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Neutral versus adaptive genetic variation in
parasite resistance: importance of major
histocompatibility complex supertypes

In a free-ranging primate
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Current discussions in evolutionary ecology and conserva-
tion genetics focus on the relative importance of using
selective neutral markers or markers of coding genes to
identify adaptive and evolutionary relevant processes.
Genetic diversity might be particularly important in immune
genes (e.g., in genes of the major histocompatibility complex,
MHC), which are influencing pathogen and parasite resis-
tance. We investigated the effects of neutral versus adaptive
genetic variation in parasite resistance in a natural population
of fat-tailed dwarf lemurs (Cheirogaleus medius). No
association between neutral overall individual genetic diver-
sity and parasite load could be detected. In 149 individuals,
we identified 50 MHC class Il alleles of the functionally
important duplicated DRB locus. The investigation of the
functional importance of immune gene (MHC) diversity and
parasite selection in natural populations is often problematic
due to extensive polymorphism in the MHC genes and

restrictions in available sample sizes. Here, for the first time
we applied an approach that has been developed in human
medical studies. Eleven MHC class Il supertypes were
identified based on shared antigen-binding similarities. The
number of individual MHC supertypes had no influence on
the nematode burden. However, we found evidence for a
specific MHC supertype (supertype 1) that was linked to
infected individuals, a higher number of different nematode
infections and high intensity of infection per individual.
Moreover, one rare MHC supertype (supertype 7) was
revealed to be advantageous with respect to parasite burden.
Thus, our results add evidence to the small body of studies
that show significant associations between specific MHC
constitutions and naturally occurring parasites in the com-
plexity of natural populations.
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Introduction

Many recent studies revealed evidence that genetic
diversity plays an important role in protecting animal
populations against pathogens and widespread diseases
(Altizer et al., 2003). Most of them make use of neutral
markers such as microsatellites or single nucleotide
polymorphisms to assess the level of variability present
in individuals and populations (Sunnucks, 2000; Lowe
et al., 2004). Correlations between low individual hetero-
zygosity at neutral genetic markers and components of
individual fitness have been indicated. These can arise in
different ways, but the most probable explanations are
either inbreeding effects due to a genome-wide reduction
of genetic variability (including fitness-relevant loci) or
linkage disequilibrium to loci under selection (Balloux
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and Lugon-Moulin, 2002; Hansson and Westerberg, 2002;
Keller and Waller, 2002; DeWoody and DeWoody, 2005).
However, variation at neutral loci cannot provide direct
information on adaptive selective processes involving
the interaction of individuals with their environment
(Meyers and Bull, 2002; van Tienderen et al., 2002;
Sommer, 2005). In contrast to neutral markers, the extant
of individual variation at functionally important markers
such as loci in the major histocompatibility complex
(MHCQ) is thought to be of adaptive significance. MHC
variants influence many important biological traits,
including immune recognition, susceptibility to infec-
tious and autoimmune diseases, individual odours,
mating preferences, kin recognition, cooperation and
pregnancy outcome (e.g., reviewed by Potts and Wake-
land, 1990; Hedrick, 1994; Penn, 2002; Bernatchez and
Landry, 2003; Sommer, 2005). MHC genes are the most
polymorphic loci in the vertebrate nuclear genome
(Robinson et al., 2003). MHC-encoded molecules are
transmembrane glycoproteins that bind antigens derived
from pathogens or parasites and present them to T
lymphocytes, which in turn initiate appropriate immune
responses (Doherty and Zinkernagel, 1975; Klein, 1986).
There are two important groups of MHC genes. MHC
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class I genes are expressed on virtually all nucleated
somatic cells and their products are essential mainly for
immune protection from intracellular pathogens. MHC
class II genes are only expressed on special antigen-
presenting cells such as B cells and macrophages. MHC
class II molecules bind and present peptides mainly
stemming from extracellular parasites (e.g., bacteria,
nematodes, cestodes) (Klein and Horejsi, 1997). In many
studies of MHC class II genes, the second exon of the
DRB locus is of special interest because it codes for parts
of the functionally important antigen-binding sites (ABS)
(Ohta, 1998). In a variety of species, the ABS are highly
variable in both the overall number of alleles and the
extent of sequence variation between alleles (Hughes and
Yeager, 1998), and this has been attributed to balancing
selection (Bergstrom and Gyllensten, 1995; Jeffery and
Bangham, 2000; Bernatchez and Landry, 2003; Garrigan
and Hedrick, 2003). The subsequent alteration in the ABS
allows binding of a diverse array of antigens (Brown
et al., 1988, 1993; Janeway and Travers, 2002). Thus, MHC
variability is believed to be maintained by pathogen-
driven selection (reviewed by Hedrick and Kim, 2000;
Jeffery and Bangham, 2000; Bernatchez and Landry, 2003;
Sommer, 2005).

One of the most debated selection mechanisms is the
‘heterozygote advantage hypothesis’ (Hughes and Nei,
1989; Takahata and Nei, 1990). It is based on the
suggestion that heterozygotes are able to recognise two
suits of pathogens, one for each allele, and are therefore
favoured due to their ability to resist a broader array of
pathogens than homozygotes. The ‘rare allele advantage
hypothesis’ (also known as ‘frequency-dependent selec-
tion hypothesis” or ‘Red Queen hypothesis’) (Clarke and
Kirby, 1966; Doherty and Zinkernagel, 1975) presumes a
coevolutionary arms race between hosts and parasites.
MHC alleles that provide more resistance to parasites
cause an advantage to the host and spread out through
the population. This increases selection on parasites to
evade recognition by these common alleles. As the
parasite antigenicity changes, the relative fitness of the
common host genotypes decreases and provides a
selective advantage to new, rare MHC alleles to which
the parasites are not yet adapted. This hypothesis is
supported by both mathematical models (Takahata and
Nei, 1990; Borghans et al., 2004) and several studies that
showed associations between specific MHC alleles and
pathogen resistance (Langefors ef al., 2001; Lohm ef al.,
2002; Froeschke and Sommer, 2005; Harf and Sommer,
2005; Meyer-Lucht and Sommer, 2005; Schad et al., 2005).

