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Abstract

Genes of the major histocompatibility complex (MHC) have been a source of consid-
erable research interest, owing in large part to the growing body of evidence that they
may be subject to both natural and sexual selection. However, much remains to be
learned about the dynamics of MHC genes in subdivided populations, particularly those
characterized by divergent ecological pressures. In this study, we attempt to disentangle
the relative roles of both parasite-mediated selection and MHC-mediated mate choice in
an open estuarine system inhabited by two parapatric, adaptively divergent threespine
stickleback (Gasterosteus aculeatus) demes. We sequenced the putative peptide-binding
region (PBR) of an estimated four Class IIf loci from 127 individuals, identifying 329
sequence variants (276 translated amino acid sequences). Demes differed significantly
both in the frequency of MHC alleles and in the communities of helminth parasites
infecting resident sticklebacks. Strong signatures of natural selection were inferred from
analyses of codon substitutions, particularly in the derived (freshwater) rather than the
ancestral (marine) deme. Relationships between parasite load and MHC diversity were
indicative of balancing selection, but only within the freshwater deme. Signals of MHC-
mediated mate choice were weak and differed significantly between demes. Moreover,
MHC-mediated mate choice was significantly influenced by environmental salinity and
appeared of secondary importance to tendencies towards assortative mating. We discuss
the implications of these findings in respect to ecological adaptation and the potential
demographic consequences of possible outcomes of MHC-mediated mate choice.
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ancing selection can be traced to the study of MHC

Introduction polymorphisms, particularly in wild, outbred popula-

Genes of the major histocompatibility complex (MHC)
are the most polymorphic known to vertebrates
(Hughes & Yeager 1998; Bernatchez & Landry 2003;
Klein et al. 2007), and it is largely believed that selective
pressures imposed by pathogens are responsible for
maintaining diversity at these loci (Parham & Ohta
1996; Jeffery & Bangham 2000; Klein ef al. 2007).
Indeed, many valuable insights into the nature of bal-
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tions (Ilmonen ef al. 2007). Examples of MHC heterozy-
gote advantage are often reported from studies of wild
populations (Richman ef al. 2001; Evans & Neff 2009;
Kekéldinen et al. 2009), even in those of small effective
size, potentially prone to loss of diversity through ran-
dom processes (van Oosterhout et al. 2006). Alterna-
tively, frequency dependence has been invoked as the
dominant mechanism underlying balancing selection on
MHC genes (Schierup et al. 2000; Borghans et al. 2004),
and though it has been difficult to document conclu-
sively, a few well-studied examples are known (Pater-
son et al. 1998; Westerdahl et al. 2004). Many other
reported examples of specific MHC alleles conferring
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resistance to a unique pathogen challenge may also be
indicative of frequency-dependent selection (Langefors
et al. 2001; Froeschke & Sommer 2005; Harf & Sommer
2005; Schou et al. 2007; Croisetiere et al. 2008; Lenz
et al. 2009).

Sexual selection can play an equally important role in
the maintenance of MHC polymorphisms (Penn 2002),
although as in the case of balancing selection, debate
remains as to the dominant role of two competing
mechanisms: selection for maximal vs. optimal diver-
sity. Interestingly, this is also germane to the distinction
between good- and compatible-genes models of indirect
fitness benefits accrued through mate choice based
upon assessment of a potential partner’s genetic quality
(Neff & Pitcher 2005). There is considerable evidence to
suggest that MHC gene products may facilitate olfac-
tory recognition, and mate choice to maximize MHC
diversity has been proposed as a mechanism for
inbreeding avoidance (reviewed in Penn & Potts 1999;
Penn 2002; Bernatchez & Landry 2003; Consuegra &
Garcia de Leaniz 2008; Setchell et al. 2010), though this
strategy may be equally prominent independent of
relatedness (Landry et al. 2001; Neff et al. 2008). Alter-
natively and more intuitively appealing as an explana-
tion for MHC polymorphism are observations of a
preference for sexual partners with an intermediate
level of MHC diversity (Wedekind & Fiiri 1997; Fors-
berg et al. 2007). This notion has been extended to spe-
cies with multiple copies of MHC paralogues in which
a self-referencing strategy may be used to choose a
mate most likely to produce offspring with an optimal
number of unique alleles (Aeschlimann et al. 2003;
Bonneaud et al. 2006).

Yet the dual effects of balancing and sexual selection
may have contradictory demographic and evolutionary
consequences. For example, in the absence of physical
barriers between locally adapted demes, female mate
choice to increase MHC distance could favour disassor-
tative mating, which in turn would promote admixture
to the detriment of locally adapted genes. Balancing
selection in subdivided populations might also serve to
promote gene flow: while overdominant selection may
favour high genetic diversity within demes, a gene
invading from another may be quickly selected for
(Schierup et al. 2000). Consequently, given the range of
selective forces potentially acting upon MHC genes,
and the inconsistency in their outcomes, there is much
to be learned in even the best-studied model systems.

In recent years, the threespine stickleback
(Gasterosteus aculeatus) has emerged as an important
model for MHC studies. Its genome contains at least
four known MHC class II paralogues located on two
distinct chromosomes (Sato et al. 2000; Reusch et al.
2004; Reusch & Langefors 2005). Maintenance of MHC
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polymorphism has largely been attributed to ecological
factors. Nonlinear correlations between individual alle-
lic richness and macroparasite infestation suggested
that MHC diversity may be under balancing selection
(Wegner et al. 2003b), and experimental results have
largely supported this inference (Wegner et al. 2003a;
Kurtz et al. 2004). MHC heterozygosity in sticklebacks
is also negatively correlated with MHC gene expression
(Wegner et al. 2006), and high levels of MHC expres-
sion are linked to poor body condition and elevated
oxidative stress (Kurtz et al. 2006). Consequently, fitness
is likely maximized in individuals with an optimal level
of MHC diversity. Moreover, reproductive success also
appears to be greatest in individuals with an optimal
allele number (Kalbe ef al. 2009).

The St. Lawrence River estuary presents an appealing
ecosystem to address the role of MHC polymorphism
within the context of adaptive divergence. Sticklebacks
are indigenous to the system and are partitioned into
two demes whose geographic ranges coincide with the
ecological division into freshwater and saltwater zones
(McCairns & Bernatchez 2008); moreover, salinity differ-
ences represent unique selective pressures driving
adaptive divergence between demes (McCairns & Ber-
natchez 2010). The estuary is a large, open waterway,
free of physical barriers to dispersal, although gene
flow across the dominant ecological gradient is likely
reduced via decreased survival of larval hybrids
(McCairns & Bernatchez 2010). Although divergent
behavioural preferences leading to reproductive isola-
tion have evolved between resident freshwater and
anadromous Japanese populations (Ishikawa & Mori
2000; Kitano et al. 2007), it is unknown if prezygotic
barriers to admixture exist within the St. Lawrence.
Knowledge of MHC variation within this system is also
lacking, as is any information on related selective
pressures.

