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Introduction

Abstract

Non-random gamete fusion is one of several potential cryptic female choice
mechanisms that have been postulated and that may enhance the survival
probability of the offspring. Previous studies have found that gamete fusion in
mice is influenced by genes of the major histocompatibility complex (MHC)
region. Here we test (i) whether there is MHC-dependent gamete fusion in
whitefish (Coregonus sp.) and (ii) whether there is a link between the MHC and
embryo susceptibility to an infection by the bacterium Pseudomonas fluorescens.
We experimentally bred whitefish and reared sibships in several batches that
either experienced or did not experience strong selection by P. fluorescens. We
then determined the MHC class I B1 genotype of 1016 surviving larvae of
several full sibships. We found no evidence for MHC-linked gamete fusion.
However, in one of seven sibships we found a strong connection between the
MHC class II genotype and embryo susceptibility to P. fluorescens. This
connection was still significant after correcting for multiple testing. Hence,
the MHC class II genotype can considerably influence embryo survival in
whitefish, but gamete fusion seems to be random with respect to the MHC.

The major histocompatibility complex (MHC) is cur-
rently the best-studied example of genes that are

One evolutionary explanation for the success of sexual
reproduction assumes that sex is an advantage in the
co-evolutionary arms race between pathogens and hosts.
Accordingly, an important criterion in mate choice and
cryptic female choice could be the allelic specificity on
polymorphic loci involved in host—parasite interactions
(reviews in Westneat & Birkhead, 1998; Moller &
Alatalo, 1999; Moller et al, 1999; von Schantz et al,
1999; Jennions & Petrie, 2000).
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important in both, host-pathogen co-evolution and
sexual selection (Apanius etal, 1997, Edwards &
Hedrick, 1998; Penn & Potts, 1999). Products of the
MHC present antigens to lymphocytes. A link between
the MHC and the susceptibility to an infectious organism
is therefore strongly expected. Indeed, many studies
report evidence for the existence of such a link (reviews
in Tiwari & Terasaki, 1985; Apanius et al., 1997; Hedrick,
2002; see recent examples in the Discussion). There is
also accumulating evidence in a number of species that
the MHC influences mate choice. The MHC somehow
influences body odours and body odour preferences in,
for example, mice (Yamazaki et al., 1976, 1994; Singer
et al., 1997; Carroll et al, 2002), humans (Wedekind
et al., 1995; Wedekind & Fiiri, 1997; Montag et al., 2001),
and fish (Reusch et al., 2001). Probably because of its link
to odours, the MHC has been found several times to
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influence sexual selection (Egid & Brown, 1989; Potts
et al., 1991; Ober et al., 1997; Landry et al,, 2001). The
effect of MHC-linked mate choice on offspring survival is,
however, still unclear.

Sexual selection includes cryptic female choice. There
exist a number of potential cryptic female choice mech-
anisms in species with internal fertilization (Birkhead &
Moller, 1993; Wedekind, 1994; Eberhard, 1996;
Birkhead & Pizzari, 2002) and there is much evidence
for cryptic female choice in various taxa (reviews in
Eberhard, 1996; Fernandez et al, 1999; Tregenza &
Wedell, 2000; Olsson & Madsen, 2001; recent examples
include Dorak et al, 2002; Tregenza & Wedell, 2002).
However, the exact kind of selection is often unclear in
species with internal fertilization. In fish with external
fertilization there are typically three potential possibilities
for cryptic female choice that may eventually result in
non-random gamete fusion:

(1) Sperm could somehow signal their haploid
specificity at certain loci and eggs could selectively
accept sperms on the basis of these signals. There are
contradictory reports about whether or not sperm bear
MHC-antigens on their cell surface that reveal parts of
their haploid genome. On the one hand, gene tran-
scription during spermatogenesis actually seems to occur
in some mammals after the last meiotic division, i.e.
from the haploid genome, and protein synthesis con-
tinues some times afterwards (Hecht, 1990; Eddy et al.,
1993). This could explain the finding of some authors
that MHC-antigens on sperm of mice and humans seem
to be haploid expressed (Fellous & Dausset, 1970; Halim
& Festenstein, 1975; Arnaiz-Villena & Festenstein, 1976;
Halim ef al., 1982). On the other hand, however, several
groups could not find any MHC-antigens on human
sperm (Haas & Nahhas, 1986; Kuhlmann ef al., 1986)
and others found MHC-antigens on human sperm of
only few individuals of a sample (Kurpisz et al., 1987),
or found only some HLA-A and -B antigens but not
others (Rodriguez-Cérdoba & Arnaiz-Villena, 1985).
Wedekind et al. (1996) suggested as a possible explan-
ation of these controversial findings that haploid
expression of MHC on sperm could be condition-
dependent, e.g. dependent on the infection status of
the male.

(2) Selection could also occur later, i.e. after the
fusion of the gametes and during the formation of the
second polar body. This is possible, as in many verte-
brates (including many fish), the second maturational
division is completed only after the sperm has pene-
trated the egg (Wolgemuth, 1983). The significance of
this suspension is not yet clear. It could, however, be an
important prerequisite allowing eggs to optimally com-
plement the sperm’s haplotype with their own haplo-
type on loci like the MHC (Wedekind, 1994; Wedekind
et al., 1996).

(3) Ovarian fluids could have a selective effect on
sperm (Turner & Montgomerie, 2002).