Even though the highly polymorphic MHC genes
clearly play a crucial role in immune response, their great
diversity is a major obstacle in distinguishing allele-
specific effects and complicates the attribution of specific
alleles with the outcome of diseases. Collecting sample
numbers sufficient for definitive results is often not
feasible. In humans, a new approach to circumvent this
problem was recently proposed by classifying MHC
alleles to supertypes based on similar antigen-binding
motifs (Southwood et al., 1998; Sette and Sidney, 1999;
Trachtenberg et al., 2003; Lund et al., 2004). The biological
relevance of this kind of classification is supported by
a growing body of evidence of cross-presentation of
specific antigen-binding motifs by different human
leukocyte antigen (HLA) molecules assigned to discrete
supertypes (Bertoni et al., 1997; Trachtenberg et al., 2003).
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For example, a study by Trachtenberg et al. (2003)
indicated that HLA supertypes are highly predictive of
viral load and showed the advantage of a rare HLA-
supertype in HIV disease progression consistent with the
rare-allele advantage model. This classification approach
of common functional traits does not only provide a new
approach to investigate selection mechanisms in natural
populations, where high allelic diversity otherwise
causes problems in obtaining statistically sufficient large
sample sizes. It might also represent a new avenue in the
development of epitope-based vaccines (Lund ef al., 2004
and references herein).

In this study, we investigated the role of neutral versus
adaptive genetic variation in parasite resistance in a free-
ranging animal population under natural selection
conditions. We used a fat-tailed dwarf lemur population
(Cheirogaleus medius; cheirogaleidae, primates) of the dry
deciduous forest of western Madagascar as a model,
which has been the focus of long-term population and
behavioural ecological investigations (Fietz and Ganz-
horn, 1999; Fietz et al., 2000; Fietz and Dausmann, 2003;
Dausmann et al., 2004, 2005). The main objectives of our
study were: (1) to examine associations between micro-
satellite variability and the diversity of a functionally
important region of an immune gene (MHC class II DRB
exon2) with parasite burden and (2) to identify possible
parasite-driven selection acting on the MHC under
natural selection conditions. For this purpose, we
applied an in silico method to define MHC-DRB exon 2
supertypes by similarities in the antigen-binding motifs
(Doytchinova and Flower, 2005). Our third goal was to
investigate the functional importance of MHC super-
types. To our best knowledge, this is the first time that
this approach, developed for human malaria and HIV
studies, is used to examine MHC supertype-specific
selection and the functional importance of MHC super-
type variation in a free-ranging primate population.

Materials and methods

Study area and sample collection

Sampling was carried out in western Madagascar, in
the dry deciduous Kirindy forest located about 60km
northeast of Morondava. The research area of about
25Ha (500 x 500 m) is part of a forestry concession of the
‘Centre de Formation Professionelle Forestiere de Mor-
ondava, CFPF'. The region is characterized by a strong
seasonality, with a dry season of about 8 months and a
rainy season. The hibernating C. medius is only active
during the rainy season (about November/December to
April). A detailed description of the forest and trapping
conditions is given elsewhere (Ganzhorn and Sorg, 1996;
Fietz 1999a,b; Fietz and Dausmann, 2003). Briefly,
captures were carried out for four consecutive nights
per month using 200 Sherman traps (7.7 x 7.7 x 30.5 cm),
which were placed in 50-m intervals at the intersections
of a grid system of trails. The traps were opened in late
afternoon, baited with banana and checked early the next
morning. Captured individuals were sexed, individually
marked and anaesthetized for tissue collection. The
animals were released at their capture sites in late
afternoon of the same day. Individual faecal samples for
later parasitological examinations were collected from
each trap or directly from the individual during



handling. The traps were cleaned before reuse. In total,
tissue samples for genetic analyses from 149 individuals
were taken and 115 faecal samples were collected. From
60 individuals, both genetic and faecal samples
were collected (rainy seasons 1995/1996, 1999/2000
and 2000/2001).

Parasite screening

The gastrointestinal parasite burden was investigated
by faecal egg counts (FECs, eggs/g faeces). This is a
noninvasive and appropriate technique to assess the
dimension of nematode infections (Soulsby, 1982) and
has been used in many recent studies (Paterson et al.,
1998; Coltman et al., 1999; Cassinello ef al., 2001; Irvine
et al., 2001). We applied a modification of the McMaster
flotation technique (Gordon and Whitlock, 1939) by
using a flotation-dilution of potassium iodide, which
enhances the detectability of eggs due to its high specific
weight (Meyer-Lucht and Sommer, 2005). Faeces samples
were screened for helminthic parasite eggs by counting
four chambers of McMaster for each sample. Helminth
eggs were assigned to morphotypes based on size and
morphological characteristics. Photographs of all mor-
photypes were taken for later taxonomic classification.
Owing to the prevalence of nematodes, we used the
number of different nematode morphotype infections per
individual (NNI) and the FEC value as measurements of
the intensity of the parasite burden. Both measurements
reflect the worm burden and fecundity, which in turn are
influenced by the immune state of the host (Stear et al.,
1995, 1997).