In this study, we document natural levels of MHC
variation, both within and between demes, and test for
associated signals of natural selection, particularly in
relation to anticipated divergent parasite infestations.
At the same time, we evaluate the relative importance
of sexual selection acting via MHC-mediate mate choice
and infer the potential demographic consequences of
MHC-mediated reproductive behaviour. To address this
issue, however, requires consideration of the predomi-
nant environmental variation between demes. For
example, translocation experiments have shown that
common, habitat-specific environmental effects influ-
ence odour cues used by sticklebacks in shoaling behav-
iour (Ward et al. 2007, Webster et al. 2007). Water
chemistry can also affect olfactory recognition (Heusc-
hele & Candolin 2007). Consequently, to minimize bias
in tests between demes originating from divergent
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physicochemical conditions, experiments are performed
under salinity conditions typical for both demes.

Methods

We sampled fish using seine nets, dip nets and minnow
traps from two spawning/nursery sites (CR &
FOR), each located within the geographic range of dis-
tinct, locally adapted demes (McCairns & Bernatchez
2008, see also Fig. S1, Supporting information). We col-
lected only sexually mature fish of the same size/age
class. Fish were transported alive to wet laboratory
facilities (LARSA, Université Laval) and randomly
assigned to one of two salinities representative of natu-
ral conditions, either saltwater (209, or freshwater
(<1%,). Thus, all fish were acclimated to test salinities
prior to mating trials. Males were housed separately in
individual aquaria to prevent aggressive interactions,
whereas females were kept in groups of approximately
20 fish per aquarium. Fish were fed ad libitum twice
daily a mixture of flake food and commercial salmonid
fry ration, in addition to once daily supplements of
freeze-dried Mysis relicta, frozen chironomid larvae and
live Artemia nauplii. Photoperiod mimicked natural con-
ditions, consisting of a 30-min ‘sunrise’ in which lumi-
nosity increased gradually to ambient (40%) levels, was
maintained for 15 h, then followed by a 30-min ‘sunset’
and 8-h darkness.

Mate choice experiments

Mate choice experiments were based on 36 experimen-
tal trials, 18 in freshwater and 18 in saltwater. A total of
18 individual females from each deme were used, nine
in each of the two environments. Twelve independent
500-L tanks were isolated in a quiet, screened corner
of the wet laboratory. Six tanks were filled with artifi-
cial seawater, and the remaining six filled with dechlo-
rinated freshwater. Tanks measured 200 cm x 50 cm x
50 cm. Each was partitioned into two end sections
(50 cm x 50 cm and 75 cm in length) and a middle sec-
tion (50 cm x 50 cm x 50 cm). Dividers were porous
and consisted of two components, both an opaque and
a transparent layer, which could be removed indepen-
dently. Natural nesting materials (i.e. fine aquatic vege-
tation and filamentous algae) and a 30-cm-diameter
plastic dish filled with fine-grained sand were placed
into opposing corners in each end. Plates were oriented
cross-diagonally and bordered by artificial vegetation to
limit visual contact between nesting males.

As mate size is a predominant trait attractive to stick-
leback females (Cubillos & Guderley 2000; Ishikawa &
Mori 2000; Albert 2005; Boughman et al. 2005; Olafsdot-
tir et al. 2006), males were carefully size-matched within

each trial. Two equal sized males, one from each deme,
were selected for transfer to spawning tanks. One male,
selected at random, was marked with a small clip to the
second dorsal spine. Both males were then assigned ran-
domly to opposite ends of a spawning tank. Males were
allowed 72 h to construct a nest or were replaced: only
actively nesting males were used in tests. Following nest
construction, a randomly selected female was transferred
to the centre section of each tank. The female was
allowed to acclimate for 24 h, during which time she
had only olfactory contact with males. Opaque barriers
were subsequently removed for a period of 20 min, per-
mitting both olfactory and visual contact with males.
Physical barriers were then removed, and the female
was allowed to mate with the male of her choice. After
removal of barriers, fish were neither observed nor dis-
turbed, apart from daily feeding.

After 4 days, fish were removed from the spawning
tanks. A barrier was placed in the centre of each tank
to restrict movement. Fish were removed with a dip
net, and males were identified by inspecting the spine
clip to verify that they had remained associated with
their respective nests. Nests were removed and all eggs
counted. All fish were euthanized, individually bagged
and identified and flash frozen for subsequent nec-
ropsy. Tanks were then completely drained, rinsed and
re-filled with new water for two additional series of
experiments.

Parasitology

Fish used in mating trials were thawed individually,
then weighed and measured prior to necropsy (n = 105;
one trial group removed because of female mortality).
Gills were excised whole, sectioned by arches and
halved for ease of mount. Gill sections were inspected
for parasitic copepods and monogenean trematodes
under a dissecting microscope. Next, an incision was
made longitudinally along the entire ventral surface.
All fins, membranes and body tissues were inspected
for metacercariae of digenean trematodes (blackspot). In
the case of females, remaining ovaries/eggs were
weighed, then dissected for the removal of nematodes.
Testes were pressed between glass slides and examined
microscopically for the presence of nematodes. Viscera
were carefully separated, and any helminths found free
or attached to mesenteries were removed and enumer-
ated. The liver was pressed between glass slides and
inspected under magnification, for ease of enumerating
encysted larval cestodes (plerocercoids). Finally, both the
stomach and intestine were sectioned longitudinally,
washed with distilled water and inspected under magni-
fication for helminths. Additionally, stomach/intestinal
contents were screened for helminths. Parasites were
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identified to broad taxonomic groups, corresponding to
Class or Order and separated by either adult or larval
stage. As a simple description of differences between
demes, each taxon was analysed separately: count data
were treated as dependent variables, and differences
between demes determined by generalized linear
models using log-link functions and incorporating
quasi-Poisson distributed errors, to compensate for
overdispersion.

