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Abstract
Genes of the major histocompatibility complex (MHC) play a fundamental role in the
vertebrate immune response and are amongst the most polymorphic genes in vertebrate
genomes. It is generally agreed that the highly polymorphic nature of the MHC is
maintained through host-parasite co-evolution. Two nonexclusive mechanisms of
selection are supposed to act on MHC genes: superiority of MHC heterozygous
individuals (overdominance) and an advantage for rare MHC alleles. However, the
precise mechanisms and their relative importance are still unknown. Here, we examined
MHC dependent parasite load in European rabbits

(Oryctolagus cuniculus)

from a

distinct population with low MHC diversity (three alleles, six genotypes). Using a
multivariate approach, we tested for associations of individual MHC class II DRB
constitution and the rabbits' intestinal burden with nematodes and coccidia. Rabbits
having a particular allele showed lower infestations with hepatic coccidia

(E. stiedai).

However, a comparison of all six genotypes in the population revealed that carriers of
this allele only benefit when they are heterozygous, and furthermore, MHC heterozy
gosity in general did not affect individual parasite load. In conclusion, this study
suggests an immunogenetic basis of European rabbit resistance to hepatic coccidiosis,
which can strongly limit survival to maturity in this species. Our study gives a complex
picture of MHC-parasite correlations, unveiling the limits of the classical hypotheses of
how MHC polymorphism is maintained in natural systems.
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immune response is triggered when an MHC non-self

Introduction

peptide complex is recognized by a T cell (Janeway

The major histocompatibility complex ( MHC) of higher

et al. 2001). Parasites might therefore adapt to escape

vertebrates is an exceptionally gene-dense genomic

this recognition system by avoiding the expression of

region with more than one hundred genes predomi

structures that can be bound by MHC molecules. This

nantly expressing immune-related proteins (The MHC

leads to an ongoing co-evolution of defence and escape

Sequencing Consortium 1999). The so-called classical

mechanisms of hosts and parasites and might explain

( class I and class II) MHC genes play a central role in

why classical MHC genes are by far the most polymor

vertebrate adaptive immunity. They code for proteins

phic genes within vertebrate genomes ( Apanius et al.

that present short peptides on the surface of cells. An

1997).
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have been proposed to maintain this polymorphism.

Two nonexclusive mechanisms of natural selection
On the one hand, the negative frequency-dependent
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selection hypothesis states that rare allelic variants con

tance to parasites (Kekalainen et al. 2009; Oliver et al.

fer an advantage to their carriers, because parasites

2009), although such a situation might only rarely

probably adapt to the most frequent alleles of the host

occur in natural populations (but see e.g. Babik et al.

population (Takahata & Nei 1990). Within a population,

2005).

this mode of selection would result in an association of

Some parasites (in a broad sense including viruses,

particular aIleles with low or high susceptibility to some

pro- and eukaryotic organisms feeding on the resources

parasites. On the other hand, the occurrence of particu

of their host) trigger lethal diseases or are cleared by

lar combinations of alleles could lead to a higher para

the hosts' immune system. Other parasites threaten the

&

host, thereby lowering its fitness by reducing fecundity

Zinkernagel 1975) or the possession of two divergent

and body condition. For example, intestinal nematodes

site

resistance,

i.e.

heterozygosity

(Doherty

alleles (Wakeland et al. 1990). MHC genes are codomi

and protozoans like plasmodium and coccidia rather

nantly expressed, so individuals with different alleles at

belong to the latter group. Such endoparasites are par

each MHC locus are able to present a greater variety of

ticularly interesting, because they are usually common

peptides and therefore can trigger an immune response

in host populations and often challenge their hosts

against a wider spectrum of parasites (Doherty & Zink

throughout their lives (Donald et al. 1982). Therefore,

ernagel 1975). Finally, the two selective modes, rare

the selective pressure on adaptations to such endopara

allele advantage and heterozygote superiority (over

sites should be high.

dominance, McClelland et al. 2003), may interact in sev

Here, we investigated the relationship between MHC

eral ways. For example, rare aIleles are unlikely to

and endoparasite burden in European rabbits (Oryctola

appear in homozygous individuals and the heterozy

gus cuniculus). As in most mammals, the MHC class II

gous combination of two disadvantageous alleles will

region of the rabbit was found to contain several

obscure any advantage provided by heterozygosity.

expressed alpha and beta genes (LeGuern et al. 1985;

To date, supporting and contradicting findings give a

Sittisombut & Knight 1986; Sittisombut et al. 1989; Spie

complex picture of these mechanisms. Several studies

ker-Polet et al. 1989). More recent studies use rabbit

have shown the association of single MHC alleles with

MHC genes for population genetic analysis but focus

susceptibility or resistance to different diseases and par

on the gene DQA (Fain et al. 2001; Goiiy de Bellocq

asites in a variety of vertebrate species (e.g. Paterson

et al. 2008; Surridge et al. 2008), while emphasis in most

et al. 1998; Harf & Sommer 2005; Westerdahl et al.

other mammals is on the DRB genes (Sommer 2005).