Molecular techniques

Overall genetic variability was assessed on the basis
of seven microsatellite loci. The PCR analysis of the
microsatellite loci was conducted using an extended data
set with the primers and conditions as described in Fietz
et al. (2000). Adaptive variability was studied in the
highly polymorphic MHC-DRB exon2 (171 bp, without
primer), which includes the functionally important ABS
(Brown et al., 1988, 1993). The PCR amplification was
carried out using the primers JS1 and ]JS2 as described in
Schad et al. (2004), which was originally designed for the
closely related lemur species Microcebus murinus but
were also successfully applied in different rodent species
(Froeschke and Sommer, 2005; Harf and Sommer, 2005;
Meyer-Lucht and Sommer, 2005). To genotype the
individuals, we used single-strand conformation poly-
morphism analysis (Orita et al., 1989a,b). PCR products
were loaded on 15% polyacrylamide gels following the
manufacturer’s instructions (ETC, Elektrophoresetech-
nik, Kirchentellinsfurt, Germany). Runs were carried out
using a horizontal cooling electrophoresis system (Amer-
sham Pharmacia Biotech, Freiburg, Germany). After
electrophoresis, the gels were fixed and silver stained
to visualize the resulting bands. Bands were rearranged
and classified into alleles. Alleles were cut out of the gel,
dissolved in 1 x tris-borate-EDTA buffer and always
sequenced bidirectionally. We controlled allele identity
or PCR artefacts by sequencing bands classified into an
identical allele from different individuals as well as from
the same individual. The reamplification was carried
out under the same PCR conditions as before but with
a reduced number of cycles. Cycle sequencing was
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performed using a dye-terminator kit (Applied Biosys-
tems, Foster City, CA, USA) on an Applied Biosystems
sequencer (Model 3100) following the manufacturer’s
protocol. Details on the molecular techniques are out-
lined in Sommer et al. (2002), Sommer (2003) and Schad
et al. (2004).

Analyses and statistical treatment

As measuring units for the overall individual genetic
diversity, we used the observed individual microsatellite
heterozygosity (Hops) and the genetic distance between
microsatellite alleles (4% value). H,ps was calculated by
dividing the number of heterozygous microsatellite loci
per individual by the total number of typed loci. 42
results from the squared difference in repeat units
between two alleles at a locus averaged over all typed
loci and was calculated as d*> =1/nX"(a;-a;)>, where a; and
a; are the length in repeat numbers of each allele at a
locus averaged over n-typed loci (Slate and Pemberton,
2002; Coltman and Slate, 2003). The overall expected
heterozygosity (Hesp) was calculated using Cervus
(Marshall et al., 1998). We calculated deviations from
Hardy-Weinberg and linkage disequilibrium using
Arlequin 3.0 (Excoffier et al., 2005). The null-allele
probability was proved by Microchecker (van Oosterh-
out et al., 2004).

MHC class II DRB sequences were edited and aligned
using Mega 3 (Kumar et al., 2004). Individual levels of
MHC diversity were calculated by the minimal, mean
and maximal number of amino-acid differences between
alleles of an individual. Two different approaches were
used to reveal evidence for selection processes in the
MHC. Mega 3 was employed to calculate the relative
rates of nonsynonymous (dyn) and synonymous (ds) base
pair substitutions according to Nei and Gojobory (1986)
applying the Jukes—Cantor correction for multiple hits
(Jukes and Cantor, 1969). All calculations were carried
out separately for putative ABS and non-ABS assuming
concordance to human ABS (Brown et al., 1988, 1993).
The rates dy/ds were tested for significant differences
with a Z-test.

Furthermore, we checked for the presence of codon
sites affected by positive selection (positively selected
sites, PSS) with the help of a maximum-likelihood
analysis by using the programme CODEML (included
in PAML version 3.14 software package) (Yang, 1997).
PSS are indicated by a ratio w =dy/ds>1. We used the
models M7 (f) and M8 (f and w) (Yang et al., 2000),
which have been shown to be more robust against
recombination in the sequences than the other models
implemented in CODEML (Anisimova ef al., 2003 but see
Shriner et al., 2003). M7 served as null model where the o
ratio varies according to the f distribution and does not
allow PSS (0<w<1). M8 adds a class of sites to account
for the possible occurrence of PSS (w>1). Both models
can be compared by a likelihood-ratio test (LRT) where
twice the log-likelihood difference is compared to a y?
distribution with degrees of freedom equal to the
difference in the number of parameters between the
compared models (Yang et al., 2000). In the next step,
the Bayesian approach integrated in CODEML identifies
codon sites under positive selection. In case these
species-specific PSS overlap with the human ABS (Brown
et al., 1988, 1993), this is an indication for the concordance
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of selection in the investigated lemur DRB fragment with
the human HLA-DR1 sequence. Possible recombination
was estimated from the sequences using the likelihood
permutation test implemented in the programme LDhat
(McVean et al., 2002).

MHC-supertypes were defined applying amino-acid
sequence-based clustering as proposed by Doytchinova
and Flower (2005). The amino-acid sequences of all PSS
(see above) were aligned. All amino acids outside PSS
were excluded. Each amino acid was described by five
z-descriptors: z; (hydorphobicity), z, (steric bulk), z;
(polarity), z4 and zs (electronic effects) (Sandberg et al.,
1998) and thus translated into a mathematical matrix.
This matrix was imported into Genesis 1.6.0 Beta 1 (Sturn
et al., 2002). Hierarchical clustering was applied using
average linkage clustering and the Euclidian distance
method.

For statistical analyses of an association of genetic
variability and parasite load, FEC values were log-
transformed to improve normality. The relative risk of
being infected was estimated by odds ratio tests, a
common method in epidemiological studies to evaluate
the exposition of individuals carrying a risk factor. The
ratio of the odds of an event occurring in one group is
compared to the odds of it occurring in another group by
using a 2 x 2 cross-classification table (Sachs, 1992). All
additional statistical tests were performed by SPSS
version 11.5. Calculations are two-tailed and based on a
significance level of «=0.05. Bonferroni-corrected sig-
nificance levels and the Tukey post hoc test were used for
multiple comparisons (Rize, 1989; Sachs, 1992).