First evidence for nonrandom gamete fusion was
found in a tunicate where eggs resist fertilization by
sperm with the same allele on the fusibility locus for a
longer period than sperm with a different allele (Scofield
et al., 1982). In another tunicate, the self-discrimination
could be shown to be controlled by the products of
overlying follicle cells (de Santis & Pinto, 1991; Marino
et al., 1999). Within vertebrates, several authors tested
whether the MHC segregates randomly with respect to
the MHC in rats or mice. They found nonrandom
segregation in most tests (Palm, 1969, 1970; Hings &
Billingham, 1981, 1983, 1985; Potts ef al., 1991). A
recent study on over 400 newborn human babies found
that nonrandom segregation of the MHC interacts with
gender: male embryos seem to be under higher selection
than female embryos (Dorak et al, 2002). A series of
in vitro fertilization experiments in MHC-congenic inbred
mice revealed that MHC-dependent gamete fusion con-
tributes to this nonrandom segregation (Wedekind et al.,
1996). These first experimental in vitro results were later
confirmed by Riilicke et al. (1998). The physiology
behind such nonrandom gamete fusion in vertebrates is
still unknown. Ziegler ef al. (2002) suggest that testis-
expressed MHC genes and MHC-linked olfactory receptor
genes may be functionally connected and play a role in
sperm selection.

In the present study we test whether there is nonran-
dom gamete fusion with respect to the MHC in a fish.
This is, to our knowledge, the first study on possible
MHC-dependent gamete fusion in a fish. We then ask
whether MHC-linked gamete fusion would matter with
respect to offspring survival. We therefore test whether
there is an association between the MHC and embryo
susceptibility to a virulent infectious organism. In order
to control for potentially disturbing effects of non-MHC
linked background genes or different maternal reproduc-
tive strategies (Arkush et al., 2002; Lohm et al., 2002), we
only do comparisons within full sibship, i.e. we compare
full-sibs of different MHC-types.

As a model species, we chose the Alpine whitefish
(Coregonus sp., see Douglas et al., 1999, for a discussion
of the taxonomy). Females of this species produce
thousands of eggs that can be experimentally fertilized
in vitro under controlled conditions. The eggs can then
be reared until hatching in batches of about 100-200
eggs (Wedekind et al.,, 2001a). This, and the fact that
some of the polymorphism on the MHC class T and class
IT loci has recently been described (Binz et al.,, 2001a),
makes the whitefish a convenient model for studying
selection on the MHC. Moreover, Wedekind et al.
(2001b) found significant paternal effects on offspring
susceptibility to Pseudomonas fluorescens, a virulent fish
disease (Schéaperclaus, 1990; Wedekind, 2002). Here, we
specifically ask whether some of these genetic effects are
because of different MHC class II haplotypes and
whether eggs can get these 'good genes’ via nonrandom
fertilization.

J. EVOL. BIOL. 17 (2004) 11-18 © 2004 BLACKWELL PUBLISHING LTD



Methods

Sibship breeding and infection

We individually stripped the gametes of wild-caught
whitefish into Petri dishes and used these gametes to
produce 100 different sibships. Therefore, we put about
500-1000 freshly stripped eggs of one female each into a
dry Petri dish (diameter = 9 cm) and added 10 uL of milt
of only one male each. The eggs were still in ovarian
fluids when the sperm was added. We then half filled the
Petri dish with lake water and shook it gently for about
5 s. After transporting the freshly fertilized eggs to the
laboratory, we exchanged the water and distributed the
eggs from each Petri dish into five new Petri dishes
(diameter = 9 cm, water level = about 1 cm, no cover).
From then on we kept the eggs in a climate chamber at
8 °C. One randomly chosen Petri dish per sibship was
separated for another study. Care was taken to random-
ize the position of the remaining 400 batches of eggs in
the climate chamber (randomized block design with
respect to parental origin and to shelf in the climate
chamber).

During regular checks at least three times per week, we
removed dead, badly developed and obviously infected
eggs with a pipette and recorded their numbers with
marks at the respective Petri dish. Water was exchanged
every 2 weeks during the first 30 days, and once per
week from then on by emptying the Petri dish over a stiff
piece of nylon net (1000 yum) and immediately adding
sand filtered lake water that had been stored for at least
1 day in an aerated aquarium in the climate chamber.

As we expected the eggs to take about 60 days to hatch
(Ventling-Schwank & Miiller, 1991), we decided a priori
to record the cumulative mortality during the first
30 days as ’‘early mortality’ (including all possibly
unfertilized eggs) and the remaining mortality as ’late
mortality’ (=number of dead eggs between day 30 and
hatching/number of live eggs on day 30). Regular checks
under the microscope indicated that the early mortality
was mainly caused by developmental abnormalities of
the embryos. From about day 35 on, a marked increase in
mortality could be observed that was connected to an
uncontrolled epidemics by P. fluorescens. We did not
attempt to treat the infection but instead recorded the
mortality in all Petri dishes (described in Wedekind et al.,
2001b).

For the present study we selected seven sibships that
fulfilled both of two criteria: (i) the sibship must have
experienced low early mortality and (ii) one of the four
batches of eggs from the same sibship must have
experienced low late mortality, while another one must
have experienced a rather strong late mortality caused by
the infection. After hatching, all the larvae of these
14 batches were killed by an overdose of anaesthetics and
stored in 70% ethanol until DNA extraction. We use the
two selected batches of eggs each from a same sibship in a
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pairwise comparison to test whether the infection
changed the MHC class II allele frequency among the
survivors. The batches that each experienced low early
and low late mortality were used to test whether the
MHC class I allele frequencies are different from
Mendelian expectations, indicating nonrandom gamete
fusion.