2005; Croisem�re et al. 2008; Tollenaere et al. 2008).

We examined the association between the individual

Also, evidence has been provided that MHC heterozy

MHC class II DRB constitution and the endoparasite

gosity lowers the susceptibility to infections with single

burden of animals from a European rabbit population

or multiple parasite species (e.g. Arkush et al. 2002;

living in a field enclosure. We focused on subadults

Froeschke & Sommer 2005; Westerdahl et al. 2005; Ke

because premature mortality in the European rabbit is

kalainen et al. 2009; but see Wedekind et al. 2005; I1mo

very high (Richardson & Wood 1982; von HoIst et al.

nen et al. 2007). But some studies indicate that instead

2002; Rodel et al. 2004, 2008b, 2009) and endoparasites

of heterozygosity per se only particular combinations of

are frequently considered a critical factor for juvenile

aIleles with divergent nucleotide sequences are advanta

survival in this species (Mykytowycz 1956; Gibb 1979;

geous (Thursz et al. 1997; Ditchkoff et al. 2001; Richman

Cowan 1987). In particular, we tested for heterozygote

et al. 2003).

superiority and advantage of specific alleles and geno

Excess polymorphism is the outstanding feature of

types with respect to endoparasite burden using a

classical MHC genes. Thus, the majority of populations

multivariate approach controlling for potentially con

studied for associations between MHC and parasites

founding effects. We focused on the most common

show high MHC variability, and as a consequence, the

species of endoparasites hosted by European rabbits:

number of study animals with particular MHC alleles

the intestinal nematodes Graphidium strigosum in the

or particular combinations is usually low. On the one

stomach, Trichostrongylus retortaeformis colonizing the

hand, this can substantially lower the chance of detect

small intestine and Passalurus ambiguus predominantly

ing existing MHC-related effects. On the other hand,

occurring in the caecum and colon, and different cocci

finding and testing a large number of traits in only a

dia (Eimeria) species infesting the liver and the gut. All

few animals increases the risk of obtaining false posi

of these endoparasites can cause severe disease such as

tives. Consequently, studies on populations with mod

diarrhoea and anaemia leading to body mass loss, in

erate numbers of MHC genotypes and thus occurring

particular in young animals, and especially Eimeria

at higher frequencies could contribute significantly to

species are known to be lethal when the animals show

our knowledge of the mechanisms driving the associa

high infestations with these parasites (Hobbs et al. 1999;

tion between MHC constitution and an animal's resis-

Pakandl 2009).
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stored them in 70% ethanol at 4 qc. Spleen tissue was

Material and methods

stored in RNA stabilization reagent (RNAlater, Qiagen)
at -20°C. The carcasses were packed individually in

Study population

plastic bags and frozen at -15 QC until they were

The study was conducted on animals from a fenced
European rabbit population living in a 20 000 m 2 enclo

dissected for the quantification of their endoparasite
load.

sure situated next to the campus of the University of
Bayreuth (Franconia, Germany). The population con
sisted of descendants of animals that had been caught

Determination of endoparasite load

in the wild (Bavaria, Germany) in 1983. During the

Nematodes. Infestations with nematodes in the gastro

study period (2006-2007), the population consisted of

intestinal tract were quantified by the total number of

about 50 adult individuals with a sex ratio of about two

adult worms per individual rabbit. For this, the contents

females to one male. In the past, the population under

of

went two bottlenecks because of high winter mortality

defrosted animals. The alimentary tract was separated

the abdominal cavity

were

removed from the

in one year and because of an outbreak of myxomatosis

into four regions: stomach, small intestine, caecum and

some years later. For this reason, the overall genetic

colon. The content of each part was placed in separate

and MHC variability was expected to be low.

beakers and diluted with water to 1 L, and the numbers

Vegetation consisted of grassland interspersed with

of G. strigosum, T. retortaeformis and P. ambiguus were

groups of trees and bushes, which represents an ade

recorded. For this, we repeatedly poured the dilution

quate habitat structure for the European rabbit (Corbet

into a flat bowl (about 20 mL content) with a grid pat

1994). In addition to the burrows and breeding stops

tern (1 cm squares) and counted the different species of

dug by the rabbits (around 40-50), the area contained

nematodes using a Iow-power dissection microscope.

16 artificial concrete warrens with interconnected cham

We only considered adult worms. For quantifying

bers and removable tops. These were used by the rab

the number of nematodes in the stomach (G. strigosum),

bits as the main warrens of their group territories and

we used the complete diluted stomach content (1 L).

for breeding (more details in von HoIst et al. 2002;

T. retortaeformis (colonizing the small intestine) and

Rodel et al. 2004).

P. ambiguus (occurring in caecum and colon) were quan
tified using samples of 100-200 mL (10-20%) from the
dilutions of the content from the small intestine, caecum

Study animals

and colon. We then extrapolated the counts to the total

We conducted our study on young rabbits of known

amount of 1 L. This was carried out owing to the very

age and origin. To this end, we daily checked for new

high worm abundance in these parts of the gut.

born litters during the breeding season 2006 and 2007
from mid March to late September (see Rodel et al.