Results

Parasite load

From 21 individuals, up to nine faecal samples were
available. Neither the sampling day (analysis of variance
(ANOVA): Fg;=1.025, P=0.43) nor the sampling year
(ANOVA: F,11,=0.083, P=0.92) influenced the FECs.
The mean FEC values per individual were used for
subsequent analyses. Nine out of 60 individuals were
subadult and due to the fact that worm burden is known
to be also dependent on host age, these individuals were
excluded from further analysis. The sex (31 males and
20 females) had no influence on the infection status
(#?=0.631, d.f.=1, NS), NNIs (Mann-Whitney U-test:
Z=-0.800, NS) and on the intensity of infection (FEC)
(t=-0.787, d.f. =49, NS) values. Therefore, data of adult
males and females were pooled.

Nine different helminth egg morphotypes could be
distinguished. Seven egg morphotypes were assigned to
nematode species. Additionally, one cestode egg mor-
photype and one trematode egg morphotype were
identified. A total of 40.0% individuals were not infected,
whereas 60.0% were infected with one to five different
helminths. Of all infections, 86.1% were caused by
nematodes whereas only 8.3 and 5.6% of the infected
individuals suffered only from cestodes or trematodes,
respectively. Owing to the high frequency of nematode
infections and the minor prevalence of cestode and
trematode infections, subsequent statistical analysis
focused on nematodes. Individuals carried between one
to four different nematode species.

Heredity

Molecular variability

The seven microsatellites had a total length between 12
and 25bp and exhibited between five and 13 different
alleles. The individual heterozygosity (Hops) ranged from
0.429 to 1. No completely homozygous individual was
found, all animals had between two and seven hetero-
zygous microsatellite loci. The individual 4> values
ranged from 1.71 to 181. Thereby, locus 18 showed
evidence for linkage disequilibrium with both locus 49
and 93 (P <0.05) (Table 1). Three loci showed deviations
from Hardy-Weinberg disequilibrium. One locus
showed slight evidence for an increased null-allele
probability (locus 54: 0.08) (Table 1).

In a total of 149 individuals, we found a high degree
of variability with 50 MHC class II DRB exon 2 alleles
differing at one to 42 positions (average=21.67,
s.e.=2.46) from each other. Seventy-four nucleotide
positions of the investigated fragment were variable.
Nucleotide sequences are available at GenBank (acces-
sion nos. EF194225-EF194272). As we found no indels or
evidence for a pseudogene but evidence for selection
processes (see below), we assume all alleles to be
functional. The alleles Chme-DRB*Wa03 and Chme-
DRB*Wb03 have already been identified in a previous
study (Go et al., 2002). Within one individual, we found
between two and four different alleles, which indicated
a duplication of the DRB gene in this species. All
nucleotide sequences could be transformed into unique
amino-acid sequences with 33 out of 57 amino-acid
positions being variable. Alleles differed at the amino-
acid level at one to 24 sites (average =14.42, s.e.=2.05)
(Figure 1). The population recombination rate was
estimated as 4Ner = 30, which significantly differed from
0 (P<0.001), indicating that recombination probably
occurred.

Evidence for selection processes in the MHC
Two different approaches were used to reveal evidence
for selection maintaining polymorphism in the investi-
gated functional important part of the MHC. First, the
rates of synonymous (ds) and nonsynonymous (dy)
substitutions were calculated separately for putative
ABS and non-ABS of all identified alleles (1n=>50)
assuming concordance to human ABS (Brown et al,
1988, 1993).

In the ABS, the rate of nonsynonymous substations
(dn=042 was significantly higher than the rate of

Table 1 Hyps and Heyp, the N, of seven microsatellites in 60
individuals of C. medius included in both genetic and parasite
analyses

Locus N, Hops Hexp
18 13 0.80 0.87*
49 7 0.70 0.80*
54 6 0.61 0.75*
84 9 0.87 0.84
86 11 0.70 0.75
93 5 0.82 0.70
110 7 0.67 0.75
Mean 8.29 0.74 0.78

Abbreviations: H..p, expected heterozygosity; Hops, Observed
heterozygosity; N,, number of alleles.

