

















Stern et al. 1994; see also Blais et al. 2007, for comparison in cichlid fish). The number of genes
in the MHC varies enormously between species. For instance, there are over 200 MHC genes
(including pseudogenes) within the human MHC (the human leukocyte antigen or HLA (The-
MHC-sequencing-consortium 1999; Shiina et al. 2004) and just 19 within the chicken MHC (B
locus) (Kaufman et al. 1999). The number of MHC genes can also vary between individuals of
the same species (Malaga-Trillo et al. 1998; Figueroa et al. 2001). Variation in the number of
genetic loci within the MHC is predicted by various multigene models, including the accordion
model of MHC evolution (Klein et al. 1993), the Birth-and-death model and concerted
evolution (see review by Nei and Rooney 2005).

The MHC is characterised by extraordinary levels of polymorphism, which is illustrated by the
human MHC HLA-B locus, which has over 1000 alleles (Robinson et al. 2003) (IMGT/HLA
Database, 2008, http://www.ebi.ac.uk/imgt/hla/stats.html). This level of polymorphism varies
at different MHC genes (Robinson et al. 2003) (IMGT/HLA Database, 2008), as well as within
and among populations (Wegner et al. 2003b; van Oosterhout et al. 2006b; Dionne et al.
2007). The highest level of polymorphism is observed within a specific region of the MHC
known as the Peptide Binding Region (PBR) (Hughes and Yeager 1998). This region is
responsible for the specificity of the MHC molecule to bind particular peptides from different
sources, both micro- and macroparasites (Bjorkman et al. 1987a; Stern et al. 1994)

The abundance and composition of pathogens within populations is a mechanism proposed to
maintain MHC polymorphism, and much of the work on this subject has focused on humans
{Shiina et al. 2004) and mice (Penn and Potts 1999). However, studies on the MHC of non-
mode! organisms increase understanding of the environmental factors required for the
maintenance of MHC polymorphism (Bernatchez and Landry 2003; Sommer 2005; Piertney and
Oliver 2006). Sexual selection for “good genes” or increased genetic diversity has also been
proposed to maintain MHC polymorphism in many species (Penn and Potts 1999; Milinski
2006).

The research presented here focuses on MHC variation in the Trinidadian guppy. | measure
genetic variation at MHC and neutral loci and quantify parasite fauna at three locations of the
Aripo River in the Northern Mountain range of Trinidad (Fig. 1). In this first Chapter, |
introduce, briefly the structure and function of the MHC. 1 consider the evolution of the MHC
and the mechanisms of balancing selection proposed to maintain MHC polymorphism. |
introduce the MHC of poeciliids and then present relevant work on the MHC of the guppy. This
text will shortly be published as a book chapter {(McMullan and van Oosterhout in press see
also Appendix 14). Finally, | outline the research conducted and the structure of this thesis.












conserved gene regions the dy/ds ratio will be below unity (dy/ds<1). However, in gene regions
where evolutionary change is favourable, positive selection is predicted to maintain
nonsynonymous mutations, resulting in an elevated dy/ds ratio (dy/ds21). In the MHC, the
protein region interacting with foreign peptides is transcribed from the codons of the PBR. The
codons in this region are thought to accumulate nonsynonymous mutations as these allow the
recognition of novel parasites. By contrast, the areas outside the PBR are conserved, and
nonsynonymous mutations are purged from these gene regions. Studies on the MHC have
been facilitated by the fact that the PBR codons of the human MHC have been identified
through X-ray crystallography (Bjorkman et al. 1987b, a; Brown et al. 1993; Stern et al. 1994),
and that the MHC is highly conserved across vertebrates (but see Blais et al. 2007 for
differences in PBR codons between humans and cichlid fish). This allows researchers working
on the MHC of other vertebrate taxa a priori to identify the codons under positive and
negative selection.

Balancing selection plays a pivotal role in the evolution of the MHC and is thought to maintain
polymorphism at a locus by one (or combination) of the following four processes: (1)
heterozygote advantage (overdominant selection) (Doherty and Zinkernagel 1975a, b; Penn
and Potts 1999), (2) rare allele advantage (negative frequency dependent selection) (Kojima
1971; Takahata and Nei 1990), (3) selection varying in time or space (spatial or temporally
variable selection, here fluctuating selection) (Hedrick et al. 1976; Hedrick 2002), or (4)
selection against recessive deleterious load (ABC evolution) (van Oosterhout 2009a, b).

1. Overdominant selection: Heterozygous individuals are thought to be able to recognise more
pathogens than homozygous individuals, and therefore have a superior immune response and
higher fitness (Doherty and Zinkernagel 1975b). Landry et al. (2001) demonstrated selection
for increased proportions of Atlantic salmon offspring heterozygous at the MHC class 1IB locus.
Similarly, Arkush et al. (2002) demonstrated increased survival of heterozygous MHC class 118
Chinook salmon to infectious hematopoietic necrosis virus (IHNV). The level of inbreeding
{inbred or out-bred) was not found to correlate with IHNV survival but was associated with
increased resistance to another myxozoan pathogen. These findings highlight the importance
of heterozygosity at MHC genes and throughout the genome as a means of pathogen defence
(Spielman et al. 2004; Hale and Briskie 2007; van Oosterhout et al. 2007b; Oliver et al. 2009b).
Penn (2002) performed mesocosm experiments and found no clear evidence of increased
resistance through MHC heterozygote advantage. Evidence is accumulating that an optimal,
rather than a maximal heterozygosity might provide the highest resistance {see Nowak et al.
1992; Wegner et al. 2003a; Milinski 2006). In this thesis overdominant selection is taken to
indicate symmetric overdominance as these have been shown to maintain long term
polymorphism (De Boer et al. 2004)

2. Negative frequency dependent selection (NFDS): NFDS is the maintenance of polymorphism
through rare allele advantage (Clarke and Kirby 1966; Kojima 1971). Whereas overdominant
selection acts on MHC genotypes, the model of frequency dependent selection assumes that
each MHC allele recognises a particular set of parasites. Temporal surveys of MHC variation
are required to demonstrate a cyclical pattern in MHC allele frequency predicted by NFDS (see
Spurgin and Richardson 2010) although the identification of resistant and susceptible MHC
alleles is considered consistent with the predictions of NFDS (Langefors et al. 2001; Lohm et al.
2002; Froeschke and Sommer 2005). Langefors et al. (2001) infected 4800 Salmo salar with a
bacterium (Aeromonas salmonicida) and identified MHC alleles associated with both resistance
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and susceptibility. This shows that besides selection for heterozygous genotypes, parasite
selection can act on single MHC alleles, which may result in a dynamic coevolutionary arms
race between the host immune system and parasite virulence genes (Lively and Dybdaht 2000;
Carius et al. 2001). Parasites are expected to evolve to avoid detection by common MHC
alleles. By contrast, the selection pressure on parasites for avoiding recognition by rare MHC
alleles is much lower (Slade and McCallum 1992). Consequently, rare MHC alleles are more
likely to detect pathogens, and hence such alleles are predicted to confer a higher fitness to
the host than common alleles (Trachtenberg et al. 2003; Froeschke and Sommer 2005). Over
time, parasite selection is expected to increase the frequency of rare alleles as hosts carrying
these rare alleles have a higher probability of avoiding parasitism. The coevolutionary arms
race between the host immune system and parasite virulence results in a dynamic and
balanced polymorphism in both host MHC and parasite virulence genes (Sommer 2005). In this
thesis NFDS is taken to act on all rare alleles (that confer resistance) regardless of whether
they are old or new alleles (see Spurgin and Richardson 2010)