Coccidia. Infestations with coccidia (Eimeria) were quan

2008a). We prepared all natural warrens and breeding

tified by the occurrence of coccidia oocytes per gram of

stops dug by the animals with artificial vertical open

faeces. To this end, we removed three faecal pellets

ings to the nest chambers, which we covered with con

from the colon (about 0.5 g) and stored them in plastic

crete flagstones. Therefore, we could record the birth of

vials at - 15°C until analysis. We then diluted the pel

all young rabbits within 24 h. We recorded litter size,

lets in a flotation solution (307.7 g MgS04 in 500 mL

and 12 days later (about 1 week before the young

H20) and counted the oocytes in a modified McMaster

rabbits leave their breeding burrow), we determined

chamber (Gordon & Whitlock 1939). We then calculated

the sex and marked the pups individually with a

the number of oocytes per gram of faeces.

numbered plastic tag (Dalton Rototag, 20 x 5
0.25 g;

Dalton

Continental) in one

ear.

1 mm,

For a more detailed determination of the different

When the

Eimeria species, we placed about 5 mL of the, pellet

x

animals reached a body mass of about 1000 g, we

dilution in a small bin. After 30 min, a cover slip was

trapped them (by wooden live traps baited with salted

placed briefly on the surface of the solution and the

peanuts), removed the small plastic tag and replaced it

floated oocytes attached to this cover slip were exam

with a coloured aluminium tag (45 x 20 mm, 1.1 g)

ined under a microscope. We counted 100 oocytes and

tag (DaIton Rototag, 35 x 10 x

classified them in oocytes from Eimeria stiedai (infesting

In late autumn (early November) in 2006 and 2007,

cytes from the genus Eimeria occurring in the gut. For

fixed with a plastic
2 mm, 1.5 g).

the liver; oocytes are excreted via faeces) and other

00-

we captured and sacrificed a total of 113 young rabbits,

classification, we followed the descriptions of Kessel &

which were between 54 and 248 days old (n2006

43;

Jankiewicz (1931) and Kotlan & Pellerdy (1949). The

70). We took tissue samples from the ears and

proportion of the two Eimeria classes was multiplied by

n2007

=

=
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the total number of eggs so as to estimate the total

transcriptase and oligo(dTh8 primer (Fermentas) in 20ilL reaction volumes with

amount of hepatic and gut coccidia oocytes.

60 min

and

inactivation

at

incubation at 37°C for
70°C

for

5 min.

obtained cDNA was used as a template in

MHC DRB genotyping and expression

a

The

further

PCR. DNAse-digested RNA solutions served as nega

DNA was extracted using DNeasy Tissue Kit (Qiagen)

tive controls to ensure the full elimination of genomic

following the manufacturer's instructions from tissue

DNA. Amplificates from cDNA templates were carried

samples taken from the ear and stored in 70% ethanol.

on a nondenaturing gel for SSCPIHD analysis. Bands

To conduct PCR, we used the primers JS1 and JS2

were cut out, reamplified and sequenced. Additionally,

(Schad et al. 2004), which have been developed for

amplificates

lemurs, but also have been successfully used in rodents

SSCP/HD banding pattern indicated

were

sequenced

directly

(e.g. Babik et al. 2005; Oliver & Piertney 2006). These

allele.

when

only

the

a single

primers amplify a 171 bp fragment (excluding primers)

The quantification of endoparasite load and MHC

of the MHC class II DRB exon 2 containing most of the

genotyping was conducted by different groups of inves

polymorphic antigen-binding site. PCR was carried out

tigators blind to each others' results.

in 20 ilL reaction volumes with 1 �IL extracted genomic
DNA, lx PCR reaction buffer with 1.5 mM MgCI2,
0.4 ilM of each primer, 140 ilM of each dNTP and 0.5 U

Statistical analyses

Taq polymerase (Genecraft). Cycling conditions were as

The main focus of this study was to test the effects of

follows: 5 min at 94°C, 30 cycles of 1 min at 94°C,

parameters of the animals' MHC constitution together

2 min at 55°C, 3 min at 72°c and a final elongation

with several other individual characteristics on the load

step of 7 min at 72 c

with different endoparasite species (response variables).

q

.