*Significant deviations from Hardy-Weinberg disequilibrium
(P<0.05).
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Chme_01 ERVRLLDRFY YSGEEYVRFD SDVGEFRAVT ELGRPVAENL NSRQDLLEQR RAEVDTV
Chme_02 ........ YE HN....A. .. it e A..YW ..QK.F..RK .......
Chme_03 Q...SVN.YI .NR...A D.Y..L. P D..YW ..QK.I..RT ...A...
Chme_04 e F Y N e e e D.KYW ..... I..D. ..V...A
Chme 05 ....Y.E.YI .......... ..... Y. RS...W ..QK....R. ..A...Y
Chme_ 06 ........ YF HN...F.ii it e D..YW QK.I..DE ..Q....
Chme_07 o FLLYF UNR.iii i e RS..YW ..... I..DE ..S...Y
Chme 08 ....F...YF .NR....... ..ooooo... RN..YW ...K.I..DK ..K...F
Chme_ 09 Q..... E.YI ..R...A... ..... Y. A D.KYW ..QK...... LLALLLY
Chme_10 Q...Y.E.YI HN....A... ..t weeennnn. W ..QK....D. ..S...Y
Chme_11 Q..... 2 2 RS..YF QK.Y LLALLLY
Chme_12 ........ YF .NR...A... ..... Yoo ..., D.KYW QK....R. ...... Y
Chme_13 ........ YI SN...T.... ..... Yoo ..., D..YW ..... I..R. .......
Chme_14 ........ YI SN...T.... ..... Y.o.o.. ..., D..YW ..... I..RK .......
Chme_15 Q...HVT.RF .NR..F.... ..... H. P....A..YF ..QK.Y...M ..A..
Chme_16 Q...GVT.RI .NR..F.... ..... H..L. P..QQI..D. ..NK.Y...M ..A....
Chme_17 Q...Y.E.HI ..... FL... ..... Yoo ..., D.KYW ..QK.I..DA ..S...Y
Chme_18 Q...Y.E.RI HNR...A... ..... Y.o.o.o. ..., D.KYW ..QK....D. ..S...Y
Chme_19 Q....VT.YI .NQ...A D.Y..L. P D..YW QK.I..RT ...A..
Chme 20 Q...Y.E.YI HN........ ..... Yoo ..., D...W ..... I..DE ..A...Y
Chme_ 21 ....Y.E.RI HNR...A.. L..Y.... ..., D..YW ..... B
Chme_ 22 Q...Y.E.HI ..... i E...W ..QK.Y ..A...F
Chme 23 Q...Y.A.YF .NR....... ..... Y. RS..YW QK.I..R. ..A...Y
Chme 24 Q..Q..V.YI HNQ..N.... ...uuuerun wun.. D..YW QKEI...K .......
Chme 25 . ...F...Y. N........ i vunun. Ao o.o... I..DK ..S...Y
Chme 26 ....F.V.YF .N...FA... ..... Yoo ..., D.KYW ..QK...... A...F
Chme 27 Q....VT.YI .NQ....... D.Y. P...RS...W ..QK.I..RT ...A..
Chme 28 Q..... E.YI ..R...A... ..... Y. RS...W ..QK...... LAY
Chme 29 Q...VVT.HI .NR...A... ..... Y..L. P D..YW ..QK..... T A...A
Chme_30 Q...HVT.YI .NR..F.... ..... Y. P .D..YW ..QK.I...T ...A...
Chme_31 ... ..F...YF . N......oi tirinnnnn vunnn A.... ..... I..DE ..S...Y
Chme_32 Q...FVT.YI .NR..F W.H. P .D..Y. ..QK.F...T ..A...L
Chme_ 33 Q...Y.E.HI SN...N.... ..... Yoo ..., D..YW ..QK.Y...T ..A...F
Chme_34 Q...FVT.YI .NQ...A D.Y P .D..YW ..QK.I..RT .......
Chme_35 Q....VT.YI .NR..F W.H.. P A..D. ..QK.F...T ..A...R
Chme 36 ....F...Y. .N...F.... ..... Yooor i W o.o.... I..R. .......
Chme_37 Q...SVT.HI .NQ...A... ..... Y. P ALLYW L .QK.F. LA
Chme 38 ....Y.E.YI .......... ..... Y. RS...W ..QK....R. ...... Y
Chme_39 Q...SVN.YI .NQ..F D.Y P D..YW QK.I..RT ...A.
Chme 40 Q....... Y. N.oooiiin RS..YF QK....D. ..A...Y
Chme_41 ... F...¥. N.....oit i v A.... ..... I..DE ..S...Y
Chme_ 42 ....F...YF .NQ....... ..... Y.o.o.. ..., D..YW ..QK.F..D. ..Q...
Chme 43 Q...Y.A.YF .NR....... «euuuununu.. RS..YW ..QK.I..RK ...A..
Chme_44 Q...SVN.YI .NQ...A D.Y P .D..YW ..QK.I..RT ...A..
Chme_45 Q....VT.YI .NR...A D.Y.. P...RS..YW ..QK.I...T ...A..
Chme_ 46 ....F.E.QI HN...NL... ..... Yoo ..., D...W ..QK.F..D. ..A...F
Chme_47 ¢ VT.YI .NQ...A D.Y P D..YW ..QK.I..RT ...A.
Chme_48 Q..... A.GI .NQ..FT... .......... DI..YY .NQKE A ..A...C
Chme_ 49 Q....... Y. N.oooiiie RS..YF QK.F..D. ..A...Y
Chme_50 ... . e e e RK ...A..
human ABS ARA A AR A AA A A AAM A A
P PP P P PP P PP PP P PP P P
T ™ T T T 0 A

Figure 1 Alignment of all identified MHC class II DRB exon 2 amino-acid sequences of Cheirogaleus medius. Dots indicate identity with the
amino-acid sequence of allele Chme_1. ‘A’ indicates human antigen-binding sites according to Brown et al. (1988, 1993). ‘P indicates species-
specific sites under positive selection identified by likelihood analysis (all significant except for position 11, see text for details). Arrows
indicate concordance of human ABS and positively selected sites in C. medius.

synonymous substations (ds=0.091) with a ratio of 4.56
(Table 2, Z=3.60, P<0.001). Also, in the non-ABS we
found a significant deviation from unity but with a lower
ratio of 2.19 (Table 2, Z=2.00, P =0.048).