Genetic analyses

The tail of each larvae was cut off and incubated for
approximately 1 h at 45 °C in 100 pL extraction buffer
(10 mm Tris-HCl, 2 mm EDTA, 0.05 Triton X-100, and
200 ug mL™! of Proteinase K) until complete lysis. The
solution was then centrifuged for 30 s at 4300 g, the
supernatant transferred to a fresh tube, then incubated at
95 °C for 10 min, and finally stored at —20 °C until
further use.

We amplified a 131 bp fragment of the MHC class I B1
locus by polymerase chain reaction (PCR) using fluores-
cently labelled primers (forward primer: 5TGAAGAATG
CAGAAGCATGG, label: 6FAM; reverse primer: 5'GGA
GCCCTGCTCACCTGTCTTATC, label: HEX). The PCR
reaction mixture (10 uL) contained Amplitaq Gold buffer
10x, 2.5 mm MgCl,, 0.5 um of each primer, all four
dNTPs (each at 0.2 mm), 0.25 units of Amplitaq Gold
polymerase (Applied Biosystems, Rotkreuz, Switzerland)
and 0.5 uL of the lysate that contained the DNA.
Amplification started with 10 min at 95 °C followed by
40 cycles of 30 s at 95 °C, 30 s at 55 °C, and 75 s at
72 °C. The reaction was terminated after a final primer
extension for 7 min at 72 °C.

We determined the MHC class II B1-genotype of the
larvae by single-stranded conformation polymorphism
(SSCP) analysis on the PCR product. This technique is
based on the sequence-specific electrophoretic mobility
of single-stranded DNA fragments (Kim ef al, 1999).
Genotyping was performed by nondenaturing capillary
electrophoresis on an ABI Prism 3100 Genetic Analyzer
(Applied Biosystems; Foster City, CA, USA) of fluores-
cently labelled PCR-products as described (Binz et al.,
2001b). The DNA sequence of the DNA fragments
obtained by PCR was determined by subcloning the
fragments into pUC19 using the Sureclone Kit of
Amersham Bioscience Europe GmbH (Freiburg, Ger-
many). The sequence of the single clones was obtained
by automated sequencing on an ABI Prism 3100
Genetic Analyzer. All sequences have been submitted
to Genbank (Table 3b). Genomic DNA of the parents
was isolated as described in Binz et al. (2001a)).

Results

The average early mortality among the 14 batches of eggs
was 2.3% (SE = 0.5) and not significantly different
between the two batches per sibship (paired t-test,
t =0.32, d.f. = 6, n.s.). The average late mortality was



14 C. WEDEKIND ET AL.

Table 1 The seven batches of eggs (of the sibships 1-7) that
experienced no or only weak selection. Number of MHC class II B1
genotypes within the sibships, early and late mortalities, and
P-values of chi-squared Goodness-of-fit tests that each compares the
observed genotype frequencies within a batch against the Mendelian
null-expectancy, i.e. against equal frequencies of the genotypes.

Table 2 The seven batches of eggs (of the sibships 1-7) that
experienced strong selection. Early mortality, late mortality
(=mortality during the infection), and P-values of two types of
frequency analyses that each test the observed genotype frequencies
among the survivors within a batch against either the Mendelian
null-expectancy (as in Table 1) or against the observed genotype
frequencies in the noninfected batch of the same sibship each.

Number of
MHC class Il Early Late N Early Late N
Sibship  haplotypes mortality (%) mortality (%) (genotyped) P Sibship  mortality (%) mortality (%) (genotyped) P* P
1 4 1.6 2.8 129 0.56 1 1.8 42.4 78 0.62 0.42
2 4 0.0 0.0 79 0.37 2 2.7 46.2 74 0.0002***  0.0004***
3 4 0.5 6.3 66 0.05 3 0.0 73.8 54 0.30 0.16
4 4 2.5 0.6 30 0.69 4 0.6 63.2 32 0.86 0.69
5 4 4.5 4.7 124 0.92 5 2.8 69.1 71 0.38 0.42
6 2 3.0 2.1 51 0.67 6 1.4 39.6 81 0.58 0.59
7 2 2.7 2.1 63 0.17 7 7.7 69.6 74 0.82 0.24

2.7% (SE = 0.8) for those seven batches that were not or
only very weakly confronted to the infection, and 57.7%
(SE = 5.5) for those that experienced strong selection by
the infection (t = 10.9, d.f. = 6, P < 0.001).

We typed a total of 1016 fish larvae for their MHC class
II B1-genotypes. Ten larvae (1% of all) had nonexpected
B1-genotypes (possibly recombinants or mutants) and
were therefore excluded from all later analyses. In two
sibships, one of the parents was homozygous which
resulted in only two Bl-genotypes in the offspring. All
other sibships had four B1-genotypes (i.e. heterozygous
parents; Table 1).

We found no evidence for a MHC-dependent gamete
fusion. In all the seven batches that experienced no or
only weak selection, the genotype frequencies were not
significantly different from random [Table 1; Fisher
combination test (Sokal & Rohlf, 1981, p. 780),
* = 14.4, d.f. = 14, n.s.). If this non significant finding
were because of a lack in statistical power, we would
expect a negative correlation between the P-value and
the number of analysed larvae per batch. However, this
correlation was not significant and even positive in sign
(r =0.277, n.s.).