3. Fluctuating selection: Spatial and/or temporal heterogeneity in selection pressure or
fluctuating selection can result in a balanced polymorphism at the MHC (Hedrick et al. 1976;
Hedrick 2002). This mechanism assumes firstly, that MHC alleles confer resistance to different
parasites (as in overdominance) and secondly, that parasite presence varies over time. A study
of the MHC class | variation over nine years of great red warblers found variation in allele
frequencies over time (Westerdahl et al. 2004). The authors suggest that these fluctuations in
MHC allele frequencies are due to temporal fluctuations in pathogen fauna. However, they are
also consistent with frequency dependent selection (see also Charbonnel and Pemberton
2005). A parasite of the Trinidadian guppy has also been implicated with temporal fluctuation
in MHC allele frequency (Fraser et al. 2010b). Fraser et al. (2010b) found that MHC genetic
divergence between guppy populations was lower than that of neutral markers but that this
pattern had changed in a number of populations in the subsequent year. The authors argue
this is evidence for a change in the mode of selection, from homogenising to diversifying
(Fraser et al. 2010b).

4. Associative Balancing Complex (ABC) evolution: ABC evolution proposes the maintenance of
MHC polymorphism through selection against homozygotes because they express recessive
deleterious mutations that accumulate nearby MHC genes (van Oosterhout 2009a). The
recessive deleterious mutations can accumulate in the MHC because the effective rate of
recombination in some areas of the MHC is very low (see e.g. Stenzel et al. 2004; Gregersen et
al. 2006). This reduces the efficiency of purifying selection to remove recessive deleterious
mutations (e.g. Haddrill et al. 2007; see also review by Comeron et al. 2008). Some of those
mutations become fixed in all copies of a particular haploblock in a process analogous to
Muller’s ratchet (Muller 1932).

These three models of balancing selection are not mutually exclusive, but rather, they are
likely to act complementarily. De Boer et al. (2004) and Borghans et al. (2004) both modelled
NEDS and overdominant selection, finding that overdominance was unlikely to be able to
maintain the level of polymorphism observed at the MHC, unless each MHC allele conferred a
very similar fitness (e.g. symmetric overdominance). However, it is difficult to discriminate
between different types of balancing selection in wild systems. For example, rare alleles that
are predicted to be maintained under NFDS are also more likely to be presented in
heterozygote condition (Apanius et al. 1997).
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backcrosses) (Anderson and Thompson 2002). NEwHYBRIDS is primarily used to test for hybrid
individuals of sympatric populations of separate species or subspecies. The program assumes
that some proportion of the population is not admixed. NEwHYBRIDS was used without a
genotype frequency category prior (z) and was run multiple times for a burn-in of 500,000 and
runtime of 1,000,000 steps. The number of genotype frequency classes was set to two
generations of crossing (n = 2, equivalent to six frequency classes), however a reduced period
of hybridisation (n = 1) gave a qualitatively similar result. The presence of hybrid individuals in
an upstream site can be taken as evidence of upstream migration.

MIGRATE 2.4 (Beerli and Felsenstein 1999, 2001) was used in order to get a further estimate of
population size and migration rate. Softwares that estimate such parameters may be prone to
error but are used here in order to compare population sizes and directional biases in
upstream or downstream migration that are indicated by the STRUCTURE analysis. MIGRATE uses
a maximum likelihood coalescent approach to estimate theta (©), which is equal to four times
the effective population size, N,, multiplied by the mutation rate (per generation), u (0 =
4N.u), and M, the migration rate parameter which is the migration rate, m, divided by the
mutation rate (m/u). The migration rate (M) was converted into number of migrants per
generation (Nm) by multiplying M by O and then dividing by four (nuclear inheritance scalar).
Effective population size and migration rate were calculated based on a microsatellite
mutation rate of u = 2x10™ (Ellegren 2000).

MIGRATE was run four times, using Fsr estimates to start the first run. Subsequent runs were
started from estimates (O and M) of previous runs. The Brownian motion model was used as
an approximation of the stepwise mutation model. The MCMC search criteria used 200 short
chains of 10,000 steps and 10 long chains of 400,000 steps with heating scheme of four
temperatures (1.0, 1.2, 1.5, and 3.0). The burn-in was set to 100,000. Runs were repeated until
© and M estimates were consistent between runs, either reaching asymptote or having
overlapping 95% confidence intervals between runs. Maximum likelihood estimates (with 5-
95% Cl) were used to compare effective population size (N.) and migration rate (Vm) between
populations.

Likelihood ratio tests of reduced migration models were tested against the full migration
model in order to establish the likelihood of a barrier to migration between populations. Tests
were conducted in a replicate fourth run and models were assessed by comparison of log
likelihood of the test model in comparison to the full model and using Akaike's Information
Criterion in the MIGRATE output. Reduced migration models included: (1) no upstream
migration, (2) barrier to upstream migration between the Mid and Up populations, (3) barrier
to upstream migration between the Low and Mid populations, and (4) migration only between
adjacent populations (direct Up to Low migration blocked) (Table 5).
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Figure 3. Mean LnP(D) (+ stDev) for the number of clusters, k and Delta k (filled and open
circles, respectively) of the Up, Mid and Low populations of guppies. Mean LnP(D) was
estimated in STRUCTURE 2.3.1 (Pritchard et al. 2000), using a location prior (Hubisz et al. 2009).
Delta k was estimated using the Evanno method (Evanno et al. 2005) in STRUCTURE HARVESTER
(Earl 2011). Using mean LnP(D) from STRUCTURE the most likely estimate of k is 3 (2857.85
+ 8.63), the delta k estimate however, indicates k = 2 is the most likely value for the number of
clusters.

In order to further explore the divergence between the Up and Mid populations and confirm
the number of clusters in the UN and MN Structure (Pritchard et al. 2000) software was used
to estimate admixture of the Up and Mid populations (without the Low population). The
number of clusters observed between the UN and MN populations was two (k = 2). This was
confirmed using the Evanno method (Evanno et al. 2005) (see Fig. 4).