Second, the species-specific codon sites affected by
positive selection (PSS) were analysed with the help
of a maximum-likelihood analysis. The LRT statistic
for comparing M7 (f) and M8 (f and ) is 2AInL =
2 x ((—1836.205)—(—1860.851)) =49.29  (InL =log-likeli-
hood value). The comparison with a y* distribution
indicated that our data fitted the M8 model (occurrence
of PSS possible), significantly better than the M7 model
(PSS not allowed) (d.f.=2, P<0.001). M7 is thus rejected
in favour of M8. In Malagasy fat-tailed dwarf lemurs, the

maximume-likelihood approach detected 29.82% of all
investigated amino-acid sites as positively selected,
with 16 out of the 17 identified PSS being statistically
significant after Bayes empirical analysis (Table 3).
Eleven PSS were identical with the ABS reported in the
corresponding human sequence (Brown et al., 1988, 1993)
(Table 3, Figure 1). The identified but nonsignificant PSS
(position 11, Table 3, Figure 1) is an ABS in humans. It
was excluded from MHC-supertype analyses to avoid
conclusions based on possible false positives. Four PSS
(amino-acid positions 10, 36, 39 and 46) were situated
right next to a human ABS. Additionally, we identified
position 5 and 13 as PSS with a distance of two amino
acids to a human ABS. Positions 7, 37, 44 and 47 are ABS
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Table 2 The estimated rates (+s.e.) of dy and dg substitutions for
ABS and non-ABS (ABS according to the human sequence, Brown
et al. (1988, 1993)), and their ratio for MHC class II exon 2 sequences
in C. medius

Position n dn ds dn/ds P

ABS 15 0.4240.10 0.0940.04 4.56 <0.001
Non-ABS 42 0.11+0.03 0.05+0.02 2.19 <0.05
All 57 0.17+0.03 0.06+0.02 2.95 <0.001

Abbreviations: ABS, antigen-binding sites; dn, nonsynonymous;
ds, synonymous; MHC, major histocompatibility complex.

n is the number of codons in each category and P is the probability
that dy and ds are different using a Z-test.

Table 3 Evidence for selection on amino-acid positions of MHC
class II sequences in C. medius assuming concordance with of the
human ABS (Brown et al., 1988, 1993) and by species-specific PSS
identified by likelihood analysis

Amino- ABS PSS P Concordance Distance

acid (amino acids)

position to nearest
human ABS

5 X <0.001 2

7 X

9 X X <0.001 X 0

10 X 0.002 1

11 X X 0.113 (NS) X) 0

13 X 0.002 2

16 X X <0.001 X 0

17 X X 0.001 X 0

26 X X 0.021 X 0

35 X X 0.022 X 0

36 X <0.001 1

37 X

39 X 0.012 1

40 X X 0.027 X 0

44 X

46 X <0.001 1

47 X

49 X X <0.001 X 0

50 X X <0.001 X 0

53 X X 0.001 X 0

57 X X <0.001 X 0

Abbreviations: ABS, antigen-binding sites; MHC, major histocom-
patibility complex; PSS, positively selected sites.
X represents present.

in human but are not identified to be under positive
selection in our data. Moreover, positions 37 and 47 are
invariable in C. medius (Figure 1).

In C. medius, eleven MHC class II supertypes were
defined based on significant PSS using a hierarchical
amino-acid sequence-based clustering considering phy-
siochemical similarities between all identified MHC
class II alleles (n=50) (Doytchinova and Flower, 2005)
(Figure 2). As only one faecal sample was available from
an individual carrying a MHC supertype 2 allele and no
parasitological data were available from individuals
carrying MHC supertype 10, both MHC-supertypes
were excluded from further analysis.

Microsatellite variability and parasite load
No association between neutral overall individual
genetic diversity and parasite load could be detected
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(Figure 3a—f). The observed individual heterozygosity
(Hops) of infected and noninfected individuals did not
differ (t-test: t=—0.262, d.f. =49, NS; Figure 3a). The
infection status was also not effected by the mean genetic
distance between alleles (4> values; t-test: t=—0.623,
d.f. =49, NS; Figure 3b).

We found no evidence for an effect of H,,,s on the NNIs
(linear regression: R=0.105, NS; Figure 3c). Also, the d*
value had no influence on the detected numbers of
nematodes (linear regression: R =0.057, NS; Figure 3d).
Furthermore, we found no effect of Hop,s On the intensity
of infection (FEC values) (linear regression: R=0.072,
NS; Figure 3e). Also, no correlation of the d*> on FEC
values (linear regression: R =0.111, NS; Figure 3f) were
detectable.

MHC variability and parasite load — importance of
supertypes

To identify possible parasite-driven selection, we inves-
tigated the importance of individual MHC-DRB diversity
and MHC supertypes in parasite resistance. The indivi-
dual MHC-DRB diversity was measured by three values:
the minimal, the mean and the maximal possible sum of
pair-wise amino-acid differences between all alleles of a
single individual. The minimal distances ranged from 5
to 22, the mean distances ranged from 10 to 22 and the
maximal distances ranged from 9 to 23 amino-acid
differences between the alleles. The individual distance
between the alleles had neither an effect on the infection
status (f-test: minimal distance f=1.270, NS; mean
distance +=0.732, NS; maximal distance t=0.319, NS)
or on the NNI (Spearman’s rank correlation: minimal
distance R=0.114, NS; mean distance R=0.002, NS;
maximal distance R=—0.001, NS) nor on the intensity
of infection (Pearson’s correlation: minimal distance
R=0.152, NS; mean distance R=0.015, NS; maximal
distance R = —0.029, NS) (figures not shown).

All individuals carried alleles from between two and
four MHC supertypes. The individual number of MHC
supertypes had no significant effects on the individual
status of being infected or not (>=0.988, d.f.=2, NS).
Similarly, there was no effect of the individual number of
MHC supertypes on the NNI (Kruskal-Wallis test:
1?=0.123, d.f.=2, NS) or on the intensity of infection
(FEC values, ANOVA: F =0.030, NS) (figures not shown).