When we tested for possible deviations in genotype
frequencies after selection by the infection, we found a
strong effect in sibship 2. The effect in sibship 2 stayed
statistically significant after Bonferroni correction for
multiple testing. Hence, susceptibility to P. fluorescens
depends on the MHC or closely linked loci in
whitefish.

There was no detectable interaction between the
epidemic and the MHC class I B1 genotype of the other
six sibships (Table 2). This indicates that the interaction
between the MHC class II and the infection can be quite
specific. Table 3a gives the genotypes in both batches of
sibship 2, and Table 3b lists the Genbank accession
numbers of the amplified nucleotide sequences of the
parents of sibship 2.

*y*-Goodness-of-fit, testing against Mendelian expectancy, i.e. equal
frequencies of the genotypes.

=y test for independence, testing against the frequencies in the
noninfected sibgroup each (see Table 1).

***Significant after Bonferroni-correction for multiple testing. The
table gives the uncorrected P-values.

Table 3 (a) The MHC class II B1 genotype frequencies of surviving
embryos in the two batches of sibship 2 and (b) the names and the
Genbank accession numbers of the amplified nucleotide sequences
of the parents of sibship 2. Haplotype d is specified by two different
PCR fragments which represents sequences from two different loci
(see also Binz et al., 2001a).

Genotype ac ad bc bd
(@)
No or weak selection 13 23 21 22
Strong selection by P. fluorescens 30 5 15 24
Genbank
Sequence accession
name number
(o)
Maternal haplotype a: Cosp-B1-H-17 AF213331
Maternal haplotype b: Cosp-B1-H-18 AF213315
Paternal haplotype c: Cosp-B1-H-4b AY150026
Paternal haplotype d, sequence 1: Cosp-B1-H-15 AF213329
Paternal haplotype d, sequence 2: Cosp-B1-H-16 AF213330

Discussion

Studies on inter-sexual selection often concentrate on
genetic factors that are believed to be connected to host-
parasite co-evolution. Recent experimental examples of
general ‘good genes’ effects in sexual selection include
Welch et al. (1998) and Barber et al. (2001), but these
studies could not identify any of the genes involved.
Here, we asked whether the MHC influences offspring
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survival and one possible form of sexual selection. The
MHC is very polymorphic in our study population of
whitefish (Binz et al., 2001a), as it is in most vertebrates
(Parham & Ohta, 1996; Vogel et al., 1999). This diversity
of MHC genes could potentially be driven by pathogen-
mediated selection and by sexual selection (Apanius
et al., 1997, Edwards & Hedrick, 1998; Penn & Potts,
1999).

Most previous studies on the interaction between the
MHC and pathogens are solely based on correlative data,
with no experimental control for possible confounding
effects of, for example, non-MHC background genes (e.g.
Briles et al., 1983; Hill et al., 1991; Thursz et al., 1997;
Paterson et al., 1998; Carrington et al., 1999; Langefors
et al., 2001). Other studies use inbred mouse strains that
are congenic with respect to the MHC (e.g. Wunderlich
et al., 1988; Medina & North, 1998), but they do not
control for potential nongenetic maternal carry-over
effects, e.g. the mother’s age that is known to affect
offspring size and number (Girard et al, 2002), or
different maternal reproductive strategies that may
influence the offspring’s general health and vigour and
hence their susceptibility to pathogens (Petrie, 1994).
Moreover, some MHC-congenic lines seem to differ with
respect to the mutation load on their background genes,
as they experience different mortalities during their first
3 days of embryo development (Wedekind et al., 1996;
Carroll et al., 2002). Such ditferences in mutation load
could well interact with pathogen susceptibilities.

Comparisons within full sibship, i.e. comparing full-
sibs of different MHC-types, control for potentially
disturbing effects of non-MHC linked background genes
or different maternal reproductive strategies while
retaining an outbred genetic background (Arkush et al.,
2002; Lohm et al.,, 2002). Our within-family analyses
reveal that there is an interaction between the MHC class
IT haplotype and embryo susceptibility to P. fluorescens, a
virulent bacterium. The interaction is as expected for the
MHC (Beltman et al., 2002): pathogens that escape from
presentation by one MHC type may not be able to escape
from presentation of another MHC type. Our results are
also in agreement with recent experimental findings in
mice (Penn ef al., 2002) and other salmonids (Palti et al.,
2001; Lohm et al., 2002; but see Arkush et al., 2002).

In fish, MHC class II genes are mostly linked to each
other but not to MHC class I genes (Sato et al., 2000). The
B1 locus that we concentrated on can therefore be seen
as marker for the MHC class II haplotypes within
families. Hence, the specific pathogen susceptibility that
we found is linked to the combination of maternal and
paternal MHC class II haplotypes. Our finding suggests
that epistatic effects within the MHC class II region are
possible and that they may play a role in determining the
susceptibility of whitefish embryos to P. fluorescens. The
type of host-pathogen interaction that we observed
is likely to lead to frequency-dependent selection
(Takahata & Nei, 1990; Smith et al., 1999).
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We did not find any evidence for MHC-linked gamete
fusion. Effect sizes for nonrandom gamete fusion are
expected to be low: in mice and rats, MHC-segregation
typically deviates from Mendelian expectations by on
average about 5% (Palm, 1969, 1970; Hings &
Billingham, 1981, 1983, 1985; Potts etal, 1991;
Wedekind et al., 1996; Riilicke et al., 1998). We therefore
genotyped a comparatively high number of offspring
within seven experimentally bred families. If we were
still lacking statistical power, we would expect to see a
negative correlation between the observed effect size and
the sample size over the seven families. However, the
corresponding correlation was not significant and even
positive in sign. Hence, gamete fusion in Alpine whitefish
seems to be random with respect to the MHC class II. This
is in contrast to previous findings in tunicates and mice
(see Introduction).