NewHYBRIDS 1.1 (Anderson and Thompson 2002), used to further explore the relationship
between the Up and Mid population showed 95.7% of Up individuals received pure posterior
probability assignment to the Up population (pure=P (Up) > 0.95) (Fig. 5). However,
assignment of Mid individuals to a pure Mid category was not observed. Almost half (44.4%) of
the Mid individuals received pure Up assignment and the remainder were assigned to one of
four hybrid classes (F1, F2, Up Bx, Mid Bx). Altogether, these resuits indicate that there is little
evidence for upstream migration from the Mid to the Up population. The rate of migration in
the downstream direction (Up to Mid), appears considerably higher. The pure assignment in
the Mid population may represent a more distant population, such as the Low (see Fig. 5).
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Figure 6. Estimates of theta and effective population size, N, (u = 2x10™), using MIGRATE 2.4
software and 13 microsatellite loci. Population size decreases with increasing altitude as
expected when rivers become smaller in the upland sites (see also Table 3).
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Figure 7. Estimates of downstream (solid symbols) and upstream (open symbols) migration
(Nm) amongst populations of guppies from the Upper and Mid Naranjo, and the Lower Aripo
River. Migration is downstream biased and higher between neighbouring populations (see also

Table 3).
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amount of selection acting to maintain alleles within a population. Both neutral and MHC
variation are subject to random genetic drift which reduces the number of alleles in a closed
population. However, MHC loci are thought to be under balancing selection which acts to
maintain polymorphism. Comparing allelic richness between both types of genetic loci
provides a measure of balancing selection which maintains the number of MHC alleles above
that predicted from a (neutral) drift-mutation-migration equilibrium. A reduction in the level of
selection caused by a reduced parasite fauna is also expected to reduce the MHC allelic
richness in that population.

Genetic differentiation (G’ ), corrected for highly polymorphic loci, (G’sr) (Hedrick 2005b) was
used to measure differentiation at microsatellite and MHC loci among the Up, Mid and Low
populations. Genetic differentiation may be different for MHC and microsatellite loci (Schierup
1998; Muirhead 2001). The expectation is that for loci under the effects of balancing selection
(negative frequency dependent selection or overdominance) rare alleles are favored. These
MHC alleles, introduced through migration between populations are maintained where
microsatellite alleles are not. This reduces genetic differentiation in MHC but not microsatellite
loci (e.g. in guppies see van Qosterhout et al. 2006b). A finding to the contrary would be
indicative of fluctuating selection through a spatial variation in selection pressure. G’s; values
with 5-95% confidence intervals (Cl) were calculated by bootstrapping (with replacement) over
individuals, using 1000 runs. Microsatellite genetic differentiation between populations was
calculated across 13 loci (for genetic differentiation at each locus see Appendix 4). MHC
genetic differentiation was bootstrapped over individuals. This incorporated the variation in
MHC alleles per individual (minimum 1, maximum 6; mean: Up = 2.75, Mid = 2.25 Low= 2.52).
MHC genetic differentiation is calculated for the alleles combined from a number of loci.
Therefore, MHC G’sr is influenced by: (1) differences in the level of genetic diversity (i.e.
heterozygosity), (2) variation in the number of MHC loci (see e.g. Malaga-Trillo et al. 1998) and
(3) biases introduced by preferential amplification of specific alleles during PCR. Differences in
heterozygosity and variations in the number of loci represent a contribution to G’sr caused by
population differentiation driven by a combination of demography and selection on the MHC.
PCR amplification bias is an artefact that can also affect G’s. In the present study it is not
possible to make a distinction between variations in the number of loci due to fixation of
alleles or increased representation of specific alleles due to PCR bias (see Appendix 5).
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Figure 7. Mean allelic richness (A, 5-95% Ci) of microsatellite and MHC loci of guppies from the
Upper Naranjo, Mid Naranjo and Lower Aripo guppy populations (see also Table 2 for total A).
The mean A for the MHC was calculated based on an estimated 3 loci. Populations differ
significantly for their microsatellite variation (Randomisation test: P < 0.001 for all tests), but
not for the variation at their MHC (Randomisation test: P > 0.098 for all tests).

Genetic differentiation (mean G’s;, 5-95% Cl) among populations is significantly higher for MHC
loci than neutral microsatellite loci (Randomisation test: P < 0.001; see Table 3 and Fig. 8). This
finding is inconsistent with the signal expected from NFDS and overdominance (Schierup 1998;
Schierup et al. 2000; Muirhead 2001), but rather, supports the hypothesis of fluctuating
selection, with spatial variation in the direction of selection pressures (see Hedrick et al. 1976;

Hedrick 2002).

MHC genetic differentiation is significantly higher between the Mid and Low and between the
Up and Low, than between the Up and Mid (randomisation tests: P <0.001; see Table 3 and
Fig. 8). For the MHC, the Mid population is genetically as distinct from the Low population, as
is the Up population from the Low population (Randomisation test: P = 0.177; see Table 3).
Hence, genetic differentiation between populations increases for comparisons over the

Haskins waterfall.

Genetic differentiation at microsatellite loci is significantly smaller than for the MHC, albeit still
significantly larger than zero (see Table 3 and Fig. 8). In addition, the level of genetic
differentiation at microsatellites differs significantly between all pairwise comparisons
(Randomisation tests: P <0.001 for all tests; see Table 3 and Fig. 8). Hence, microsatellite
genetic differentiation increases for comparisons over greater distance.
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proposed as the mechanism for the maintenance of MHC polymorphism despite the effects of
drift in small populations. A number of studies have suggested parasites as a source of
maintenance of MHC polymorphism (see reviews Apanius et al. 1997; Hughes and Yeager
1998; Bernatchez and Landry 2003; Piertney and Oliver 2006), including three studies on
guppies in the Aripo River (van Oosterhout et al. 2006b; Fraser and Neff 2010; Fraser et al.
2010b). These latter studies implicate gyrodactylid ectoparasites, showing that these parasites
significantly reduce the survival of guppies in the Mid Naranjo River (Mid) in Trinidad (Fraser
and Neff 2010; Fraser et al. 2010b, see also van Oosterhout et al. 2007). In the present study,
we observe maintenance of MHC polymorphism in the Up population which has no
microparasites or fungal infections in 2003 and 2006 and, in 2007 has no internal digenean
parasites or fungal infections. In addition, the introduction of gyrodactylid parasites in 2007
was marginal, with only six out of 153 individuals being infected, an infection prevalence that
is significantly lower than in the Mid and Low in any previous year. Furthermore, the individual
gyrodactylid burden in the Up population was significantly reduced compared to populations
inhabiting downstream localities. The selection pressure due to parasites thus seems relaxed in
the Up population as compared to Mid and Low populations whereas the MHC diversity is
similar in the three populations. | conclude that parasite mediated selection might not be the
only evolutionary force responsible for maintenance of MHC polymorphism in these guppy
populations.