For DRB genotyping, a combined single-strand con

This was performed with multivariate models (linear

formation polymorphism and heteroduplex analysis

mixed effects models that allow to adjust for repeated

(SSCPIHD) was conducted. Five microlitres of each

measurements) using the statistic software R version

PCR product were mixed with an equal volume of

2.10.1 (R Development Core Team 2009). For this, we

formamide buffer (95% formamide), denatured for

used the Ime4 package (Bates 2005). The program R

5 min at 96°C on a robocycler and immediately chilled

does not directly provide P-values for mixed effects

on ice water for 10 min. The mixture was carried on a

models calculated with Ime4. Thus, we extracted the P

9% nondenaturing polyacrylamide gel (37.5:1) cooled to

values and also the parameter estimates by Markov

10 c Electrophoresis was carried out for 3 h with 8 W

chain Monte Carlo sampling based on 10 000 simulation

per gel (Maxi gel, Biometra). Under these conditions,

runs (Baayen et al. 2008).

q

.

denatured DNA forms double-stranded heteroduplices

In a first step (see Table 2), we tested the effects of

(HD) and single-stranded conformations (SSCP). Both

absence/presence of the different alleles (OrcuDRB*02,

are sequence dependent and thus allow discriminating

OrcuDRB*03, OrcuDRB*04) and thus included them as

different genotypes. Gels were silver-stained after elec

fixed factors with two levels. In addition, we included

trophoresis (Budowle et al. 1991). Samples with equal

heterozygosity (yes/no) as a fixed factor with two lev

banding patterns were rearranged and run again on a

els. Year was also included as a fixed factor (with two

nondenaturing PAGE on neighbouring lanes to enable

levels) to correct for differences in the environmental

the genotyping. From at least two individuals of each

conditions between years, which might have potentially

genotype, all SSCP-Bands were cut out and incubated

affected the spreading of endoparasites within the pop

in 80 ilL water for at least 3 h at 37 QC. One microlitre

ulation. In addition, we included litter identity as a ran

was used as template in another PCR according to the

dom factor, because several of the animals were litter

conditions

siblings (n = 113 young rabbits from 56 litters) born to

described

before.

Again,

products

were

screened by SSCP analysis, and every unique allele was

28 different mothers. Litter mates can be expected to

sequenced (Seqlab, G6ttingen, Germany) in both direc

share a genetic background and experience similar con

tions. Sequences were aligned using Bioedit 7.0.9 (Hall

ditions during their early development, which might

1999); dN, ds and allelic distances were calculated with

have affected their probability of infestation with para

Mega4 (Tamura et al. 2007).

sites in a similar way. We checked for potential depen

Spleen samples of 12 rabbits (two of each genotype)

dencies (colIinearities) among the occurrence of the

were used to examine the expression of alleles. RNA

different alleles and heterozygosity (Table 2). This was

was extracted (InnuPrep RNA mini kit, Analytic Jena),

carried out with logistic regression models where we

and genomic DNA was removed using DNAse (Fer

pairwise checked the correlations between the different

mentas). cDNA synthesis was carried out with reverse

variables and we assessed the explained variation with

5

Nagelkerke's R2 (Nagelkerke 1991). The results revealed

nonsynonymous substitutions as well as Z-tests for

marginal (DRB*02 vs. heterozygosity: R�a elkerke
0.009;
g
DRB*03 vs. DRB*04: R�a elkerke
0.017) or moderate
g
correlations between the different predictor variables

directed selection was calculated in Mega4 (Tamura

=

=

(DRB*04 vs. heterozygosity: R�a elkerke
0.184; DRB*02
g
vs. DRB*03: R�a elkerke
0.241; DRB*03 vs. hetero
g
zygosity: R�a elkerke
0.264; DRB*02 vs. DRB*04:
g
R�a elkerke
0.321); thus, we concluded that there were
g
no serious problems with collinearities among these
=

=

=

=

et al. 2007) using the method of Nei-Gojobori (1986).

Results
MHC variability and expression of alleles
In 113 genotyped subadult rabbits of the study popula

predictor variables. In addition, we checked for multi

tion, we found only six different SSCP!HD banding

collinearities among all predictor variables (including

patterns representing six different MHC DRB geno

age, sex and year) by calculating variance inflation fac

types. By sequencing, we identified one to three alleles

tors (VIF) for each model as given in Table 2. All VIF

per genotype, indicating that the primers used here

values were lower than three, indicating no problems

amplified more than one locus in some of the animals.

&

But also the primer system amplified only a subset of

with multicollinearities within the

models

(Fox

the five DRB genes determined by Sittisombut et al.

Monette 1992).
In a second step, we tested for differences between

(1989). In total, we identified four different alleles and

the different genotypes, i.e. the different combinations

labelled them following the nomenclature of Klein et al.

of OrcuDRB alleles, on endoparasite load. For this, we

(1990): OrcuDRB*Ol to OrcuDRB*04 (accession numbers

used genotype as a fixed factor with six levels (see

GQ168795-GQ168798, Fig. 1). OrcuDRB*02 is identical

Fig. 4). Again, we included year and sex as predictor

to a previously published DRB1 sequence of the domes

variables and litter identity as a random factor. Post

tic rabbit (accession number EU427425).

hoc comparisons between the different levels of geno

Because MHC variability in the study population was

type were calculated by applying the same mixed

fairly low, it was possible to reconstruct the constitution
of haplotypes by applying Mendelian rules. At least

model structure to the respectively reduced data set.
In both steps, we tested all 2-way interactions with
sex or year. Nonsignificant interaction terms (P > 0.05)

three

orthologous

alleles

or haplotypes

(a,b,c)

are

needed to form six genotypes (aa, bb, cc, ab, ac, bc).