We suggest that nonrandom gamete fusion has not
evolved in whitefish for three main reasons: (i) it has
been suggested that the allelic specificity of the MHC
could be used as a marker of the degree of relationship
between two individuals (e.g. Yamazaki et al., 1976; Potts
et al., 1994). MHC-linked sexual selection would then be
a mechanism to avoid inbreeding. However, the risk of
inbreeding seems to be very low in whitefish because of
the usually large population sizes and nonterritorial life
history of the species (Miiller, 1990). Whitefish typically
aggregate to large schools that wander around in the
search of planktonic food. The presumably low risk of
inbreeding is in sharp contrast to the situation in many
simultaneous hermaphrodites or in sessile animals where
nearby individuals are often close relatives, i.e. where the
chance of an egg being fertilized by a sperm of a close
relative would be high if no selection mechanisms
prevents inbreeding (Scofield ef al., 1982). (ii) The total
female investment per single egg is much lower in
whitefish as it is, for example, in mice. Female mice will
invest into the pregnancy and lactation, while female
whitefish just release thousands of relatively small eggs at
the spawning site and do not show any form of brood
care (Fabricius & Lindroth, 1954). If nonrandom gamete
fusion involves costs, these costs would have to be
weighted against all other female investments into each
offspring and against the benefits of the choice. Such a
cost/benefit ratio may usually be much lower in
K-strategists like mice than in r-strategists like the
whitefish. (iii) The costs of nonrandom gamete fusion
(i.e. of refusing some sperm) may be, in general, higher
in species with external fertilization than it is for internal
fertilizers whose unfertilized eggs can usually wait much
longer for the fertilizing sperm and in a much safer
environment.

Acknowledgments

We thank M. Burgener, L. Carroll, E. Fischer, A. Holzer
and E. Schéffer for help or assistance, M. Gilintert,



16 C. WEDEKIND ET AL.

U. Marti and W. Potts for support and/or discussion, and
two anonymous referees for useful comments on an
earlier version of the paper. CW acknowledges support
by the Swiss National Science Foundation and the
Cloétta Foundation.

References

Apanius, V., Penn, D., Slev, P.R., Ruff, L.R. & Potts, W.K. 1997.
The nature of selection on the major histocompatibility
complex. Crit. Rev. Immunol. 17: 179-224.

Arkush, K.D., Giese, A.R., Mendonca, H.L.,, McBride, A.M.,
Marty, G.D. & Hedrick, P.W. 2002. Resistance to three
pathogens in the endangered winter-run chinook salmon
(Oncorhynchus tshawytscha): effects of inbreeding and major
histocompatibility complex genotypes. Can. J. Fish. Aquat. Sci.
59: 966-975.

Arnaiz-Villena, A. & Festenstein, H. 1976. HLA genotyping by
using spermatozoa: evidence for haploid gene expression.
Lancet 707-709.

Barber, I., Arnott, S.A., Braithwaite, V.A., Andrew, J. &
Huntingford, F.A. 2001. Indirect fitness consequences of
mate choice in sticklebacks: offspring of brighter males grow
slowly but resist parasitic infections. Proc. R. Soc. Lond. B 268:
71-76.

Beltman, J.B., Borghans, J.A.M. & de Boer, R.J. 2002. Major
histocompatibility complex: polymorphism from co-evolution.
In: Adaptive Dynamics of Infectious Diseases (U. Dieckmann, J. A.
J. Metz, M. W. Sabelis & K. Sigmund, eds), pp. 185-197.
Cambridge University Press, Cambridge.

Binz, T., Largiader, C., Miiller, R. & Wedekind, C. 200la.
Sequence diversity of MHC genes in lake whitefish. J. Fish
Biol. 58: 359-373.

Binz, T., Reusch, T.B.H., Wedekind, C. & Milinski, M. 2001b.
SSCP analysis of MHC class IB genes in the threespine
stickleback. J. Fish Biol. 58: 887-890.

Birkhead, T. & Moller, A.P. 1993. Female control of paternity.
Trends Ecol. Evol. 8: 100-104.

Birkhead, T.R. & Pizzari, T. 2002. Postcopulatory sexual
selection. Nat. Rev. Genet. 3: 262-273.

Briles, W.E., Briles, R.W., Taffs, R.E. & Stone, H.A. 1983.
Resistance to a malignant-lymphoma in chickens is mapped to
subregion of major histocompatibility (B) complex. Sciernce
219: 977-979.

Carrington, M., Nelson, G.W., Martin, M.P., Kissner, T., Vlahov,
D., Goedert, J.J., Kaslow, R., Buchbinder, S., Hoots, K. &
O’Brien, S.J. 1999. HLA and HIV-1: heterozygote advantage
and B*35-Cw*04 disadvantage. Science 283: 1748-1752.

Carroll, L.S., Penn, D.J. & Potts, W.K. 2002. Discrimination of
MHC-derived odors by untrained mice is consistent with
divergence in peptide-binding region residues. Proc. Natl. Acad.
Sci. USA 99: 2187-2192.

Dorak, M.T., Lawson, T., Machulla, H.K.G., Mills, K.I. & Burnett,
A.K. 2002. Increased heterozygosity for MHC class II lineages
in newborn males. Genes Immun. 3: 263-269.