However, our analysis displayed significant differ-
ences in the functional importance of certain MHC
supertypes in parasite resistance (Figure 4). Supertype 1
was significantly linked to the individual infection status
(odds ratio test: y>2=5.542, P<0.02) with a total of 81.3%
of the individuals carrying an allele from this supertype
being infected. The relative risk of being infected is 1.8-
fold higher in supertype 1 individuals than in indivi-
duals carrying alleles from other MHC supertypes
(Figure 4a). Individuals carrying alleles from supertype
1 also displayed less variation in the number of
infections leading to significant higher NNI (Mann-
Whitney U-test: Z=—-2.071, P<0.04, Bonferroni correc-
tion not significant) (Figure 4b). Additionally, supertype
1 individuals exposed significantly higher FEC values
than individuals not carrying this supertype (t-test:
t=2.290, P<0.03) (Figure 4c). In contrast, individuals
carrying alleles from the supertype 7 were more often
observed in the category ‘not infected” (odds ratio tests:
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Figure 2 Tree constructed by hierarchical clustering. All 50 identified Cheirogaleus medius MHC class II alleles were grouped into 11
supertypes using a hierarchical amino-acid sequence-based clustering approach based on physiochemical similarities (see text for details).

1>=3.850, P<0.05) (Figure 4a) and tended to display = P=0.067) (Figure 4b). Supertype 7 was significantly
lower NNI, although the latter value slightly missed  linked to lower intensity of infection (f-test: t =—2.048,
significance ~ (Mann-Whitney  U-testt Z=-1.830, P<0.05) (Figure 4c). Individuals carrying supertype 7
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Figure 3 Microsatellite variability and parasite load. No effects of the (a) individual heterozygosity (H,s) and (b) genetic distance between
alleles (d2) on the infection status; (¢) Hops and (d) 42 on the numbers of different nematode infections per individual and (e) Hops and (f) 42 on
the individual intensity of infection were observed. n = sample size. Box plots represent medians and quartiles, whiskers signify the 10th and

90th percentiles.

had a 3.7-fold lower FEC value than supertype 1
individuals.

Discussion

Many recent studies report that individual heterozygo-
sity at apparently neutral microsatellite markers is
correlated with key components of individual fitness
such as survival (Coulson et al., 1999), fecundity (Amos
and Balmford, 2001), disease resistance (Coltman ef al.,
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1999; Cassinello et al., 2001; Acevedo-Whitehouse et al.,
2003) and lifetime reproductive success (Slate et al., 2000).
Others do not find such correlations (Coté et al., 2005)
and null results are likely to be underrepresented in the
literature because of publication bias in favour of
significant correlations (Hansson and Westerberg, 2002).
A recent review and meta-analysis of both published and
unpublished studies of the association between neutral
marker heterozygosity and traits or components of
individual fitness reported that associations were com-
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mon, yet typically weak (Coltman and Slate, 2003). The
variation at neutral loci cannot provide direct informa-
tion on selective processes involving the interaction of
individuals with their environment or on the capacity for
future adaptive changes (Meyers and Bull, 2002; van
Tienderen et al., 2002). However, these are issues of
particular relevance in evolutionary ecology and con-
servation (Crandall et al., 2000; Stockwell et al., 2003).
Contrary to neutral markers, MHC variability reflects
evolutionary relevant and adaptive processes within and
between populations and is very suitable to investigate a
wide range of open questions in evolutionary ecology
and conservation. The comparison with neutral markers
allows the construction of null hypotheses concerning
the diversity at selectively relevant genes and conclu-
sions on the relevance of MHC polymorphism. A
candidate-gene approach might be more fruitful for the
research on gene-resistance correlations (Coté et al., 2005)
and is therefore probably more suitable for an investiga-
tion of selective processes.

We used the free-ranging fat-tailed dwarf lemur
population as a model to investigate the role of neutral
versus adaptive genetic variation in parasite resistance
and to identify possible parasite-driven selection acting
on the MHC under natural selection conditions. In 149
genetically investigated Malagasy fat-tailed dwarf le-
murs (C. medius), 50 distinct MHC class II DRB exon 2
alleles were detected. Each individual showed between
two and four different alleles, indicating a duplication of
the locus. All alleles had a unique amino-acid sequence.
There was no evidence that either locus was a pseudo-

gene; thus, all loci are assumed to be functional. Gene
duplications are common in the MHC (Kasahara, 1999;
Go et al., 2003; Kelley et al., 2005) and coexpression of
duplicated loci might be selectively favoured due to
increased parasite recognition (Nuismer and Otto, 2004).
Duplication events seem to be a common feature in
lemurs (Go et al., 2003). For example, in aye-ayes
(Daubetonia madagascariensis), 12 DRB genes have been
found (Go et al.,, 2005). Interestingly, also in a closely
related mouse lemur species (Microcebus murinus), which
lives sympatrically with C. medius in western Madagas-
car, the DRB locus was duplicated (Schwensow and
Sommer, unpublished data). However, no evidence for a
MHC-DRB gene duplication was observed in a distant
southern Microcebus murinus population (Schad et al.,
2005). The fact that duplication events are present in
some but not all populations of a species might support
the idea that under certain local conditions duplication
and coexpression might be advantageous and that locally
different selection pressure might affect the evolution of
MHC polymorphism.