were stepwise reduced, and the models were recalcu

Because in some genotypes more than one gene was

lated. Response variables (different measures of parasite

typed, one of the four alleles has to be located on a sec

load) of the different models were log(x), log(x

+

0.5)

ond locus. Any other distribution of alleles (two loci

(in case the data set included zeroes) or xO.2 -trans

with two alleles each; three loci, one with two, two with

formed to adjust them to a normal distribution. Nor

one allele) would result in only two haplotypes because

mality of the model residuals was checked visually by

DRB genes are tightly linked. But two haplotypes are

normal probability plots and with the Shapiro-Wilk

insufficient to form six genotypes. DRB*02, *03 and *04

test, and we assured the homogeneity of variances and

are not linked, because each of them appears without

goodness of fit by plotting residuals versus fitted values

the other two in one genotype each. Furthermore, we

(Faraway 2006).

never found more than two of these three alleles per

Deviation of MHC allele frequency distribution from

individual. Thus, they represent a distinct locus or at

Hardy-Weinberg equilibrium was tested using a Mar

least perfectly behave as if they were orthologous.

kov-chain (Guo & Thompson 1992) in Arlequin 3.11

DRB*02 and *03 never appear without DRB*Ol, so that

(Excoffier et aT. 2005). The number of synonymous and

this allele is present at an additional locus on the haplo-
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Fig. 1 Nucleotide and amino acid sequences of the aIleles OrcuDRB*01,*02,*03,*04. Sites of the putative peptide-binding region
according to Brown et al. (1 993) are shaded grey.
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level, there was a slight deviation from Hardy-Wein
berg

equilibrium with more heterozygotes
expected (Hexp
0.664, Hobs
0.717, P 0.012).
=

=

than

=

Endoparasite load
The subadults of the study population harboured three
different species of nematodes in the gastro-intestinal

Fig. 2 Three occurring haplotypes in subadults of the Euro
pean rabbit study population. DRBl and DRB2 represent two
distinct loci in hypothetical order.

tract and (as assessed by faecal oocyte counts) several
species of coccidia in the gut (Eimeria spp.) and the liver
(Eimeria stiedai). The distribution of the loads with the

type carrying DRB*02 as well as on the haplotype carry

different

ing DRB*03. Therefore, individuals with the two alleles

majority of the animals having rather low and only few

DRB*01*02 or DRB*01*03 are homozygous. This leads to

individuals showing extremely high infestations.

endoparasites

was

right-skewed

with

the

the constitution of the haplotypes presented in Fig. 2

The median number of the three nematodes in the

and is the only explanation for the existing genotypes.

gastro-intestinal tracts of the young rabbits (given as

We called the two loci DRBl and DRB2, respectively.

total number per individual) was 8110, ranging from

DRBl is polymorphic with three alleles (DRB*02,*03,

180 to 105 500. The median number of G. strigosum

*04), and DRB2 is polymorphic for the absence/presence

found in the stomach was 100 (min: 5; max: 940). The

of DRB*Ol.
DRB*Ol

median number of P. ambiguus occurring in the duode
num and in the colon was 7340 (min: 0; max: 103 920),

is not detectable by PCR-SSCPIHD and

sequencing at the cDNA level. Additionally, direct

and the median number of T. retortaeformis, which was

sequencing of cDNA-PCR products from DRB*Ol*02

found in the small intestine, was 390 (min: 0; max:

and DRB*01*03 homozygous individuals gave clear

3 330).

sequences, while genomic DNA-derived PCR products

The number of coccidia oocytes (Eimeria spp.) per

gave mixed sequences because of the presence of

gram of faeces ranged between 130 and 416 150, and

DRB*Ol. Thus, DRB*Ol was not expressed and so we

the median value was 6 930. The median number of

further reduced our considerations to the locus DRBl

cytes of the species E. stiedai, which typically infests the

and its three alleles DRB*02,*03 and *04.

liver, was 1380 (min: 10; max: 411 980), and the median

We found DRB*02 in 50, DRB*03 in 72 and DRB*04 in

00-

number of oocytes from gut-colonizing Eimeria species

72 animals. The pairwise nucleotide divergence ranged

was 3560 (min: 120; max: 338 270).

between 16 and 38 nucleotides in the 171 bp fragment
(pairwise amino acid sequence divergences given in

Age and sex effects on endoparasite load

Table. 1). The ratio of nonsynonymous to synonymous

Endoparasite loads with the different species or groups

substitutions (dN/ds) was 0.39 (P 0.01) in non-anti
gen-binding sites and 1.09 (P 0.81) in antigen-binding

of species of nematodes and coccidia were significantly

sites according to Brown et al. (1993). At the population

correlated with the age of the hosts (Table 2). These cor-

=

=

Table 1 Distribution and constitution of the different genotypes occurring in our sample (n = 113) of juvenile rabbits
Locus DRB2

Locus DRBl

Genotype *02/*02
Genotype *03/*03
Genotype *04/*04
Genotype *02/*03
Genotype *02/*04
Genotype *03/*04

n

DRB*02

12
9
11
20
18
43

+

DRB*03

DRB*04

DRB*Ol
+

+

+
+

+

+

+

+
+

+

+

+

+

Allele
divergence
(overall)