Douglas, M.R., Brunner, P.C. & Bernatchez, L. 1999. Do
assemblages of Coregonus (Teleostei: Salmoniformes) in the
Central Alpine region of Europe represent species flocks?
Molec. Ecol. 8: 589-603.

Eberhard, W.G. 1996. Female Control: Sexual Selection by Cryptic
Female Choice. Princeton University Press, Princeton.

Eddy, E.M., Welch, J.E. & O’Brien, D.A. 1993. Gene expression
during spermatogenesis. In: Molecular Biology of the Male
Reproductive System (D. de Kretser, ed.), pp. 181-232. Academic
Press, London.

Edwards, S.V. & Hedrick, P.W. 1998. Evolution and ecology of
MHC molecules: from genomics to sexual selection. Trends
Ecol. Evol. 13: 305-311.

Egid, K. & Brown, J.L. 1989. The major histocompatibility
complex and female mating preferences in mice. Anim. Behav.
38: 548-550.

Fabricius, E. & Lindroth, A. 1954. Experimental observations on
the spawning of whitefish Coregonus lavaretus L. in the stream
aquarium of the Holle laboratory at River Indalsdlven. Rept.
Int. Freshwater Res. 35: 105-112.

Fellous, M. & Dausset, J. 1970. Probable haploid expression
of HL-A antigens on human spermatozoon. Nature 225: 191-
193.

Fernandez, N., Cooper, J., Sprinks, M., AbdElrahman, M., Fiszer,
D., Kurpisz, M. & Dealtry, G. 1999. A critical review of the role
of the major histocompatibility complex in fertilization,
preimplantation development and feto- maternal interactions.
Hum. Reprod. Update 5: 234-248.

Girard, I., Swallow, J.G., Carter, P.A., Koteja, P., Rhodes, J.S. &
Garland, T. 2002. Maternal-care behavior and life-history
traits in house mice (Mus domesticus) artificially selected for
high voluntary wheel-running activity. Behav. Processes 57: 37—
50.

Haas, G.G. & Nahhas, F. 1986. Failure to identify HLA ABC and
DR antigens on human sperm. Am. J. Reprod. Immunol.
Microbiol. 10: 39—-46.

Halim, K. & Festenstein, H. 1975. HLA-D on sperm is haploid,
enabling use of sperm for HLA-D typing. Lancet 1255-1256.
Halim, K., Wong, D.M. & Mittal, K.K. 1982. The HLA typing of
human spermatozoa by two color fluorescence. Tissue. Anti-

gens. 19: 90-91.

Hecht, N.B. 1990. Regulation of 'haploid expressed genes’ in
male germ cells. J. Reprod. Fert. 88: 679-693.

Hedrick, P.W. 2002. Pathogen resistance and genetic variation at
MHC loci. Evolution 56: 1902—-1908.

Hill, A.V.S., Allsopp, C.E.M., Kwiatkowski, D., Anstey, N.M.,
Twumasi, P., Rowe, P.A., Bennett, S., Brewster, D., McMi-
chael, A.J. & Greenwood, B.M. 1991. Common West African
HLA Antigens are associated with protection from severe
malaria. Nature 352: 595-600.

Hings, I.M. & Billingham, R.E. 1981. Splenectomy and sensitiza-
tion of Fischer female rats favors histoincompatibility of R2
backcross progeny. Transplant. Proc. 13: 1253-1255.

Hings, I.M. & Billingham, R.E. 1983. Parity-induced changes in
the frequency of Rtl heterozygotes in an R2-backcross.
Transplant. Proc. 15: 900-902.

Hings, I. & Billingham, R.E. 1985. Maternal fetal immune
interactions and the maintenance of major histocompatibility
complex polymorphism in the rat. J. Reprod. Immunol. 7: 337—
350.

Jennions, M.D. & Petrie, M. 2000. Why do females mate
multiply? A review of the genetic benefits. Biol. Rev. 75: 21-64.

Kim, T.J., Parker, K.M. & Hedrick, P.W. 1999. Major histocom-
patibility complex differentiation in Sacramento River
chinook salmon. Genetics 151: 1115-1122.

Kuhlmann, D., Dohr, G., Pusch, H., Scherbaum, W., Schiefer-
stein, G., Uchanska-Ziegler, B. & Ziegler, A. 1986. Absence of

. EVOL. BIOL. 17 (2004) 11-18 © 2004 BLACKWELL PUBLISHING LTD



Paterson, S.,

HLA class I and class II antigens as well as b2-microglobuline
from normal and pathological human spermatozoa. Tissue.
Antigens. 27: 179-184.

Kurpisz, M., Fernandez, N., Witt, M., Kowalik, 1., Szymczynski,
G.A. & Festenstein, H. 1987. HLA expression on human
germinal cells. J. Immunogenetics 14: 23-32.

Landry, C., Garant, D., Duchesne, P. & Bernatchez, L. 2001.
‘Good genes as heterozygosity’: the major histocompatibility
complex and mate choice in Atlantic salmon (Salmo salar).
Proc. R. Soc. Lond. B 268: 1279-1285.

Langefors, A., Lohm, J., Grahn, M., Andersen, O. & von Schantz,
T. 2001. Association between major histocompatibility com-
plex class IIB alleles and resistance to Aeromonas salmonicida in
Atlantic salmon. Proc. R. Soc. Lond. B 268: 479-485.

Lohm, J., Grahn, M., Langefors, A., Andersen, 0., 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.