MHC genotyping

MHC genotyping was accomplished in multiple stages
including gene amplification, allele separation by clon-
ing, preliminary screening of clones and finally Sanger
sequencing. In total, 127 individuals were genotyped.
These included all fish used in the mate choice experi-
ments, in addition to unused samples collected from
spawning sites, totalling 63 individuals from the fresh-
water deme and 64 from saltwater.

DNA was obtained from fin tissues via Protease K
digestion followed by salt extraction (Aljanabi & Marti-
nez 1997). We selected a forward (CAG CAG CTC AGT
GGG GAA G) and reverse (GTG GTT CAG ACA GTA
AAC CTC CTT C) primer designed to amplify multiple
copies of MHC class IIf loci, specifically within the
putative peptide-binding region (PBR) of each para-
logue (Reusch et al. 2004). A BLAST search for the primer
sequences within the stickleback genome indicated
100% identity of the forward primer with all annotated
MHC paralogues, and >90% sequence identity between
the reverse primer and three of four annotated MHC
paralogues. The remaining annotated gene copy shared
only 60% sequence identity; however, its 3’ terminus,
corresponding to the primer annealing site, contained
an 8 bp GC-rich sequence, which facilitated ‘mismatch’
annealing by reducing annealing temperature and
adjusting reaction MgCl, concentrations. PCR condi-
tions are detailed in Table S1 (Supporting information).

PCR products were purified by electrophoresis on
2% agarose gel and extracted with a QIAquick Gel
Extraction kit (QIAGEN, Valencia, CA, USA). Purified
amplicons were inserted into TopoTA plasmid vectors
and competent Escherichia coli cells following manufac-
turer’s protocols (Invitrogen, Carlsbad, CA, USA). Bac-
terial colonies were grown on antibiotic infused agar
plates, incubated at 37 °C for 16 h. Sixteen positive colo-
nies per individual were selected at random. Plasmid
DNA was obtained by heat extraction in TBE buffer,
then used as template for PCR using the same MHC
primers, though with a 6-FAM-labelled forward primer.
Sequence variants were identified by single-strand
conformation polymorphism (SSCP), run in capillary
electrophoresis on an ABI3100 genetic analyzer
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(Applied Biosystems, Carlsbad, CA, USA). Electropher-
ograms were scored and binned using GENEMARKER soft-
ware (SoftGenetics, State College, PA, USA). SSCP
screening was performed on an individual basis, in
which all 16 cloned haplotypes of a given individual
were scored and binned simultaneously, and samples
of plasmid DNA corresponding to any unique intra-
individual migration variants were targeted for
sequencing.

Dye terminator sequencing was performed on an
ABI3100 genetic analyzer (Plate-forme d’Analyses Bio-
moléculaires, Université Laval). Sequencing reactions
used the same MHC primers, and each clone was
sequenced using both forward and reverse primers.
Manual verification/correction of electropherograms, in
addition to alignment of forward and reverse sequences,
was performed manually using proseQ (Filatov 2002). In
total, we identified and sequenced 600 plasmids, includ-
ing re-runs for ambiguous electropherograms. We also
re-sequenced an additional 40 plasmids, selected at ran-
dom, to estimate error because of PCR artefacts. Primer
sequences were excluded from the final assembled con-
tigs, which were translated into amino acid sequences,
herein referred to as PBR sequences, matching those first
detailed in the literature (Reusch et al. 2004).

Data analyses

Given the known MHC duplication within Gasterosteus
aculeatus (Sato et al. 1998; Reusch et al. 2004) and that
four annotated MHC genes exhibited high sequence sim-
ilarity with the primers used in this study, we expected
heterozygous individuals to posses up to a maximum of
eight unique MHC alleles/haplotypes (hereafter simply
referred to as alleles). As fish were sampled randomly
from spawning sites, we estimated the frequency of
copy-number heterozygotes in each deme based on the
distribution observed in samples. Confidence limits for
these estimates were obtained by nonparametric boot-
strapping (10 000 iterations). Intra-individual MHC
diversity was estimated by calculating the average pair-
wise protein distance based on PBR amino acid
sequences. Protein distances were based on the Dayhoff
PAM matrix (Dayhoff et al. 1979), calculated using Fel-
senstein’s (2005) PROTDIST program, called from within Bro-
epir (Hall 1999). For each class of copy-number
heterozygote, we estimate mean MHC differentiation,
also based on estimated amino acid distances, with confi-
dence limits from nonparametric bootstrapping (10 000
iterations). Finally, we tested for MHC differentiation
between demes by calculating Fsr based on haplotype
frequencies, evaluated by 1000 permutations, using ARLE-
QUIN (Excoffier et al. 2005). Additionally, we estimated
the degree of divergence between demes using both Gg;
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(Hedrick 2005) and Jost’s (2008) index of divergence (Dy),
calculated using smocD (Crawford 2010). These were con-
trasted with estimates of divergence based on nine
microsatellite loci, from data described in a previous
study (McCairns & Bernatchez 2008).

We tested for signatures of selection within sequence
data, based on the ratio of nonsynonymous (dN) to syn-
onymous (dS) substitutions at all codons. Given that
estimates of AN and/or dS can be biased when based
on short nucleotide sequences (Nei & Kumar 2000), we
performed bootstrapped comparisons of differences
directly on data corresponding to the proportion of the
respective substitutions at each site (p-distance), aver-
aged over all sequence pairs, using the Nei-Gojobori
algorithm implemented in MEGA4 (Tamura ef al. 2007).
We performed analyses on the entire data set and on
subsets of sequences common and private to each
deme. To compliment these data, we also tested for
associations between degree of parasite infestation and
intra-individual MHC diversity. All statistical modelling
was performed in the R computing language (R Devel-
opment Core Team 2007). We estimated the degree of
parasite infestation as the total parasite load, irrespec-
tive of taxon, and by an index of parasite diversity, the
Shannon-Wiener index (H). We modelled both linear
and quadratic relationships simultaneously for two
independent variables describing MHC diversity: the
number of unique PBR sequences for a given individ-
ual, and the average, intra-individual pairwise protein
distance. Relationships with parasite load were evalu-
ated from generalized linear models (quasi-Poisson
errors; log-link functions). Parasite diversity data con-
formed to assumptions of normality and homoscedastic-
ity; therefore, relationships with MHC diversity were
evaluated by general linear models with Gaussian error.