Allele
divergence
(PBR)

0
0
0
17
18
8

0
0
0
7
8
3

Pairwise allele divergence of the whole 171 bp fragment and at the peptide-binding region (PBR) according to Brown et al. (1993) is
given as the number of amino acid differences of the two alleles at the expressed locus DRB1. DRB2 represents a second locus that is
polymorphic for absence and presence of an allele but is not expressed. Genotypes 1-3 are homozygous; genotypes 4-6 are
heterozygous.
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Table 2 Linear mixed effects models for the effects of the presence/absence of different MHC class II DRB alleIes and of MHC
heterozygosity on the loads with different species of (a) endoparasitic nematodes and (b) coccidia in subadult European rabbits,
including the effects of age, sex and year

(a)
Nematoda (total)

Estimate

95% lower

Sex
Age
Year
Heterozygosity

-0.384
0.013
0.812
-0.182
0.159
0.050
-0.172

-0.889
0.005
0.247
-0.875
-0.555
-0.591
-0.833

0.137
0.020
1 .434
0.467
0.879
0.687
0.500

0.13
<0.001
0.055
0.59
0.67
0.89
0.61

0.267
0.005
0.304
0.032
-0.027
0.039
-0.131

0.009
0.001
-0.055
-0.306
-0.409
-0.283
-0.455

0.517
0.008
0.649
0.356
0.330
0.370
0.237

0.040
0.009
0.91
0.87
0.88
0.83
0.45

-2.370
0.087
2.273
0.630
0.426
0.643
-0.254

-4.511
0.057
-0.628
-2.027
-2.639
-2.1 13
-3.021

-0.205
0.1 16
5.333
3.371
3.565
3.407
2.797

0.033
<0.001
0.14
0.66
0.79
0.65
0.86

0.177
-0.013
1 .128
-0.061
0.396
-0.060
-0.027

-0.231
-0.019
0.587
-0.555
-0.593
-0.566
-0.019

0.583
-0.008
1.681
0.462
0.955
0.434
0.515

0.39
<0.001
<0.001
0.81
0.17
0.82
0.92

0.398
-0.013
-0.827
-0.249
-0.361
-0.349
-0.789

-0.071
-0.019
-1.513
-0.878
-0.977
-0.894
-1 .449

0.895
-0.006
-0.169
0.362
0.252
0.344
-0.127

0.1 1
<0.001
0.018
0.43
0.24
0.43
0.019

0.667
-0.016
-1.417
-0.234
-0.546
-0.233
-1.101

0.116
-0.023
-2.153
-0.900
-1.320
-0.910
-1.789

1 .198
-0.009
-0.668
0.453
0.212
0.453
-0.377

0.014
<0.001
<0.001
0.49
0.15
0.51
0.002

0.138
-0.008
-0.283
-0.187
-0.308
-0.194
-0.513

-0.388
-0.015
-1.021
-0.874
-1 .075
-0.862
-1.209

0.654
-0.001
0.432
0.455
0.418
0.500
0.200

0.60
0.031
0.44
0.58
0.42
0.57
0.15

DRB*02
DRB*03
DRB*04
Graphidium strigosum

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

Passalurus ambiguus

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

Trichostrongylus retortaeformis

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

(b)
Coccidia (total)

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

Hepatic coccidia (Eimeria stiedai)

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

Coccidia in the gut (Eimeria spp.)

95% upper

Predictor variables

Sex
Age
Year
Heterozygosity
DRB*02
DRB*03
DRB*04

Data derive from 1 13 animals from 2 years; animals were always sampled in mid November. Litter identity was included as a
random factor. P-values and parameter estimates (including 95% confidence intervals) were calculated by 10 000 Markov-chain
Monte Carlo simulation runs. None of the tested 2-way interactions were significant (P > 0.10) and were omitted before
re-calculating the models. A further backward elimination of nonsignificant predictors (not shown) did not lead to different
results than obtained by calculating P-values for the full model including all main effects.

P
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Fig. 3 (a) Correlation between the log-transformed load with hepatic coccidia oocytes and the age of juvenile European rabbits
depicted for animals with (grey circles) or without (white circles) the allele OrcuDRB*04, and (b) comparison between the load with
liver coccidia in juveniles (predicted values ± SE; sex, age and year are set constant) with or without the allele OrcuDRB*04. Differ
ences are significant, see Table 2 for statistics.

relations were positive, i.e. the parasite loads increased

DRB*04 were not statistically significant when the age

with the rabbits' age for the nematode species P. ambig

of the animals was not considered in the analysis

uus and C. strigosum, but were negative for T. retortae

(P

formis and for all groups of coccidia. We also found

masked by the strong age dependence of the number of

significant effects of sex on the load with E. stiedai with

oocytes per gram of faeces (see Fig. 3a, Table 2b).

=

0.13). This suggests that the effects were obviously

young males having higher infestations than females. In
addition, the parasite loads with T. retortaeformis and
E. stiedai differed significantly between years.