Migration is a well-known evolutionary process that could maintain allelic diversity. However,
migration alone cannot account for the maintenance of MHC diversity in the Up population,
given that the level of neutral microsatellite variation differs markedly between the Up and
Mid population.

Maintenance of MHC polymorphism through sexual selection via mate choice has been shown
in a number of fish species (Landry et al. 2001; Milinski et al. 2005; Neff et al. 2008) and might
play a role in the variation of MHC observed in the guppy populations studied here.
Identification of MHC compatible males is shown in many cases to be mediated through
olfaction (reviewed by Penn and Potts 1999; Milinski 2006). While visual mediated sexual
selection is a well established sensory modality for mate choice in guppies (reviewed by Houde
1997; Magurran 2005), olfactory sexual signalling appears secondary to the visual sense (but
see Lopez 1998 for evidence of a visual signalling system; Shohet and Watt 2004; Archard et al.
2008). In addition sneaky mating often denies the choice of a female meaning that
maintenance of MHC variation through sexual selection would have to be post-copulatory
(Birkhead and Pizzari 2002; and see e.g. in Arctic charr Skarstein et al. 2005).

The MHC variation observed here could also be influenced by Associative Balancing Complex
(ABC) evolution, which is a mechanism that has been theoretically shown to retain
polymorphism in the MHC by reducing the fitness of MHC homozygous individuals (van
Oosterhout 2009a). This model proposes that recessive deleterious mutations have built up as
a “sheltered genetic load” in the MHC and in the extended genomic region. This sheltered load
is expressed in homozygous individuals, reducing their fitness and maintaining polymorphism
through associative overdominance (van Oosterhout 2009a). According to ABC evolution, the
fitness of rare MHC alleles/haplotypes is relatively high, because they are less often found in a
homozygous state. This results in a type of NFDS that can maintain polymorphism over long
evolutionary timescales, potentially resulting in trans species polymorphisms. This type of
balancing selection in ABC evolution can act continuously, both in the presence and absence of
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that admixture ranged from 5-21% in the lowlands (Barson et al. 2009). Furthermore, Fraser &
Neff (2010) found a large number of novel MHC alleles in the Caroni drainage, and by
combining all datasets, | estimated that there are approximately 85 MHC class 118 alleles in the
entire metapopulation. This was done using the Michaelis-Menten equation of enzyme
kinetics, originally devised to describe the rate of an irreversible enzymatic reaction (see
Appendix 6). Given the metapopulation structure of this system and the large number of MHC
alleles, novel MHC alleles are likely to be rapidly introduced by NFDS, overdominance and/or
fluctuating selection. Hence, all models of balancing selection are expected to increase the
temporal genetic divergence of MHC relative to that of neutral microsatellite loci. The
significance of comparing temporal genetic differentiation of the MHC to that of
microsatellites is to show that balancing selection acts on the MHC. Furthermore, it establishes

the fact that the impact of migration differs substantially between neutral and selected genes
in a metapopulation.

In contrast to temporal genetic differentiation, the expectations of spatial genetic divergence
are more distinct for the alternative models of balancing selection (see Table 1 Spurgin and
Richardson 2010). Under models that favour rare alleles (NFDS and overdominance), the
effective migration rate is increased and population differentiation is thus reduced compared
to microsatellite loci (Schierup 1998; Schierup et al. 2000; Muirhead 2001). On the other hand,
fluctuating selection is predicted to increase genetic differentiation of the MHC on a spatial
scale (Hedrick 2002, see also reviews by Meyer Thomson 2001; Spurgin and Richardson 2010).

The limited amount of empirical data on spatio-temporal MHC variation gives us some insights
into the processes that govern the evolution of these genes (see e.g. Wegner 2004;
Westerdahl et al. 2004; Charbonnel and Pemberton 2005; Hansen et al. 2007; Oliver et al.
2009a). Higher than expected fluctuations of MHC allele frequencies have been shown in great
reed warblers (Westerdahl et al. 2004). The authors suggest these fluctuations cannot be
explained by demographic stochasticity alone, but that they are due to changes in direction
and intensity of selection caused by temporal fluctuations in pathogen fauna. Further evidence
for fluctuating selection pressure is shown in a 13 year study of a free living island population
of Soay sheep (Charbonne! and Pemberton 2005). This study measured separate populations
{i.e. hefts) of sheep and demonstrated both higher and lower levels of genetic differentiation
of MHC compared to neutral foci. A spatial difference in selection pressure between sheep
hefts was suggested to explain the instances where the MHC was more differentiated than
neutral genes. The authors suggest that selection for the same alleles in different hefts reduces
MHC genetic differentiation compared to neutral loci. The sparse spatio-temporal empirical
MHC data thus appears to support fluctuating selection acting on both spatial and temporal
scales (but see Wegner 2004; Oliver et al. 2009a).
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There are four main models of balancing selection, overdominance (or heterozygote
advantage), negative frequency dependent selection (NFDS) (or rare allele advantage),
selection varying in time and space, and associative balancing complex (ABC) evolution (see
Kojima 1971; Doherty and Zinkernagel 1975a; Takahata and Nei 1990; Penn and Potts 1999;
van Oosterhout 2009a, b). Although these models differ in their assumptions about the agents
of selection, they have in common that they balance the frequencies of alleles in the
population. Hence, these models explain how a genetic polymorphism can be maintained
above that of so-called neutral genes, i.e. genes that are in a mutation-drift equilibrium (Crow
and Kimura 1970).

The effects of population demography on polymorphism may vary depending on whether a
gene is neutral or subject to balancing selection. For example, compared to neutral alleles,
alleles under NFDS or overdominance are predicted to show a greater effective migration rate
because selection favours the initially rare immigrant alleles (Schierup 1998; Schierup et al.
2000; Muirhead 2001). Hence, at a spatial scale, genes under balancing selection are predicted
to show less population subdivision (Schierup et al. 2000). Although theoretically this effect of
balancing selection is well-established, relatively few empirical studies corroborate these
expectations (e.g. Sommer 2003; van Oosterhout et al. 2006b; Mona et al. 2008; Fraser and
Neff 2010) and there are many exceptions (e.g. Landry and Bernatchez 2001; Cohen 2002;
Ekblom et al. 2007; Alcaide et al. 2009; Fraser et al. 2010b).