We tested for the evidence of assortative mating
and/or environmental effects on female reproductive
choice by modelling the probability of male reproduc-
tive success as a function of deme of origin of both
pairs in a potential coupling and the environment in
which the mating occurred (i.e. native or foreign to the
female). Additionally, to ascertain whether MHC genes
might be implicated in mate choice, and thus also sub-
ject to sexual selective pressures, we tested for associa-
tions between natural levels of MHC variation and
reproductive success. Reproductive success for each
male was assigned as a binary variable dependent upon
whether they were selected as a mate by the female in
their respective test. As an initial predictor, we consid-
ered the number of unique PBR sequences of each male.
However, previous observations suggest that MHC-
mediated mate choice decisions may be made via self-
reference mechanisms (Reusch et al. 2001; Aeschlimann
et al. 2003). Consequently, we considered two addi-

tional predictor variables. The first was a count of the
total number of unique PBR sequences between mem-
bers of a potential reproductive couple. The second
metric was an average of all pairwise protein distances
between male and female PBR sequences. Finally, we
sought to combine insight regarding MHC-mediated
mate choice with tests of assortative mating. In all
cases, linear and quadratic relationships with MHC var-
iability, in addition to interactive effects with spawning
environment, were evaluated by generalized linear
models incorporating binomial errors and logit-link
functions. Raw data files have been deposited in the
Dryad data repository (DOI: 10.5061/dryad.7926).

Results

MHC variation

Forty randomly chosen clones sequenced twice pos-
sessed identical reads, suggesting that experimental
error was less than 1/40 (0.025). Of 600 haplotypes
sequenced (both strands), we identified 325 unique
127 bp DNA sequences and 4 unique indels (126 bp).
Only 39 sequences were common to both demes, with
143 (102 singletons) private alleles assigned to the fresh-
water deme and 147 (111 singletons) private to the mar-
itime deme (Table 1, GenBank accession numbers
HQ418503-HQ418831). A BLAST search of Gasterosteus
entries in GenBank annotated as MHC Class IIB-chain
sequences yielded a total of 84 entries, all emanating
from western European populations. After trimming
regions outside of the amplicon range used in this
study, 58 unique European sequences were retained for
comparison. Only 11 of these 58 were identical to the
329 sequences we detected: three were common to both
demes, five were private to the freshwater deme, and
three were private to the saltwater deme. Thus, in total,
we have identified 318 novel MHC sequences from the
St. Lawrence estuary. An unrooted phylogeny of
these 376 MHC Class II sequences (47 European; 329
St. Lawrence estuary) is available as supplementary
information (Fig. S2, Supporting information).

The 329 DNA sequences identified from the estuary
corresponded to 276 unique PBR sequences, after trans-
lation. Thirty-nine PBR sequences were common to both
demes, whereas 114 were private to the freshwater
deme (FW) and 123 private to the maritime deme (SW).
Given the large number of private alleles, PBR sequence
frequency was low in each deme (FW =0-3.6%;
SW = 0-4.2%). Phylogenetic analysis of the 276 amino
acid sequences revealed no significant deme-specific
PBR clades (Fig. S3, Supporting information).

Individual variation ranged from one to seven unique
PBR sequences. Although 24 individuals were identified
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Table 1 Codon-based tests of neutral evolution averaged over sequence pairs. Analyses are based on the Nei-Gojobori method, as
implemented in MEGA4; standard error (SE) estimates are from 1000 bootstrapping iterations. The number of sequences and the total
number of sites (in parentheses) used in each analysis are presented in the first column (N). Estimates of average evolutionary
divergence are based on the number of nonsynonymous differences per nonsynonymous sites (dN) and the proportional number of

synonymous differences (dS)

Sequences N dN (SE) dS (SE) dN/ds P-value
All 329 (21) 0.170 (0.040) 0.060 (0.020) 3.323 0.001
Shared 39 (26) 0.148 (0.035) 0.073 (0.036) 1.593 0.114
FW (all) 182 (21) 0.170 (0.038) 0.059 (0.020) 3.152 0.002
FW (private) 143 (21) 0.172 (0.039) 0.066 (0.022) 2916 0.004
SW (all) 186 (24) 0.159 (0.035) 0.079 (0.031) 1.749 0.083
SW (private) 147 (24) 0.161 (0.037) 0.085 (0.036) 1.655 0.101

FW, freshwater deme; SW, maritime deme.

with eight unique MHC alleles, none possessed more
than seven unique PBR sequences. The majority of indi-
viduals from each deme could be described as interme-
diate copy-number heterozygotes: 69.8% of FW
individuals and 65.4% of SW individuals had between
three and five unique PBR sequences (Fig. 1a). More-
over, homozygotes (1.9% FW; 3.8% SW) and heterozyg-
otes possessing more than five alleles (3.8% FW; 5.8%
SW) were relatively infrequent in both demes.
Intra-individual variation among PBR sequences did
not differ between demes (Fig. 1b). Analysis of allele
frequencies indicated a weak, yet significant, differentia-
tion between demes (Fgr = 0.001; P = 0.034). Indices of
population divergence based on MHC allele frequencies
(Ggr = 0.043; Dy =0.041) also revealed differentiation
between demes, but less so than for estimates averaged
over nine microsatellite loci (Ggr = 0.081; Dy = 0.078),
based on McCairns & Bernatchez (2008).

Signatures of selection

Averaged over the putative PBR coding sequence for all
haplotypes, we detected a significantly greater propor-
tion of nonsynonymous substitutions among codon sites
(Table 1); however, the 39 alleles shared between

050+ (a
045 (@)
040
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030
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eq. of individuals

demes showed no signature of selection. Data sets con-
taining only haplotypes found in the FW deme exhib-
ited  significantly  higher = nonsynonymous than
synonymous substitutions. Conversely, sequence data
from the SW deme showed no evidence of selection.

Fish sampled from each deme were infested by
different parasite taxa (Fig. 2). Ectoparasitic copepods,
subcutaneously encysted trematode metacercariae (bla-
ckspots), and digenean trematodes were significantly
more prevalent in SW individuals. Freshwater fish car-
ried greater loads of nematodes and larval cestodes
found primarily encysted in the liver. Total parasite load
did not differ between demes (Table 2), although mari-
time (SW) fish were infested with a greater diversity of
parasite taxa (Fig. 3; Table S2, Supporting information).
And although spine clipping can stimulate an immune
response leading to the clearing of some parasite taxa
(Wedekind & Little 2004), preliminary analyses revealed
no such difference between males used in this experi-
ment (Table S3, Supporting information).

