelles warbler. Mol. Ecol., 12, 3523-3529.

Richardson, D.S., Jury, F.L., Dawson, D.A., Salguciro, P.,
Komdeur, J. & Burke, T. (2000). Fifty Seychelles warbler
(Acrocephalus sechellensis) microsatellite loci polymorphic in Sylviidae
species and their cross-species amplification in other passerine
birds. Mol. Eeol., 9, 2226-2231.

deRoode, J.C, Helinski, M.E.H., Anwar, M.A. & Read, A.F. (2005).
Dynamics of multiple infection and whithin-host competition in
genetically diverse malaria infections. Am. Nat., 166, 531-542.

SAS. (1999). SAS user's guide. SAS Institute Inc., Cary, NC, USA.

Schad, J., Ganzhorn, J.U. & Sommer, S. (2005). Parasite burden
and constitution of major histocompatibility complex in the

malagazy mouse lemur, Microcebus murinus. Evolution, 59, 439—
450.

Segal, S. & Hill, A.V.S. (2003). Genetic susceptibility to infectious
disease. Trends Microbiol., 11, 445—-448.

Siddiqui, M.R., Meisner, S., Tosh, K., Balakrishnan, K., Ghei, S.,
Fisher, S.E. e al. (2001). A major susceptibility locus for leprosy
in India maps to chromosome 10p13. Naz. Genet., 27, 439-441.

Sol, D., Jovani, R. & Torres, J. (2003). Parasite mediated mortality
and host immune response explain age-related differences in
blood parasitism in birds. Oecologia, 135, 542—547.

Suzuki, Y. (2006). Ancient positive selection on CD155 as a pos-
sible cause for susceptibility to poliovirus infection in simians.
Gene, 373, 16-22.

Tishkoff, S.A. & Verrelli, B.C. (2004). G6PD deficiency and
malarial resistance in humans: insights from evolutionary genetic
analyses. In: Infections Disease and Host-Pathogen Evolution (ed
Dronamraju, K.R.). Cambridge University Press, Cambridge,
UK, pp. 39-74.

Valkitnas, G. (2005). Avian malaria parasites and other haemosporidia.
CRC Press, Boca Raton.

ValkiGnas, G., Bensch, S., lezhova, T.A., Krizanauskiene, A.,
Hellgren, O. & Bolshakov, C.V. (2006). Nested cytochrome B
polymerase chain reaction diagnostics underestimate mixed
infections of avian blood haemosporidian parasites: microscopy
is still essential. /. Parasitol., 92, 418—-422.

VanRiper, C., Vanriper, S.G., Goff, M.L. & Laird, M. (1986). The
epizootiology and ecological significance of malaria in Hawaiian
land birds. Ecol. Monogr., 56, 327-344.

Waldenstrém, J., Bensch, S., Hasselquist, D. & Ostman, O. (2004).
A new nested polymerase chain reaction method very efficient in
detecting Plasmodinm and Haemoprotens infections from avian
blood. /. Parasitol., 90, 191-194.

Wang, J. (2004). Estimating pairwise relatedness from dominant
genetic markers. Mol Ecol., 13, 3169-3178.

Wegner, K.M., Kalbe, M., Kuttz, J., Reusch, T.B.H. & Milinski, M.
(2003). Parasite selection for immunogenetic optimality. Sczence,
301, 1343.

Westerdahl, H., Hansson, B., Bensch, S. & Hasselquist, D. (2004).
Between-year variation of MHC allele frequencies in great reed
watblers: selection or drift. /. Evol. Biol., 17, 485-492.

Westerdahl, H., Waldenstrém, ., Hansson, B., Hasselquist, D., von
Schantz, T. & Bensch, S. (2005). Associations between malaria
and MHC genes in a migratory songbird. Proc. R Soc. Lond. B,
272, 1511-1518.

Williams, R.B. (2005). Avian malaria: clinical and chemical
pathology of Plasmodium gallinacenm in the domesticated fowl
Gallus gallus. Avian Pathol., 34, 29-47.

Wills, C. (1999). Selection against susceptibility to HIV-1. Scence,
285, 11.

Zhang, X.S., Wang, J.I.. & Hill, W.G. (2002). Pleiotropic model of
maintenance of quantitative genetic variation at mutation-
selection balance. Genetics, 161, 419—433.

Editor, Ross Crozier

Manuscript received 22 June 2007

First decision made 27 July 2007
Second decision made 3 October 2007
Manuscript accepted 10 November 2007

© 2007 Blackwell Publishing Ltd/CNRS