Balancing selection maintains polymorphism introduced by migration and mutation, thus
increasing the frequency of novel genetic variants. It also increases the number of alleles that
can be maintained at a locus, although this number remains finite (Crow and Kimura 1970).
Hence, once a population is in a mutation-selection-drift equilibrium, any novel allele that
becomes established in the population will ultimately replace a resident allele. With high
migration rates, balancing selection may thus promote the turnover rate of alleles and
increase the genetic differentiation at a temporal scale (i.e. the temporal F;) relative to that of
neutral genes. This prediction appears to be consistent with the few temporal MHC studies
done so far (Westerdahl et al. 2004; Bryja et al. 2007; Hess et al. 2007; Fraser et al. 2010b),
although Oliver et al. (2009b) found that temporal genetic change of the MHC in a water vole
metapopulation was most consistent with neutral factors such as migration and drift.

The rapid turnover rate of alleles in genes under balancing selection might be interpreted as
evidence for adaptive evolution. The dynamic co-evolutionary arms race between parasite
virulence genes and host immune genes is known as Red Queen dynamics (Bell 1982). To
empirically demonstrate Red Queen dynamics is particularly challenging because it requires a
time-series analysis of both host and parasite genotypes. Hence, only few studies have shown
the co-evolutionary dynamics in nature (e.g. Decaestecker et al. 2007; Paterson et al. 2010),
and studies showing co-evolution between parasites and vertebrate hosts are rare (Woolhouse
et al. 2002). Instead, most studies simply demonstrate a pattern of variation in genotypes that
is consistent with co-evolution (Woolhouse et al. 2002), and in those cases, the rapid turnover
rate of alleles is often taken as evidence of Red Queen dynamics. Although large fluctuations in
allele frequencies are consistent with Red Queen dynamics, other demographic and population
genetic processes might be able to explain such data as well.

Genes of the Major Histocompatibility Complex (MHC) play a central role in the vertebrate
immune system. The molecular structure and the function of some MHC genes are conserved
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Figure 1. Temporal MHC G’s; for simulated populations with constant size (N, = 100) and with

gene flow (Nm = 1) from a source populations with 85 distinct MHC alleles at a locus subject to
balancing selection with 0 < s <0.5.
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Figure 2. Temporal MHC G’s; for simulated upstream populations with size N, = 100 and with
gene flow (Nm = 1) from a source populations with k=5, 10, 20, 40, 60 and 80 distinct MHC
alleles at a locus that is subject to balancing selection with s = 0.2.
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the census population size of guppies declined markedly after a spate flushing event (van
Oosterhout et al. 2007a, see Appendix 12). The findings by Barson et al. (2009) and van
Oosterhout et al. (2007a) support the assumptions made in the temporal simulation study of
the MHC that the population dynamics of guppies in the upland may contribute significantly to
the microevolution and turnover of the MHC (see Chapter 5).

The level of MHC diversity within the Up, Mid and Low populations is however not different
between sites, and consequently, cannot be explained by neutrality and demography alone
(Chapter 3). Balancing selection through MHC recognition of parasite fauna is most frequently
suggested as the mechanism by which MHC variation is maintained (see Bernatchez and
Landry 2003; Piertney and Oliver 2006, and references therein). However, in the Up population
we observe maintenance of MHC despite not finding any parasites in 2003 or 2006 (Chapter 3).
In 2007, no digenean infections, no fungal infections and only six guppies that carried a
gyrodactylid infection were found (Chapter 3). This infection incidence is significantly lower
than any other gyrodactylid infection found in the Mid or Low population, in any year.
Furthermore, Up guppies are exceptionally susceptible to (experimental) Gyrodactylus
infections (Cable pers. comm.). This suggests that the small number of worms found on six
guppies in 2007 may not have been virulent G. turnbulli or G. bullatarudis parasites, but rather
a cross-infection from a new gyrodactylid genus from Rivulus hartii (Cable pers. comm.). This
new taxon is currently being described by Cable et al. (in prep.). Gyrodactylus and digenean
parasites represent the majority of the species diversity of parasites known to infect wild
guppies (Cable In press). The combination of the high MHC diversity in the Up population and
its significantly reduced parasite fauna suggests that MHC polymorphism can be maintained
with little or no parasite selection. Alternatively, this study has overlooked a number of
important microparasites that exercise strong selection on the MHC and which are absent in
the Up but present in the Mid and Low populations.

Bacteria are an important constituent of the parasite fauna that were not taken into account in
the present study. Bacterial diversity has been shown to co-vary with MHC diversity in Atlantic
salmon (Dionne et al. 2007) and resistance and susceptibility associations have been made
between bacteria and specific MHC alleles (Langefors et al. 2001; Lohm et al. 2002; Grimholt et
al. 2003). However, analysis of the variation of the microbial fauna falls outside the confines of
the present study. Indeed, this will be a huge challenge also for future studies, a viewpoint
emphasised by the following quote by Eckburg et al. (2005): “No complex microbial community
in nature has been sampled to completion” (Eckburg et al. 2005). The challenge lies in the fact
that the microbial fauna may vary between sites, but also within a site, on different substrates
and at different water depths. In addition to spatial variation, there are different levels of
temporal variation, including annual, seasonal and diurnal variation in microbe biodiversity
(see e.g. Shiah and Ducklow 1994; Cebron et al. 2004; Hullar et al. 2006; Winter et al. 2007).
Moreover, bacterial diversity is not indicative of pathogenisity and phylogenetic units may not
represent ecologically (biologically) significant units (see e.g. Acinas et al. 2004). It is
superfluous to survey bacterial species without a priori knowledge of the taxonomic units that
are pathogenic. In addition, bacterial pathogenisity may be opportunistic, commensal at some
times but pathogenic at others (Tenaillon et al. 2010).

If we assume that (the un-sampled) bacteria and viruses are primarily responsible for the
maintenance of polymorphism in the Up population, then we must also assume that

gyrodactylid, digenean and fungal infections in the Mid and Low do not exercise strong
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an oversimplification. The recognition capabilities of a single MHC allele may target: a
particular group of parasite individuals within a species, all the individuals within a species, or
groups of individuals within multiple species. Consequently, the evolution and maintenance of
polymorphism at the MHC is likely due to selection from different groups that are difficult to
quantify.