Relationships between individual MHC diversity and
degree of parasitic infestation differed between demes.
Analysis of parasite load revealed a significant interac-
tion effect between PBR number and deme of origin
(Table 2). Separate analysis within the freshwater deme

0701 (b)
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0.30
0.20
0.10
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Mean AA distance

12 3 4 5 6 71 2 3 4 5 8 7
No. unique PBR sequences (per individual)
Fig. 1 Estimated frequency distribution of individuals with multiple, variant MHC sequences (a) and the average intra-individual
pairwise amino acid distance for each class of copy-number heterozygote (b). Data are based on translated amino acid sequences con-
taining the putative peptide-binding region (PBR) for MHC Class IIp loci. Protein distances are based on the Dayhoff PAM matrix,
calculated for each pairwise combination within each individual. Freshwater individuals are denoted by white bars; grey bars corre-
spond to the maritime deme. Error bars represent 95% confidence limits for the parameter estimates, obtained by nonparametric
bootstrapping (10 000 iterations). PBR, peptide-binding region; MHC, major histocompatibility complex.
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Fig. 2 Average intensities of infestation for various parasite
taxa in fish sampled from the freshwater (FW; white bars) and
maritime (SW; grey bars) demes. Plots are based on the mean
number of a given taxa within individuals from each
deme + standard errors of the estimates. P-values above each
taxon bar describe the significance of the difference between
demes; N.S. denotes not significant (o = 0.05).

indicated a significant quadratic relationship (Table 2;
Fig. 3a). In contrast, we observed no significant effect
of PBR number on parasite load within the maritime
deme (Table 2; Fig. 3a). Intra-individual MHC varia-
tion, based on average pairwise protein distances of
translated PBR sequences, exhibited no significant asso-
ciation with parasite load, nor difference between
demes (Table 2; Fig. 3b). Similar analyses of parasite
diversity revealed no significant association with either
metric of MHC diversity (Figs 3c,d; Table S2, Support-
ing information).

Joint analyses of both metrics of MHC diversity indi-
cated significant interaction effects between PBR number
and average intra-individual protein distance associated
with total parasite load (Table 2), but not with parasite
diversity (Table S2, Supporting information). Analysis of
parasite load also indicated a significant three-way inter-
action with deme (P = 0.011). Deme-specific analyses
revealed that the interaction between metrics of MHC
diversity and parasite load was significant only in the
freshwater deme (Table 2). Response contours describ-
ing this effect suggest an optimal level of overall MHC
diversity within the freshwater deme: reduced parasite
load was associated with either increased differentiation
of few PBR sequences or greater numbers of less diver-
gent PBR sequences (Fig. 4).

MHC and reproductive success

Neither spine cutting nor parasite load influenced a
male’s reproductive success (Table S3, Supporting
information), and so in the interest of parsimony, was
deemed inconsequential for subsequent analyses. All

analyses of MHC-mediated mate choice were compli-
cated by significant three-way interactions between
deme, spawning environment and the various metrics
of MHC diversity. Consequently, data specific to each
deme were treated independently, although these anal-
yses were also complicated by interactions with test
environment. Within a female’s native salinity, number
of male PBR sequences was not significantly associated
with reproductive success (Table 3). Only maritime
(SW) females in freshwater exhibited a significant pref-
erence for males with an intermediate number of PBR
sequences (Fig. 5a). Total number of unique PBR
sequences within a potential couple was unrelated to
reproductive success in maritime females, irrespective
of spawning environment (Table 3). FW females in
their native environment appeared to favour couplings,
which yielded an intermediate number of total PBR
sequences, although analysis of these data separately
suggested the relationship was not strictly significant
(P = 0.068). This effect was inverted in the foreign salin-
ity, with females apparently disfavouring pairings that
would yield an intermediate number of PBR (P = 0.030;
Fig. 5b). Trends in male reproductive success data sug-
gested that females from both demes, when in their
native environments (solid lines; Fig. 5¢), appeared to
favour males with similar PBR sequences; however, this
relationship was not statistically significant (Table 3). In
contrast, males with an intermediate degree of MHC
differentiation appeared to be favoured by all females,
when in their foreign environment.

Simple tests of assortative mating were equivocal.
Maritime females exhibited a significant overall prefer-
ence for males originating from the same deme
(P =0.019), independent of both environmental (P =
0.256) and interaction (P = 0.108) effects. Analysis of
freshwater female mate choice revealed a nearly signifi-
cant interaction effect between origin of male and
spawning environment (P = 0.066), although further
exploration of these data separated by environment
suggested no clear male preference in either the native
freshwater (P =0.323) or the foreign environment
(P = 0.121). However, joint analysis of FW female mate
choice cues revealed a significant preference for males
from the same deme, although this preference appears
to be disrupted when tests are conducted in a foreign
environment (Table 4, Fig. 6). When in their native
salinity, freshwater females exhibited a self-referential
strategy of mate choice, as evidenced by MHC compli-
ments of mating pairs, which would yield a putatively
optimal number of PBR diversity in their offspring (see
Figs 3a and 5b). However, homodemic males were pre-
ferred over heterodemic males with a similar MHC
complement and also preferred over a greater range of
MHC complements (Fig. 6a).
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Fig. 3 Relationships between metrics of parasite infestation and individual MHC diversity (see Table 2 and Table S2, Supporting
information). Fish from the freshwater deme (FW) are represented by black lines and open circles; grey lines and solid squares corre-
spond to the maritime deme (SW). MHC diversity is estimated as either the number of unique PBR sequences for a given individual
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Fig. 4 Response contours describing total parasite load in fish
from the freshwater deme (FW) as a function of the interaction
between intra-individual PBR number and their average pro-
tein (AA) distance (see Table 2). PBR, peptide-binding region.

Discussion

Two striking observations emerge from these results,
both related to the remarkable patterns of MHC diver-
sity detected in this system. First, the number of MHC

alleles observed is substantially greater than that
reported from other wild stickleback populations. Sec-
ond, signatures at the molecular level provide strong
evidence of positive selection. This begs the question
how such a high level of polymorphism can be main-
tained in the face of directional selection between
demes. There is in fact mounting empirical evidence
that despite balancing selection-maintaining polymor-
phism within populations, spatially divergent selective
pressures can produce discrete variation between de-
mes (Ekblom et al. 2007; Alcaide et al. 2008). Detailed
phylogenetic analyses of closely related, sympatric Afri-
can cichlids have demonstrated that balancing selection
can maintain a high level of diversity at MHC loci,
while divergent, parasite-mediated selection can simul-
taneously promote differentiation between congeners
(Blais et al. 2007). We contend that observations of
St. Lawrence sticklebacks show similar patterns below
the species level.