Moller, A.P. & Alatalo, R.V. 1999. Good-genes effects in sexual
selection. Proc. R. Soc. Lond. B 266: 85-91.

Moller, A.P., Christe, P. & Lux, E. 1999. Parasitism, host immune

function, and sexual selection. Q. Rev. Biol. 74: 3-20.

Marino, R., De Santis, R., Giuliano, P. & Pinto, M.R. 1999.

Follicle cell proteasome activity and acid extract from the egg
vitelline coat prompt the onset of self-sterility in Ciona
intestinalis oocytes. Proc. Natl. Acad. Sci. USA 96: 9633-9636.
Medina, E. & North, R.J. 1998. Resistance ranking of some
common inbred mouse strains to Mycobacterium tuberculosis and
relationship to major histocompatibility complex haplotype
and Nrampl genotype. Immunology 93: 270-274.

Montag, S., Frank, M., Ulmer, H., Wernet, D., Gopel, W. &
Rammensee, H.G. 2001. Electronic nose detects major
histocompatibility complex-dependent prerenal and post-
renal odor components. Proc. Natl. Acad. Sci. USA 98: 9249—
9254.

Miiller, R. 1990. Management practices for lake fisheries in
Switzerland. In: Management of Freshwater Fisheries. (W. L. T.
van Densen, B. Steinmetz & R. H. Hughes, eds), pp. 477-492.
Pudoc, Wageningen.

Ober, C., Weitkamp, L.R., Cox, N., Dytch, H., Kostyu, D. & Elias,
S. 1997. HLA and mate choice in humans. Am. J. Hum. Genet.
61: 497-504.

Olsson, M. & Madsen, T. 2001. Promiscuity in sand lizards
(Lacerta agilis) and adder snakes (Vipera berus): causes and
consequences. J. Hered. 92: 190-197.

Palm, J. 1969. Association of maternal genotype and excess
heterozygosity for Ag-B histocompatibility antigens among
male rats. Transplant. Proc. 1: 82-84.

Palm, J. 1970. Maternal-fetal interaction and histocompatibility
antigens polymorphisms. Transplant. Proc. 2: 162-173.

Palti, Y., Nichols, K.M., Waller, K.I., Parsons, J.E. & Thorgaard,
G.H. 2001. Association between DNA polymorphisms tightly
linked to MHC class II genes and IHN virus resistance in
backcrosses of rainbow and cutthroat trout. Aquaculture 194:
283-289.

Parham, P. & Ohta, T. 1996. Population biology of antigen
presentation by MHC class I molecules. Science 272: 67-74.
Wilson, K. & Pemberton, J.M. 1998. Major
histocompatibility complex variation associated with juvenile
survival and parasite resistance in a large unmanaged
ungulate population (Ovis aries L.). Proc. Natl. Acad. Sci. USA
95: 3714-3719.

. EVOL. BIOL. 17 (2004) 11-18 © 2004 BLACKWELL PUBLISHING LTD

MHC, infection and gamete fusion in a fish 17

Penn, DJ. & Potts, W.K. 1999. The evolution of mating
preferences and major histocompatibility complex genes.
Am. Nat. 153: 145-164.

Penn, D.J., Damjanovich, K. & Potts, W.K. 2002. MHC
heterozygosity confers a selective advantage against multi-
ple-strain infections. Proc. Natl. Acad. Sci. USA 99: 11260-
11264.

Petrie, M. 1994. Improved growth and survival of offspring of
peacocks with more elaborate trains. Nature 371: 598-599.
Potts, W.K., Manning, C.J. & Wakeland, E.K. 1991. Mating
patterns in seminatural populations of mice influenced by

MHC genotype. Nature 352: 619-621.

Potts, W.K., Manning, C.J. & Wakeland, E.K. 1994. The role of
infectious-disease, inbreeding and mating preferences in
maintaining MHC genetic diversity — an experimental test.
Phil. Trans. R. Soc. Lond. B 346: 369-378.

Reusch, T.B.H., Haberli, M.A., Aeschlimann, P.B. & Milinski, M.
2001. Female sticklebacks count alleles in a strategy of sexual
selection explaining MHC polymorphism. Nature 414: 300-
302.

Rodriguez-Cérdoba, S. & Arnaiz-Villena, A. 1985. HLA-A and -B
(but not -C, -Bw4, Bw6 or -DR antigens) are expressed on
purified spermatozoa. Tissue. Antigens. 25: 11-18.

Riilicke, T., Chapuisat, M., Homberger, F.R., Macas, E. &
Wedekind, C. 1998. MHC-genotype of progeny influenced
by parental infection. Proc. R. Soc. Lond. B 265: 711-716.

de Santis, R. & Pinto, M.R. 1991. Gamete self-discrimination in
Ascaridians: a role for the follicle cells. Molec. Reprod. Devl. 29:
47-50.

Sato, A., Figueroa, F., Murray, B.W., Malaga-Trillo, E., Zaleska-
Rutczynska, Z., Sultmann, H., Toyosawa, S., Wedekind, C.,
Steck, N. & Klein, J. 2000. Nonlinkage of major histocompat-
ibility complex class I and class II loci in bony fishes.
Immunogenetics 51: 108-116.

von Schantz, T., Bensch, S., Grahn, M., Hasselquist, D. &
Wittzell, H. 1999. Good genes, oxidative stress and condition-
dependent sexual signals. Proc. R. Soc. Lond. B 266: 1-12.

Schéaperclaus, W. 1990. Fischkrankheiten (5. Auflage). Akademie-
Verlag, Berlin.