Mesocosm experiments over multiple generations allow controlled environments both with
and without parasites. Guppies are an ideal model to set up muitiple generation mesocosm
experiments because of their short generation time (circa 3 months). Maintenance of MHC
polymorphism through means other than parasite selection can be tested in a parasite free
mesocosm. This, combined with a parallel experiment where guppies are part of one of three
breeding regimes, inbred, outbred and a random breeding regime (see e.g. van Oosterhout et
al. 2007b), allow the determination of the relative effects of sexual selection and ABC
evolution. The predictions of this experiment are, that over time the mesocosm guppies would
lose neutral genetic variation due to random genetic drift. However, any maintenance of MHC
variation would be attributable to selection by ABC processes and/or sexual selection. There
are two ways to delineate the combined effects of ABC and sexual selection. The first would be
to sample multiple generations of offspring in the mesocosm. Neutral markers would be used
to identify parentals, and the effect of sexual selection would be confirmed where females
were shown to select males based on their MHC genotypes (for increased heterozygosity,
optimality, or rare alleles). The effect of ABC evolution would be identified where MHC
homozygotes are reduced compared to Mendelian expectations. A prediction of ABC evolution
is that MHC homozygous individuals are less fit. Therefore, a finding that progenies had a
heterozygote excess would indicate a role for ABC evolution. The second way to delineate ABC
evolution and sexual selection would be to use the guppies in the breeding regime. In this
experiment, guppies are denied the ability to select a mate and instead any maintenance of
MHC variation above that of a neutral expectation is due to ABC evolution. The effects of a
bottleneck on neutral genetic variation from the inbreeding regime would be predicted to be
greater than the effect on genetic variation at the MHC. Outbreeding and random breeding
regimes would be compared to the results from the mesocosm in order to better determine
the mating strategy of the mesocosm females (random or outbreeding).

Simulations that incorporate demographic processes such as migration and fluctuations in
census population size could be constructed. These simulations would also include the
observed effects of sexual selection and ABC evolution on the maintenance of MHC variation.
A comparison between the maintenance of MHC variation in the simulation and that observed
in the wild would allow one to account for the extra source of selection contributed by
parasites. Indeed, the confirmation that MHC polymorphism can be maintained without
parasite selection would already be an advance in our understanding of the perpetual forces
(sexual selection and ABC evolution) of balancing selection.
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natural (Reznick et al., 1996a,b, 2001) and sexual selection
(van Oosterhout et al., 2003b; Magurran, 2005). Guppies
have an almost global distribution but their natural range
is confined to parts of South America, Trinidad and
Tobago. In Trinidad, guppy populations occur in distinct
high- and low-predation environments, typically in the
downstream and upstream parts of rivers, respectively.
Low predation populations co-occur with a small killifish,
Rivulus hartii, that preys on small guppies (particularly
males and juveniles), whereas high predation populations
co-occur with a number of predators, the most important
being a large cichlid, Crenicichla alta (Seghers, B.H.,
1973. An analysis of geographic variation in the anti pred-
ator adaptations of the guppy, Poecilia reticulata. Ph.D.
Dissertation. University of British Columbia, Vancouver,
Canada; Liley and Seghers, 1975; Mattingly and Butler,
1994). Studies have documented differences in a diverse
range of traits associated with predation regime and habi-
tat, including colour and life-history patterns, and repro-
ductive behaviours (reviewed in Endler, 1995; Magurran
et al., 1995; see also Reznick et al., 2001).

In the Northern Range Mountains of Trinidad, guppies
live in many streams in a seasonal tropical rainforest, an
environment that is characterised by heavy annual rainfall
of up to 4 m per year. In the rainy season (May-Decem-
ber), downpours can transform the aquatic habitat in a
matter of minutes. Extensive changes in stream hydrology
can have a severe impact on poeciliid populations. For
example, Chapman and Kramer (1991) found that P. gilli
populations in Costa Rica lost on average 75% of their
individuals by involuntary flushing during floods and most
of these fish died. Annual flooding is likely to represent a
bout of extreme selection on guppies, and guppy biomass
(in grams per square meter) was between 22% and 92%
lower after floods in a study by Grether et al. (2001). Such
extreme mortality (or involuntary displacement) will have
profound effects on the biology of these fish and yet the
effects on the ecology and evolution of guppies have scarce-
ly been investigated.

Gyrodactylids are ubiquitous fish ectoparasites (Bakke
et al., in press). Gyrodactylus turnbulli and G. bullatarudis
are important guppy parasites, with a prevalence of up to
54% in some Trinidadian populations (Lyles, A.M., 1990.
Genetic variation and susceptibility to parasites: Poecilia
reticulata infected with Gyrodactylus turnbulli. Ph.D. Dis-
sertation, Princeton University). These monogeneans can
be directly transmitted between hosts and are highly conta-
gious. Adult worms reproduce in situ on the host and give
birth to fully-grown offspring that already contain develop-
ing embryos (reviewed in Cable and Harris, 2002). Gyro-
dactylids have a rapid reproduction rate (generation time
of only 24 h at 25°C; Scott, 1982) leading to exponential
population growth (van Qosterhout et al.,, 2003a; Cable
and van OQosterhout, in press). Infections can cause a
reduced feeding response (van Oosterhout et al., 2003a)
and marked fin-clamping (Cable et al., 2002) which is likely
to reduce the swimming performance of heavily infected

fish. Mortality rates of 50% have been recorded in some
experimental infections in the laboratory (Houde, 1997).
Selection against parasite-infected males in laboratory
experiments (Kennedy et al., 1987; Houde and Torio,
1992; Houde, 1997; Lopez, 1998) furthermore suggests that
gyrodactylids could be a formidable selective force in natu-
ral guppy populations, particularly in upland populations
that lack large fish predators. Despite the potential impor-
tance of gyrodactylid parasites on the biology of their gup-
py host, the effect of infections in natural populations has
been ignored until now.

Selection by parasites is thought to maintain a high level
of immunogenetic variation in the genes of the major histo-
compatibility complex (MHC) in some wild guppies in
Trinidad (van Oosterhout et al., 2006b). The MHC diversi-
ty of ornamental guppy strains is less than 20% of that
found in wild populations (van Oosterhout et al., 2006a).
However, particularly in the upstream habitats, wild guppy
populations can be subject to severe random genetic drift
because of their small effective population size. For exam-
ple, the Naranjo Tributary population has an eflective pop-
ulation size (N.) of about 100 (van Oosterhout et al.,
2006b). This means that to maintain a high level of immu-
nogenetic diversity, natural selection must counteract the
eroding effects of genetic drift. Computer simulations indi-
cated that a selection coefficient(s) greater than 0.2 was
required to maintain the observed level of MHC diversity
in this population (van Qosterhout et al., 2006b). Although
this study showed that the parasite load on wild-caught
guppies of the Naranjo Tributary was considerable, no
data were available to estimate host mortality rate or
selection intensity by parasites.

The aim of the present study was to analyse the effects of
gyrodactylid parasites on the migration tendency and
recapture rate (i.e. an estimator of survival) of guppies dur-
ing the transition from the dry to the wet season. We
hypothesised that during the first heavy rains, selection
against parasites would be severe, and we predicted that
heavily infected fish would be flushed downstream. In addi-
tion, we analysed the spatial and temporal variation in par-
asite load and tested whether there were associations
between the sex, size and parasite load of hosts and their
migration tendency.