Divergent selection between demes

Geographic patterns in MHC diversity from many wild
populations are suggestive of adaptation to localized
selective pressures (Bowen et al. 2006; Dionne et al.
2007, 2009; Ekblom et al. 2007). Within the St. Lawrence
estuary, MHC allele frequencies differ significantly
between demes, although the level of divergence is
weak (Fgr = 0.001), perhaps owing to the small sample
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Table 3 Analysis of deviance for models describing linear and quadratic relationships between MHC diversity and female mate
choice in both native and foreign salinities. Significant three-way interactions between MHC diversity, environment and deme (see
Results) necessitated analysis of demes separately. Models include the number of unique PBR sequences of potential mates (Fig. 5a);
the total number of combined, unique PBR sequences per potential couple (Fig. 5b); and the average pairwise protein (AA) distance
between male and female PBR sequences of a potential couple (Fig. 5c)

FW females SW females
Residual Residual Residual Residual
Model terms d.f. Deviance d.f. deviance P-value d.f. Deviance d.f. deviance P-value
NULL 29 41.589 — 27 38.816 —
No. PBR sequences 1 0.010 28 41.579 0.921 1 0.000 26 38.816 >0.999
Quadratic (PBR) 1 0.400 27 41.179 0.527 1 1.370 25 37.446 0.242
Environment 1 0.005 26 41.175 0.946 1 0.044 24 37.403 0.835
PBR x environment 1 0.620 25 40.555 0.431 1 0.451 23 36.952 0.502
Quadratic (PBR) x environment 1 0.191 24 40.363 0.662 1 6.222 22 30.730 0.013
NULL 29 41.589 — 27 38.816 —
Inter-pair no. PBR 1 0.065 28 41.524 0.799 1 0.000 26 38.816 >0.999
Quadratic (PBR) 1 1.311 27 40.213 0.252 1 0.055 25 38.761 0.814
Environment 1 0.149 26 40.065 0.700 1 0.000 24 38.761 0.992
PBR X environment 1 0.234 25 39.831 0.629 1 0.572 23 38.189 0.449
Quadratic (PBR) x environment 1 6.307 24 33.524 0.012 1 0.000 22 38.188 0.984
NULL 29 41.589 — 27 38.816 —
Inter-pair AA distance 1 0.715 28 40.874 0.398 1 0.571 26 38.246 0.450
Quadratic (AA) 1 0.275 27 40.599 0.600 1 0.831 25 37.414 0.362
Environment 1 0.042 26 40.557 0.837 1 0.025 24 37.390 0.875
AA X environment 1 0.324 25 40.233 0.569 1 0.154 23 37.236 0.695
Quadratic (AA) X environment 1 5.435 24 34.798 0.020 1 6.507 22 30.729 0.011

PBR, peptide-binding region; MHC, major histocompatibility complex; FW, freshwater deme; SW, maritime deme.

size relative to the number of observed alleles, or
because of limitations when Fgr is calculated from
highly diverse marker sets (Hedrick 2005). Although
frequency-based estimates of MHC divergence alone
should be viewed with some scepticism (Bernatchez &
Landry 2003), comparisons of synonymous and nonsyn-
onymous substitutions provide rather compelling evi-
dence that MHC evolution has not been because of
strictly neutral processes (Table 1). Moreover, differ-
ences observed between demes are suggestive of diver-
gent selective pressures. The dN/dS ratio averaged over
all alleles (3.323) is both highly significant and similar
in magnitude to that observed in comparisons across
species of wild primates (Garamszegi et al. 2009) and
ungulates (Schaschl et al. 2006). Additionally, this ratio
falls within the range of predicted values from simula-
tions of divergent lineages under differing selection
pressures (Kryazhimskiy & Plotkin 2008). Equally tell-
ing are the discrepancies observed between demes.
Within the presumed ancestral lineage (SW), the dN/dS
ratio does not differ significantly from unity, whereas
in the derived deme inhabiting the novel freshwater
environment (FW), a clear signal of positive selection is
observed (Table 1). Such divergent molecular signals
are consistent with divergent selection. It should be
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noted, however, that this inference is contingent upon
the assumption that none of the MHC copies analysed
are pseudogenes, an unlikely scenario given that evi-
dence from expression studies suggest that all gene
copies are functional (Kurtz et al. 2006; Wegner et al.
2006; Scharsack et al. 2007b).

Necropsy results can also be argued to corroborate
the molecular inference of divergent selection. Clear dif-
ferences exist in the types of parasite taxa infecting
individuals from the respective demes, and relation-
ships between MHC diversity and parasite infestation
also differ between them. In the maritime deme, only a
small proportion of variation in parasite load can be
explained by metrics of MHC diversity; however,
within the derived, freshwater deme, a significant pro-
portion of model deviance is explained by these vari-
ables (Table 2). Of course this line of reasoning is based
on the premise that parasite load represents a fitness
cost. In sticklebacks, macroparasite infection is associ-
ated with increased expression of MHC genes thereby
implying parasite infestation can represent a sufficient
stress to warrant mounting an energetically costly
immune response (Wegner ef al. 2006). Additionally,
experiments in semi-natural field enclosures have
revealed that interactive effects between environmental
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Fig. 5 Relationships between different metrics of MHC diver-
sity/differentiation and the probability of reproductive success.
Environment-dependant female mate choice, as determined
from generalized linear models (Table 3), is described by the
respective curves. Freshwater females (FW) are plotted in
black, whereas females from the maritime deme (SW) are plot-
ted in grey. Solid lines represent test results within a female’s
native salinity (i.e. <1%, for FW; 207, for SW), whereas dashed
lines correspond to results within the foreign environment (i.e.
<19, for SW; 209, for FW). Models include the number of
unique PBR sequences of potential mates (a); the total number
of combined, unique PBR sequences per potential couple (b);
and the average pairwise protein (AA) distance between male
and female PBR sequences of a potential couple (c). PBR, pep-
tide-binding region; MHC, major histocompatibility complex.

stress and parasite load can have dramatic fitness con-
sequences (Wegner ef al. 2008). Moreover, previous
work within the SW deme of the St. Lawrence system
revealed an effect of parasite load on reproductive suc-
cess (Blais et al. 2004). Unfortunately, experiments con-

trolling for divergent MHC background and habitat
effects have been inconclusive regarding genotype-by-
environment (G X E) interactions for parasite resistance
(Rauch et al. 2006), though this may depend upon
which parasite taxa are considered (Kalbe & Kurtz
2006). Certainly, evidence from divergent lake-river
stickleback populations suggest that adaptation to
localized parasite taxa may be typical for the species
(Scharsack et al. 2007a).