Differences among MHC genotypes

There were no significant interactions of either year

We also found differences with respect to the loads

or sex with the occurrence of the different alleles

with hepatic coccidia when considering the different

(P > 0.10) or with MHC heterozygosity (P > 0.10), sug

genotypes as a factor with six levels (P

gesting that the effects of MHC constitution on parasite

Here

load described in the following sections were indepen

(P

<

also,

we

found

0.001), sex (P

=

significant

=

0.012; Fig. 4).

effects

0.010) and year (P

<

of

age

0.001). Post

hoc analysis revealed that the two heterozygous geno

dent of year and sex.

types with allele DRB*04 predominantly had lower
loads than the other four genotypes (although P-values

Effects of MHC heterozygosity and occurrence of
specific aUeles

of the post hoc comparisons between genotype *02/*04

Multivariate analyses revealed that young rabbits carry

significance). The parasite load did not differ signifi

and *02/*02 or *03/*03 barely missed the 5% level of

ing the allele OrcuDRB*04 showed significantly lower

cantly between these two genotypes (post hoc statistics

infestations with coccidia (as assessed by the lower

in Fig. 4). And again, the MHC-related differences

excretion rate of oocytes) than animals lacking this

between the different genotypes were not statistically

allele (Table 2b, Fig. 3b). More specifically, this differ

significant when the age of the animals was removed

ence was apparent with respect to infestations with coc

from the model (P

cidia occurring in the liver (E. stiedai) but was not seen

=

0.084).

We systematically compared the loads with all other

with respect to Eimeria species occurring in the gut.

groups of parasites (as given in Table 2) among young

Please note that this difference was still significant after

rabbits with different genotypes. However, there were

Bonferroni correction, considering the multiple compari

no significant differences with respect to any other

sons of the three different alleles

(aCOIT•

=

0.017). The

response variable (P > 0.15).

occurrence of the alleles DRB*02 and DRB*03 as well as
heterozygosity did not affect the load with any of the
endoparasite species considered (Table 2).
Note that the differences in the load with hepatic coc
cidia

oocytes

between

animals

with

and

without

Discussion
In this study, we analysed the influence of individual
MHC class II DRB constitution on endoparasite load in

9

zygosity and of the possession of DRB*04, then we

10

would expect at least intermediate effects in *02/*03
Ul
Q>
0
(J)Q>
Q>J'!1
�E

�l!!
"O�
.$(J)
.2.$
"0(;'
�o
Cl..�
Ol
0
...J

and *04/*04 genotypes. This was also not the case, and

be

8

thus the apparent result of a general advantage of the
allele DRB*04 is misleading. Our study rather provides
evidence for heterozygote superiority (Le. advantage of

6

a particular heterozygous genotype over the
sponding

4

homozygotes,

McClelland

et al.

corre

2003)

of

genotypes containing DRB*04 emerging in a nonaddi
tive manner from the combination of this allele with
any of the two other alleles.

2

Thus, not all but only certain heterozygous combina
18

tions provided an advantage. The question that arises

43

o
I
Genotypes '021*02 '031*03 '041*04 : '021'03 '021'04 '031*04
Homozygous

I

here is what accounts for the quality of these combina
tions? One explanation may be an advantage for hetero

Heterozygous

zygotes only with divergent alleles (Wakeland et al.
1990), whereas heterozygous combinations of similar

Fig. 4 Comparison between the log-transformed load with
hepatic coccidia oocytes (predicted values ± SE; sex, age and
year are set constant) of young rabbits with different MHC
class II DRB genotypes (different homozygous and heterozy
gous combinations of OrcuDRB*02, *03 and *04). Significant dif
ferences between groups are denoted by different letters
(P < 0.05); see text for details of statistics.

that of homozygotes. The adaptive value of different

subadult European rabbits. Within an isolated popula

divergence of three and eight amino acid resid ues of

alleles and thus functionally similar MHC products
might feature a peptide-binding repertoire similar to
genotypes may therefore vary because of different
divergence. We compared divergence of the peptide
binding region between the three heterozygous geno
types. The two advantageous genotypes have an allelic

tion, we identified three expressed MHC DRB alleles

the peptide-binding region (15 sites), while the disad

forming three heterozygous and three homozygous

vantageous one has an allele divergence of seven amino

genotypes. As expected (Stodart 1968; Gallazzi 1977;

acid residues. Obviously, this does not explain the

Cattadori et al. 2005; Cornell et al. 2008), we found age

advantage of the former genotypes. Generally, we pro

specific differences in infestations of the young rabbits

pose that it may be critical to consider traits of a single
locus within such a dense cluster of genes with similar

with different endoparasite species. Furthermore and as
it has been published previously (Lochmiller & Deeren

function as independent from the surrounding genes.