2. Materials and methods
2.1. Mark—recapture experiment

A mark-recapture experiment was carried out in the
Naranjo Tributary of the Upper Aripo River (Grid refer-
ence: PS693100 E and 1181800 N) in the Northern Moun-
tain Range of Trinidad. All adult guppies (191 in total, 82
females and 109 males with standard lengths (SL) of 13-32
and 13-21 mm, respectively) were caught using seine nets.
Damage and loss of parasites was minimised by scooping
guppies out of the net with plastic pots, thereby minimising
contact with the net. The fish were caught by exhaustive
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sampling of four pools along a 103-m stretch of the Mid-
Naranjo tributary on 21 May 2006 (see Supplementary
Figs. S1-83). As it is possible to collect all of the guppies
in an individual pool (Reznick et al., 1996a), we chose
pools as the unit of investigation. The pools were of
approximately similar size and interconnected by riffles.
Due to the relatively fast currents, up to 3.5ms™" in our
focal site, riffles represent unsuitable guppy habitat that
hinder migration and guppies are observed in these parts
of the river only occasionally. The experiment was con-
ducted during the transition from the dry to the wet season
and started just before the first heavy downpour (on 26
May 2006).

The guppies were anaesthetized with 0.02% tricaine
methanesulfonate (MS222) and the number of gyrodactylid
parasites was counted using a stereo-microscope. Sex was
recorded and the SLs of all fish were measured before each
individual was marked with a unique combination of two
visible implant elastomer (VIE) markings (Northwest Mar-
ine Technology Inc.). Sub-dermal injections were made
using six colours at three possible positions on the left
and/or right hand side of the fish: in the tail muscles below
and above the spine, and directly under the dorsal fin. Each
mark was a thin ca. 1.5mm line consisting of less than
0.5 mg elastomer which does not appear to affect the
behaviour or mobility of the fish. These marks have been
successfully used in other studies on guppies (e.g. Croft
et al., 2003). For 2 days after marking, the fish were kept
in four 80 L aquaria according to the pool they were cap-
tured from and received a preventive broad-spectrum anti-
biotic treatment (Binox™ 5g per 100 L and Polyaqua™
12.5m! per 100 L). During the marking procedure, fish
unavoidably lost on average 29.4% of their gyrodactylids.
To make a valid temporal comparison of parasite loads,
all parasite numbers reported here are those observed after
VIE marking on 21 May 2006. No guppies died in captivity
and all fish were released at their original site of capture on
23 May 2006.

During three subsequent recaptures (30 May, 4, 5, and
26 June 2006), fish were collected from the study site, iden-
tified and released back into the pool from which they were
captured. These data were used to establish migration rates
(Note that we refer to movement between pools as migra-
tion even though this may have been involuntary and
caused by floods). Parasites were counted on all recaptured
(marked) fish on 4, 5, and 26 June. During resampling,
guppies were collected from three additional pools to mon-
itor whether fish had moved outside the focal area. These
included Pools 0 and 5 located 65 m upstream and 50 m
downstream of the original sampling location, respectively,
and Pool 6 ca. 500 m downstream of the focal site. Pool 6
was only sampled once on 14 June, when 250 guppies were
collected but no marked fish were found. The entire sam-
pling area covered a stretch of 218 m (from Pools 0 to 5)
or ca. 670 m (when including Pool 6). During sampling
and resampling, pools and intervening riffles were visited
repeatedly throughout the day until no more guppies were

observed. Only five fish were found in the riffles and all
were marked; three males close to the river bank between
Pools 3 and 4, and one male and one female in vegetation
of the river bank a few metres downstream from Poot 1.
These fish were allocated to the nearest pool. On 26 June,
a large sample of 416 unmarked guppies collected from
Pools 0 to 5 was also screened for parasites.

2.2. Statistical analysis

The data were analysed to test whether the recapture
rate and migration pattern of individual fish was depen-
dent upon on an individual’s parasite load (expressed as
the number of gyrodactylid worms), gender and SL of
the guppy. The recapture rate is defined as whether or
not a guppy has been recaptured. Migration pattern is
the movement of a guppy upstream, stationary or down-
stream. Data were also used to test spatial and temporal
variation in parasite abundance, and to test whether vari-
ation in the parasite load was predicted by the size and
gender of the host.

Differences between males and females in migration
tendency (i.e. upstream versus downstream migration
and remaining stationary in one pool) were tested using
x-square analysis and Binomial tests. A Binomial test was
also used to test for unequal sex ratio.

A general linear model (GLM) was used to analyse
spatial variation in parasite abundance, and test whether
variation in the parasite load of guppies was predicted
by the size and gender of hosts. Parasite numbers on indi-
vidual guppies were transformed using natural logarithms,
Ln(N,+0.1). This resulted in homogeneity of variances,
as established using Bartlett’s Test. The location of the
sample (‘Pool’) was used as a random factor with four
factor levels. ‘SL’ was used as covariate and was nested
within ‘Sex’ as a fixed factor. Logarithmic transforma-
tions did not result, however, in equal variances of tempo-
ral samples, violating the assumption of a parametric test.
Hence, Kruskal-Wallis tests were performed to analyse
whether guppies differed in parasite load over time, and
to assess the impact of heavy rains on parasite and guppy
populations.

A binary logistic regression analysis (logit) was used
with a dichotomous dependent variable (re-captured or
not recaptured) to test whether the recapture of guppies
was associated with the number of parasites (‘Parasite
load’), ‘SL’ and gender of the guppy (‘Sex’). The model
has three predictors (‘Parasite load’ and ‘SL’ both as covar-
iates, and ‘Sex’ as a fixed factor). The model was fitted
using an iterative re-weighted least squares algorithm to
obtain maximum-likelihood estimates of all parameters.
The log-likelihood was used to test whether the coefficients
of the predictors were significantly different from zero. A
logit link function was employed to calculate the odds ratio
and its 95% confidence interval (CI). The odds ratio
estimates the change in the link function with a one unit
change in the predictor (e.g. 1 mm increase in SL or one
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Relatively little is known about how parasitism affects
the migration tendency of hosts (see Boulinier et al., 2001
for review). Here, we show that dispersal decisions or
involuntary displacement of hosts may depend on several
conditions, including the size and gender of the host, as
well as its parasite load. The profound impact of flooding
events was particularly noteworthy, especially because this
may affect many other riverine species. Heavily parasitized
guppy hosts display fin clamping (Cable et al., 2002) and
their reduced swimming ability probably renders infected
guppies less able to hold their position in the river during
flushing events. Studying the effects of parasitism in a shel-
tered and relatively benign laboratory environment is
unlikely to reveal the full fitness consequences for infected
hosts, and only in a natural setting can the full impact of
parasitism be appreciated. Flushing and purging of the
most heavily infected individuals (males in particular)
could explain the large differences in parasite load in the
transition from the dry to the wet season (Fig. !}, and
may also be partly responsible for the male-biased sex ratio
in the upland habitats in the wet season.