Genes within the MHC most often show extensive
polymorphism. In a variety of species, sites, especially
the ABS, show high levels of variation not only in the
number of alleles but also in the extent of sequence
variation between alleles (Hughes and Yeager, 1998). The
subsequent alteration in the ABS allows binding of a
diverse array of antigens (Brown ef al., 1988, 1993;
Janeway and Travers, 2002). The vast majority of studies
that have tested for the possible role of selection report
results for the standard dy/ds test ratio only (Bernatchez
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and Landry, 2003), assuming concordance of the func-
tionally important ABS with human sequences (Brown
et al., 1988, 1993). Recently, alternative approaches based
on maximume-likelihood models have been suggested
that potentially provide more accurate estimates of dn/ds
ratios and allow the identification of species-specific
PSS (Yang and Bielawski, 2000; Yang et al., 2000). In
simulations, Wong et al. (2004) demonstrated that the
maximum-likelihood method has a good power and
accuracy in detecting positive selection. It is particularly
appropriate for detecting selection in MHC genes, where
positive selection could be acting simultaneously in
groups of codons (Suzuki and Nei, 2004). Recently, this
approach was also successfully applied in MHC studies
of natural vertebrate populations. Kundu and Faulkes
(2004) were able to identify PSS in four species of African
mole-rats (Bathyergidae: Heliophobius argenteocinereus,
Heterocephalus glaber, Cryptomys hottentotus hottentotus,
Cryptomys damarensis). As in our study in Malagasy fat-
tailed dwarf lemurs, the comparisons of PSS in Atlantic
salmon (Salmo salar) (Consuegra et al., 2005) and in two
chamois subspecies (Rupicapra spp.) (Schaschl et al., 2005)
revealed high but not complete coincidence with the
human ABS. In C. medius, about 30% of all investigated
amino-acid sites were PSS. Bayes empirical analysis
revealed 17 PSS under positive selection, 16 of them with
significance. In comparison, 15 ABS are reported in the
corresponding human fragment (Brown et al., 1988,
1993). Eleven PSS match with the human ABS. Two
human ABS (position 37 and 47) were invariable in C.
medius and are therefore probably not involved in
antigen recognition and binding in this species. How-
ever, directly next to these sites (position 36 and 46)
highly significant PSS were identified. Also, all other
species-specific PSS were in close proximity to ABS,
indicating a slight displacement in antigen recognition in
C. medius compared to humans. Moreover, positions 5, 36
and 46 were also identified as PSS in a sympatric
population of the closely related mouse lemurs, Micro-
cebus murinus (Schwensow and Sommer, unpublished
data), which suggests that they might be fixed substitu-
tions, which is another footprint of balancing selection.
The results indicate that maximum-likelihood analyses
might potentially offer higher resolution in detecting the
effects of selection than assuming concordance with
human ABS per se. We cannot exclude the possibility of
an overestimation of the dy/ds due to recombination
(Shriner et al., 2003). Recombination has been found to be
important for the generation of polymorphism within the
MHC (Richman et al., 2003).

To identify possible parasite-mediated selection acting
on the MHC, we tested for associations the individual
MHC-DRB supertype constitution and different mea-
sures of parasite burden. To the best of our knowledge,
this is the first time that this approach, primarily
developed in the context of human vaccine design, has
been applied to a natural population of a nonmodel
organism to examine MHC supertype-specific selection
and the functional importance of MHC-supertype varia-
tion in an ecological context. In our study, the 50 C.
medius alleles could be grouped into 11 distinct MHC
supertypes. We found no direct associations between
MHC-DRB alleles and parasite load (data not shown) but
the individual number of MHC alleles was significantly
correlated with the individual number of MHC super-
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types. This means that individuals with a higher number
of alleles most often had alleles that differed strongly in
their PSS, which lead to grouping into different super-
types. Thereby, the number of individual MHC
supertypes (and also the individual number of MHC
alleles) had no influence on the nematode burden.
However, we found evidence for a specific MHC super-
type (supertype 1) that was significantly linked to
infected individuals, a higher number of different
nematode infections and high intensity of infection per
individual. Individuals carrying an allele belonging to
this MHC supertype carried a 1.8-fold higher risk of
belonging to the group of infected individuals than
individuals carrying alleles from other MHC supertypes.
Interestingly, supertype 1 alleles differ from all other
alleles in a unique amino-acid motive (histidine) at the
putative antigen-binding site at position 26. There is
increasing evidence that pathogen escape from host
immune system recognition may occur due to the
exchange of only few amino acids and that small binding
motive differences in MHC molecules can lead to large
differences in protection (summarized in Frank, 2002).
For instance, one amino-acid difference in the human
DRB peptide-binding region abrogates protection to
malaria (Davenport et al, 1995). Also, in Malagasy
mouse lemurs (Microcebus murinus), certain amino-acid
motifs in the ABS were correlated with high or low
parasite burden (Schad et al., 2005). In addition, MHC
supertype 7 was detected to be advantageous with
respect to infection status and the intensity of infection.
Thereby, it is interesting to note that it is one of the most
frequent supertypes (supertype 1) associated with high
parasite load, whereas the rather rare supertype 7 was
associated with lower parasite burden, which meets the
prediction of frequency-dependent selection (Clarke and
Kirby, 1966; Doherty and Zinkernagel, 1975). Although
our data do not support the heterozygote advantage
hypothesis, they add empirical evidence to the small
body of studies in free-ranging animal populations
investigated under the complexity of natural selection
conditions that show significant disease associations
with certain MHC alleles or supertypes.

Contrary to many other studies, we found no associa-
tion between neutral overall individual genetic diversity
and parasite load. Thus, we consider a linkage to
immunorelevant loci or an immunofunctional impor-
tance of the microsatelite loci as unlikely. Possible
explanations of heterozygosity—fitness correlation based
on neutral markers have been summarized by Hansson
and Westerberg (2002). The heterozygosity in the
investigated microsatellite loci also does not correlate
with the number of MHC alleles or MHC supertypes
(Schwensow, unpublished data). Overall, heterozygosity
might not be sufficiently reflected by the seven micro-
satellite loci investigated and future studies with
increased numbers of microsatellites are desirable. We
are aware that this study is based on a relatively small
sample size that might have influenced the results and
prevented more in-depth statistical analysis. However,
one advantage of studies in natural populations of
nonmodel organisms is that it allows examination of
selection acting in an ecological context. This enhances
the potential for identifying sources of selective pressure,
which are important topics in evolutionary and con-
servation genetics.
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