Maintenance of polymorphism within demes

Although variants cannot be assigned to specific loci,
overall polymorphism observed in the present study is
comparable to the vast diversity described for the
human MHC gene, DRBI (Klein et al. 2007). Such
hypervariability is essentially the norm for MHC loci in
most vertebrate species (see Introduction), and at the
time of writing, a search for orthologous sequences
within GenBank revealed substantial levels of variation
in other teleost fishes (e.g. Omnchorhynchus mykiss,
n = 250; Salmo salar, n = 199; Danio rerio, n = 184). Yet,
despite considerable research into stickleback MHC var-
iation over the past decade, only 84 unique Gasterosteus
aculeatus paralogues had been reported in GenBank.
The identification of 329 unique sequences in this study
exceeded expectations and represents a substantially
greater genetic diversity than that reported from other
wild, outbred populations (Wegner et al. 2003b). This is
unlikely due to PCR and/or cloning and sequencing
error. First, both strands were sequenced, and both
revealed the same sequences. Also, none of the 40 repli-
cate sequences differed from their first read, indicating
that actual experimental error was likely less than 1/40
(0.025). At this error rate, only 15 (i.e. 0.025 x 600) of
329 identified sequences would potentially be false pos-
itives. Consequently, our sample, though likely not
exhaustive, should represent an unbiased estimation of
naturally occurring variation.

Many lines of evidence suggest that the high degree
of polymorphism observed in this system is maintained
by some form of balancing selection. Divergence estima-
tors are nearly twice as great for microsatellites than
when based on MHC data, and Fgt estimates from
MHC haplotype frequencies are 6x less than those
based on neutral markers (see McCairns & Bernatchez
2008), both observations which correspond to predic-
tions of balancing selection (Muirhead 2001). Addition-
ally, clusters of MHC haplotypes are characterized by
shallow branch lengths (Fig. S2, Supporting informa-
tion), a pattern concordant with simulations of MHC
diversity generated by overdominant selection (van
Oosterhout 2009). Implicit within the overdominance
hypothesis is the assumption that heterozygosity is
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Table 4 Analysis of deviance for models describing linear and quadratic relationships between MHC diversity and mate choice, rel-
ative to assortative or disassortative mating, for females originating from the freshwater (FW) deme. Models include the total number
of combined, unique PBR sequences per potential couple in the native, freshwater environment (Fig. 6a) and the foreign, saltwater

(SW) environment (Fig. 6b)

FW environment

SW environment

Residual  Residual Residual  Residual
Model terms d.f. Deviance d.f. deviance  P-value d.f. Deviance d.f. deviance  P-value
NULL 15 22.181 — 13 19.408 —
Inter-pair no. PBR 1 0.149 14 22.032 0.700 1 0.033 12 19.375 0.856
Quadratic (PBR) 1 3.189 13 18.842 0.074 1 4.693 11 14.682 0.030
Male origin (deme) 1 3.955 12 14.887 0.047 1 0.312 10 14.370 0.577
PBR x deme 1 0.171 11 14.716 0.679 1 1.168 9 13.202 0.280
Quadratic (PBR) x deme 1 2.193 10 12.524 0.139 1 1.109 8 12.094 0.292

PBR, peptide-binding region; MHC, major histocompatibility complex.
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Fig. 6 Probability of assortative (homodemic) vs. disassorta-
tive (heterodemic) mating for females originating from the
freshwater deme (FW), relative to the relationships between
the total number of combined, unique PBR sequences per
potential couple. Average reproductive success of homodemic
(i.e. FW) males is plotted in black, whereas grey lines denote
the reproductive success of heterodemic (i.e. SW) males. Envi-
ronment-dependant female mate choice is determined from
separate generalized linear models (Table 4) corresponding to
females observed in their native (i.e. freshwater; a) and foreign
(i.e. saltwater; b) environments. PBR, peptide-binding region.

favourable, irrespective of which alleles are present
(Takahata & Nei 1990; De Boer et al. 2004). For MHC,
this is hypothesized to be because of degenerate bind-
ing sites capable of recognizing a wide variety of anti-

© 2010 Blackwell Publishing Ltd

gen types (Parham & Ohta 1996; Klein et al. 2007).
Consequently, favourable alleles could be replaced by
almost any new MHC mutant, which in turn would
increase the allelic turnover rate and reduce the maxi-
mum persistence time of alleles (van Oosterhout 2009),
a scenario which could also explain the large number of
singletons observed. Conversely, the abundance of pri-
vate alleles occurring at low frequencies is also consis-
tent with simulations of host-pathogen co-evolutionary
dynamics under frequency-dependent selection (Bor-
ghans ef al. 2004), although under this model a high
specificity between particular PBR sequences and co-
evolving pathogen antigens is implicit. And although
we cannot distinguish between the relative importance
of heterozygote advantage vs. negative frequency-
dependent selection, this may be moot given that the
two need not be mutually exclusive (Parham & Ohta
1996; Froeschke & Sommer 2005; Spurgin & Richardson
2010).

The negative quadratic relationship between parasite
load and MHC diversity in the freshwater deme is con-
sistent with models of balancing selection and also con-
cordant with observations from other stickleback
systems in which fitness is maximized via optimal,
rather than maximum, MHC heterozygosity (Wegner
et al. 2003a,b; Kurtz et al. 2004). This optimality may
reflect a potentially detrimental, hyperactive autoim-
mune response that can result when MHC genes are
excessively diverse (Nowak et al. 1992; Mason 2001).
Interestingly, the interaction between metrics of MHC
diversity suggest a possible trade-off between allele
number and differentiation, wherein parasite load is
reduced in individuals with an ‘optimal’ MHC diversity
defined either via few alleles with a large AA distance,
or via a greater number of similar alleles (Fig. 4). This
trade-off highlights an alternative mechanism by which
organisms with multiple MHC copies might attain an
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optimal level of genetic diversity, although it should be
noted that this hypothesis is predicated on the assump-
tion that AA distance is a potentially meaningful index
in Gasterosteus, as reported previously for Atlantic sal-
mon (Landry ef al. 2001). Given the emerging perspec-
tive that intra-individual MHC variation may be critical
in the positive selection phase of maintaining standing
T-cell receptor variation (reviewed in Woelfing et al.
2009), this would seem to be an avenue worth exploring
in more detail for future studies.