berg 2000; Soler 2003), males showed higher infestations

Instead, a single gene should rather serve as a marker

than females with respect to some of the studied endo

for the whole MHC haplotype, which contains five
alpha-chain genes (DRA, DQA, DPA1, DPA2, DNA,

parasite species.
Correcting for age, sex and year of sampling, we

LeGuern et al. 1985) and at least seven polymorphic

found an association between the allele DRB*04 and a

beta-chain genes (DRB1 to DRB5, DQB, DPB, Sittisom
but et al. 1989) within the rabbit class II region. We sug

lowered infestation with hepatic coccidia (E. stiedai),
but no general heterozygote advantage. Such an associ

gest rather taking into account heterozygosity and

ation of specific MHC alleles with the occurrence of

functional divergence of all these loci to get an ade

certain pathogens is generally discussed as an indica

quate measure of functional divergence. A detailed

tion, hence not direct evidence for frequency-depen

analysis of allele divergence on a single MHC gene

dent selection (Sommer 2005). However, a closer look

would only make sense if this locus would be unique

at the genotypes revealed a more complex pattern. Of

and not subject to duplication, as has been found in the

the six genotypes, two (DRB*02/*04 and *03/*04) were

class II region of many salmonids. Here, allele diver

advantageous with respect to hepatic coccidia. Both

gence seems to be an important mechanism in different

are heterozygous and both contain the allele DRB*04.

aspects of MHC function (Landry et al. 2001; Consuegra

If the advantage was the result of the possession of

& de Leaniz 2008; Neff et al. 2008). Interestingly, in our

DRB*04,

study population, the two advantageous MHC geno

then

it

should

also

be

provided

by

DRB*04/*04 homozygous genotypes Otherwise, if the

types with respect to the load with hepatic coccidia are

advantage was the result of heterozygosity per se, also

the ones that must be heterozygous at the DRB2 locus,

the heterozygous combination DRB*02/*03 should be

which is polymorphic for the absence and presence of

beneficial. Neither was the case. Finally, if the advan

the pseudoallele OrcuDRB*01. Even if this gene is

tage was the result of an additive effect of hetero-

not expressed, individuals being homozygous at this

10

locus might also be homozygous at some linked loci,

parasite infections can limit growth, development and

providing some degree of disadvantage.

fecundity and thus have the potential to exert long-term

Only recently, examples demonstrating heterozygote

consequences on

fitness-correlated

traits

CLindstrom

superiority have been reported in studies of Arctic char

1999; Lummaa & Clutton-Brock 2002; Hakkarainen et al.

(Salvelinus alpinus, Kekiiliiinen et al. 2009) and water

2007; Vandegrift et a/. 2008).

voles (Arvicola terrestris, Oliver et al. 2009). Both studies

In conclusion, our study demonstrates heterozygote

are based on populations with two alleles forming three

superiority of an MHC class II gene with respect to

possible genotypes, which is the maximally reduced

hepatic coccidiosis, but only with respect to specific

polymorphism. In both studies, the only heterozygous

heterozygous genotypes. Furthermore, we could show

genotype was superior to the two homozygous geno

that the classical approach of parasite-MHC allele

types with respect to parasite load and other fitness

association studies can result in misleading findings.

correlated traits. Our study represents a three-allele
system,

consequently

forming

six

genotypes.

This

allows the emergence of more complex patterns, such
as the here reported differences in performance of the
three occurring heterozygous genotypes (Fig. 4).
It remains open why we only found a relationship
between MHC constitution and the load with hepatic
coccidia, but not with other coccidia (Eimeria) species or
nematodes infesting the gut. Generally, immune reac
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tions against both Eimeria and nematodes are depen
dent

on

the

cellular

adaptive

immune

response

(nematodes: Else 2005; Eimeria: Pakandl 2009), and rela
tionships between MHC constitution and nematode
load have also been described in some species (e.g. Pat
erson et a/. 1998; Axtner & Sommer 2007). On the one
hand, such specific correlations between MHC constitu
tion and the loads with particular endoparasite species
may

arise from

slight

differences

in

the

immune

response to infestations with different groups of endo
parasites. On the other hand, nonsignificant correlations
are difficult to interpret and might not necessarily
signify the lack of a causal relationship. The consider
ation of other potentially confounding environmental
variables such as weather conditions (Stodart 1968;
O'Connor et a/. 2006) or an animal's social environment
(von HoIst 2001) may help to detect even small effects
of the MHC constitution on an animal's susceptibility
to specific parasites.
Although European rabbit populations today are pri
marily limited by viral diseases such as myxomatosis
and rabbit haemorrhagic disease (Mutze et a/. 2002; Mo
reno et a/. 2007), hepatic coccidiosis is considered a sig
nificant contributor to juvenile mortality CMykytowycz
1961;

Cowan

1987;

Singla

et al.

2000).

Thus,

the

observed relationship between MHC constitution and
the infestation with hepatic coccidia has important
implications for the individual. Although the young
rabbits of our study had already survived the most crit
ical phase of hepatic coccidiosis, which is mainly during
the first few weeks after weaning, highly infested ani
mals could serve as potential sources leading to severe
infections of later born young CWang & Tsai 1991).
Furthermore, even if the animals survive to maturity,
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