Scofield, V.L., Schlumpberger, J.M., West, L.A. & Weissman, I.L.
1982. Protochordate allorecognition is controlled by a MHC-
like gene system. Nature 295: 499-502.

Singer, A.G., Beauchamp, G.K. & Yamazaki, K. 1997. Volatile
signals of the major histocompatibility complex in male mouse
urine. Proc. Natl. Acad. Sci. USA 94: 2210-2214.

Smith, D.J., Forrest, S., Ackley, D.H. & Perelson, A.S. 1999.
Variable efficacy of repeated annual influenza vaccination.
Proc. Natl. Acad. Sci. USA 96: 14001-14006.

Sokal, R.R. & Rohlf, F.J. 1981. Biometry. W. H. Freeman and Co.,
New York.

Takahata, N. & Nei, M. 1990. Allelic genealogy under over-
dominant and frequency-dependent selection and poly-
morphism of major histocompatibility complex loci. Genetics
124: 967-978.

Thursz, M.R., Thomas, H.C., Greenwood, B.M. & Hill, A.V.S.
1997. Heterozygote advantage for HLA class-II type in
hepatitis B virus infection. Nature Genet. 17: 11-12.

Tiwari, J.T. & Terasaki, P.I. 1985. HLA and Disease Associations.
Springer Verlag, Berlin.

Tregenza, T. & Wedell, N. 2000. Genetic compatibility, mate
choice and patterns of parentage: invited review. Molec. Ecol. 9:
1013-1027.



18 C. WEDEKIND ET AL.

Tregenza, T. & Wedell, N. 2002. Polyandrous females avoid costs
of inbreeding. Nature 415: 71-73.

Turner, E. & Montgomerie, R. 2002. Ovarian fluid enhance
sperm movement in Arctic charr. J. Fish. Biol. 60: 1570-1579.

Ventling-Schwank, A.R. & Miiller, R. 1991. Survival of
coregonids (Coregonus sp.) eggs in Lake Sempach, Switzerland.
Verh. Int. Verein. Limnol. 24: 2451-2554.

Vogel, T.U., Evans, D.T., Urvater, J.A., O’Connor, D.H., Hughes,
A.L. & Watkins, D.I. 1999. Major histocompatibility complex
class I genes in primates: co-evolution with pathogens.
Immunol. Rev. 167: 327-337.

Wedekind, C. 1994. Mate choice and maternal selection for
specific parasite resistances before, during and after fertiliza-
tion. Phil. Trans. R. Soc. Lond. B 346: 303-311.

Wedekind, C. 2002. Induced hatching to avoid infectious egg
disease in whitefish. Curr. Biol. 12: 69-71.

Wedekind, C. & Fiiri, S. 1997. Body odour preferences in men
and women: do they aim for specific MHC combinations or
simply heterozygosity? Proc. R. Soc. Lond. B 264: 1471-1479.

Wedekind, C., Seebeck, T., Bettens, F. & Paepke, A.J. 1995.
MHC-dependent mate preferences in humans. Proc. R. Soc.
Lond. B 260: 245-249.

Wedekind, C., Chapuisat, M., Macas, E. & Riilicke, T. 1996. Non-
random fertilization in mice correlates with the MHC and
something else. Heredity 77: 400-409.

Wedekind, C., Miiller, R., Steffen, A. & Eggler, R. 2001a. A low-
cost method of rearing multiple batches of fish. Aquaculture
192: 31-37.

Wedekind, C., Miiller, R. & Spicher, H. 2001b. Potential genetic
benefits of mate selection in whitefish. J. Evol. Biol. 14: 980—
986.

Welch, A.M., Semlitsch, R.D. & Gerhardt, H.C. 1998. Call
duration as an indicator of genetic quality in male gray tree
frogs. Science 280: 1928-1930.

Westneat, D.F. & Birkhead, T.R. 1998. Alternative hypotheses
linking the immune system and mate choice for good genes.
Proc. R. Soc. Lond. B 265: 1065-1073.

Wolgemuth, D.J. 1983. Synthetic activities of the mammalian
early embryo: molecular and genetic alterations following
fertilization. In: Mechanism and Control of Animal Fertilization (J.
F. Hartmann, ed.), pp. 415-452. Academic Press, London.

Wunderlich, F., Mossmann, H., Helwig, M. & Schillinger, G.
1988. Resistance to Plasmodium chabaudi in B-10 mice -
influence of the H-2-complex and testosterone. Infect. Immun.
56: 2400-2406.

Yamazaki, K., Boyse, E.A., Miké, V., Thaler, H.T., Mathieson,
B.J., Abbott, J., Boyse, J., Zayas, Z.A. & Thomas, L. 1976.
Control of mating preference in mice by genes in the
major histocompatibility complex. J. Exp. Med. 144: 1324—
1335.

Yamazaki, K., Beauchamp, G.K., Shen, F.W., Bard, J. & Boyse,
E.A. 1994. Discrimination of odortypes determined by the
major histocompatibility complex among outbred mice. Proc.
Natl. Acad. Sci. USA 91: 3735-3738.

Ziegler, A., Dohr, G. & Uchanska-Ziegler, B. 2002. Possible roles
for products of polymorphic MHC and linked olfactory
receptor genes during selection processes in reproduction.
Am. J. Reprod. Immunol. 48: 34-42.

Received 12 May 2003; revised 4 October 2003; accepted 13 October
2003

J. EVOL. BIOL. 17 (2004) 11-18 © 2004 BLACKWELL PUBLISHING LTD