In contrast to the largely congruent evidence for natu-
ral selection acting upon MHC loci, data pertaining to
the role of sexual selection could best be described as
ambiguous. Moreover, many of the observations ema-
nating from this experiment conflict with earlier work
from independent stickleback populations. For example,
with the exception of males courting maritime females
in their foreign salinity (i.e. freshwater), male heterozy-
gosity was unrelated to reproductive success (Fig. 5a;
Table 3). This is in stark contrast to earlier results, sug-
gesting that females prefer males with an intermediate
number of MHC alleles (Reusch et al. 2001; Aeschli-
mann et al. 2003; Milinski et al. 2005). Further consider-
ation of a potential self-referencing strategy, in which
females are thought to prefer males with a ‘complimen-
tary’ number of MHC alleles to produce offspring with
an intermediate number of alleles, yielded equally
equivocal results. This strategy was entirely nonexistent
in all maritime females, whereas only freshwater
females within their native osmotic environment exhib-
ited a tendency towards mate choice decisions leading
to ‘optimally’ heterozygous offspring (Figs 5b and 6a).
Moreover, this relationship was reversed when individ-
uals from this deme were exposed to their foreign envi-
ronment. Consequently, we are left to question the
universality of MHC-mediated mate choice within the
species.

Is MHC a universal mate choice signal?

Female sticklebacks are attracted by olfactory cues ema-
nating from MHC ligands (Milinski et al. 2005). Use of
olfactory signals are presumed to play a role in mate
choice given that female sticklebacks prefer the odour
of males with a greater number of PBR copies (Reusch
et al. 2001), although actual mate choice decisions may
be somewhat more complex, wherein females use a
self-referencing strategy to attain an optimal allele count
in their offspring (Aeschlimann et al. 2003). The most
convincing examples of MHC-mediated mate choice in
sticklebacks have been based on female preferences
inferred only from behavioural cues, not realized repro-
duction (Reusch et al. 2001; Aeschlimann et al. 2003;
Milinski et al. 2005). While this approach may be bene-

ficial in terms of separating the role of MHC from other
traits, it cannot be forgotten that actual mate choice is
multimodal (Blais et al. 2004) and that absence of com-
plete information can potentially bias outcomes (Nilsson
& Nilsson 2000; McLennan 2003). This is not to suggest
that our work is perfect in this regard. For example,
nuptial colouration has been shown to influence female
mate choice (Kraak & Bakker 1998; Cubillos & Guderley
2000; McLennan 2003), although not in all populations
(Braithwaite & Barber 2000; Scott 2004). Unfortunately,
we could not directly measure male colour, although all
males exhibited typical nuptial colouration. Neverthe-
less, any subtle differences in male colour may also be
captured in MHC diversity, given that male colouration
has been demonstrated to be an honest signal of both
genetic and paternal quality (Candolin 2000; Barber
et al. 2001; Jager et al. 2007).

What is most apparent from our observations is a sub-
stantive environmental effect. In all models, relation-
ships between mate choice and metrics of MHC
diversity exhibited significant deme X environment
interactions, suggesting not only differences between de-
mes in the importance of MHC-mediated mate choice,
but that any odour-based cues may be influenced or dis-
rupted by environmental salinity. Social recognition and
preferential shoaling behaviour in sticklebacks are
known to be influenced by shared environmental salinity
(Ward et al. 2007). Recent tests have also revealed signif-
icant environment-dependent differences in the relative
importance of odour-based vs. visual mate choice cues
(Heuschele et al. 2009). We suggest that observed salin-
ity effects may represent an important environmental
influence on odour and/or mate quality perception. Such
environmental, context-dependent mate choice has not
been lost on behavioural ecologists (Jennions & Petrie
1997; Qvarnstrom 2001), and it is certainly relevant to
stickleback biology. Our explicit testing of this context
dependence has revealed a potentially important envi-
ronmental sensitivity to what has been assumed as a
dominant mate choice cue. We contend that consider-
ation of such context-dependent behaviour is essential,
particularly for inferences regarding the potential for
gene flow in other open systems wherein intra-specific
divergence is driven by physicochemical properties of
the aquatic environment.

This insight is perhaps best exemplified through con-
sideration of the freshwater deme. From an evolution-
ary perspective, this represents a derived subpopulation
adapted to a novel osmoregulatory environment
(McCairns & Bernatchez 2010). Consequently, it may be
most deleteriously affected by gene flow from neigh-
bouring populations. Females from this deme were the
only group to exhibit self-referential, MHC-mediated
mating preferences (Fig. 5b; Table 3), but no apparent
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assortative mating behaviour. However, when these
relationships were considered in concert, a very differ-
ent perspective emerged: heterodemic couplings
were favoured only when such pairings yield the strict-
est conditions of optimality (i.e. offspring with the
potential for 3-4 unique PBR alleles), although assorta-
tive mating was more probable given a homodemic
partner with a similar allelic compliment (Fig. 6a).
Moreover, a greater degree of putatively nonoptimal
allelic combinations appeared to be tolerated in favour
of assortative mating (Fig. 6a; Table 4). However, if the
differential environmental conditions of potential het-
erodemic couplings had not been considered, we could
have easily interpreted random or even disassortative
mating (Fig. 6b).

Conclusions

Natural selection, potentially driven by divergent para-
site communities, appears to be the dominant evolu-
tionary force, which has helped to shape extant patterns
of MHC diversity, both within and between stickleback
demes of the St. Lawrence estuary. Patterns in molecu-
lar data and relationships with parasites lend support
to the conclusion that high levels of MHC variation are
maintained by balancing selection operating differen-
tially within each deme. Conversely, it is unclear what
role, if any, sexual selection may play in maintaining
this polymorphism. Given natural levels of MHC varia-
tion, there is little evidence to suggest that mate choice
decisions are reached primarily by assessment of a
potential mate’s MHC compliment. Significant differ-
ences exist between demes in the relationship between
MHC diversity and reproductive success. Moreover, the
role of any MHC-mediated cues appears to be context-
dependent and significantly influenced by environmen-
tal variation. We contend that in the light of context
dependence, MHC-mediated mate choice may be of sec-
ondary importance to factors such as assortative mat-
ing. Thus, while MHC assessment of mate quality can
be important, it is almost certainly not a universal cue
in reproductive systems with active mate choice (Pater-
son & Pemberton 1997, Westerdahl 2004). Moreover,
our results highlight that population and/or environ-
mental considerations should inspire pause for thought
prior to future tests of mate choice strategies.
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