Grether et al. (2001) showed that during wet season
floods, both the biomass of algae and guppies were mark-
edly reduced, but there was no net change in algal availabil-
ity for guppies after floods. They suggested that factors
other than, or in addition to, algal production might limit
guppy populations and discussed the role of Rivulus.
Indeed, Rivulus appears to be the most serious predator
of guppies in these streams (Liley and Seghers, 1975; Rez-
nick et al., 1990), but top—down control of guppies by Riv-
wlus seems very unlikely according to Grether et al. (2001),
given the negative effect of guppies on Rivulus densities
(Gilliam et al., 1993). Grether et al. (2001) furthermore sug-
gested that floods keep guppy populations below carrying
capacity. This suggestion seems reasonable as in their study
guppy biomass was reduced by up to 92%, indicating the
profound influence of floods (Grether et al., 2001). The
present study suggests that parasites might play an addi-
tional regulatory role in the density of guppies in headwa-
ter habitats: parasites regulate guppy population size and
strong bouts of selection during floods cap the abundance
of both parasites and guppies by selectively removing the
most heavily infected fish.
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Conserv Genet

propose a statistically robust method of quantifying the
probability of obtaining PCR artefacts and present an
example analysis of sequences sharing the same PCR error.

Materials and methods
RNA extraction, amplification and cloning

RNA was extracted and synthesised from the frozen livers
of two male guppies (see van Qosterhout et al. 2006b).
MHC was amplified using DABdegF and DABR4 in exon 3
(van Oosterhout et al. 2006a) allowing differentiation of
expressed from genomic products. Amplification took place
in a total volume of 25 pl including 12.5 pmoles of
DABdegF, 2.5 pmoles of DABR4, and 0.5 units of CLP
ProofPro proofreading polymerase. PCR consisted of an
initial denaturing step of 94°C for 3 min, followed by 25 or
40 cycles of 94°C: 45 s, 55°C: 1 min, 72°C: 1 min. Prod-
ucts of approximately 300 bp were ligated into pGEM-T
(Promega) and transformed into Invitrogen DH5a compe-
tent cells according to manufacturer’s instructions. Colonies
were dipped directly into 25 pl PCR reactions including
10 pmoles of M13 primers and 0.5 units of ProofPro
polymerase. Sixteen positive colonies were then sequenced
in both directions on a Beckman Coulter CEQ8000 using
standard M13 primers and fluorescently-labelled termina-
tors. From these sequences we selected three distinct,
previously characterised alleles to estimate the PCR error
rate in a controlled experiment by counting the number of
base misincorporations in these known sequences.

Results and discussion

Sequence artefacts caused by base misincorporations during
PCR occurred randomly throughout sequences with no
detectable hotspots. The overall rate of base misincorpo-
ration was 1.85 x 10™° misincorporations per base per
cycle, which is not significantly different from that reported
for other studies (Keohavong and Thilly 1989; Kobayashi
et al. 1999). In this study, approximately 11% of all
sequences showed PCR error. If these errors are not iden-
tified, they will be categorised as novel alleles and bias
population genetic analyses.

Acinas et al. (2005) suggested clustering the sequences
into 99% sequence similarity groups to reduce the proba-
bility including polymerase errors. However, informative
sequence data will be ignored by this procedure and the
suggested 99% similarity level is chosen arbitrarily.
Indeed, Acinas et al. (2005) argue that clustering of
sequences based on similarity cut-offs (e.g. the commonly

@ Springer

used 97%) may mask micro-diverse clusters, which have
been suggested as representing important units of differ-
entiation (Acinas et al. 2004). Similarly, acceptance of only
those sequences that were observed in two independent
PCRs (Lukas et al. 2004; Lukas and Vigilant 2005) will
also result in an underestimation of gene diversity by
rejecting rare alleles.

We suggest that researchers implement our new method
of calculating the probability of detecting a given number
of PCR artefacts in an amplicon, and thus identify
sequences with likely base misincorporations. The overall
probability of finding a given number of misincorporations
in the entire amplicon can be calculated using a cumulative
binomial distribution with the BINOMDIST function in
MS Excel. The binomial probability mass function of this
and all less likely events (i.e. sequences with more errors)
equals:

P(x>k)=1- i <kli i>£’<'i(1 _ s)N—(k—-i)

i=1

in which k is the pumber of PCR ermrors, N is the total
number of bases in the sequence and ¢ is the PCR error rate
in the entire amplicon. This probability reflects the likelihood
of finding a given or large number of misincorporations in the
amplicon of N base pairs due to PCR error. If this probability
is above the Bonferroni corrected critical value (o), the
observed sequence is likely to be a PCR artefact and can be
rejected. However, if the probability is below the critical
value, the sequence is unlikely to be a PCR artefact and
independent confirmation (e.g. through additional PCR of the
same template DNA) is necessary to confirm the sequence is
genuine.

For example, suggest we analysed an 800 bp amplicon
using a PCR of 30 cycles with 1.85 x 10™° misincorpora-
tions per base per cycle, and found 10 unique sequences that
are each 3 bp different from their most similar sequence.
The probability that a novel sequences was generated by
three independent PCR errors equals P = 0.0011. This is
smaller than the Bonferroni corrected alpha (of = 0.05/
10 = 0.005), and we would therefore conclude these
sequences are genuine. Following the suggestion by Lukas
et al. (2004), these alleles need to resequenced for confir-
mation. However, ten sequences that are different by just a 1
or 2 bp will be rejected as PCR errors (P = 0.074 and
P = 0.0105, respectively) because the probability of their
occurrence is above the Bonferroni corrected alpha.

Given that a substantial proportion of analysed samples
have 1 or 2 bp misincorporations, this procedure can thus
dramatically reduce the re-genotyping effort. The method
proposed here furthermore reduces the likelihood of
rejecting valid sequence information to a commonly
accepted statistical type I error of 5%. Finally, although
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Sexual selection has been studied in extensively in several Poeciliid species (see e.g.
Rios-Cardenas & Morris, Chapter 17). Mate choice experiments in guppies (Poecilia reticulata
Peters) (see Houde 1997) have primarily focused on visual cues, and relatively little research
has tested the role of olfaction and chemical communication (Shohet & Watt 2004; but see
Archard et al. 2008). Olfactory detection of MHC compatible mates has been shown to occur in
a number of other animal systems including humans, mice and sticklebacks (Penn & Potts
1998; Aeschlimann et al. 2003; Beauchamp & Yamazaki 2003). Given that poeciliids are
suitable model organisms to study the role of olfaction in mate choice, we will briefly discuss
here the potential role of the MHC in sexual selection and the maintenance of MHC

polymorphism.

25.2 The Major Histocompatibility Compiex (MHC)

The MHC multigene family encodes a number of proteins responsible for the
preparation, loading and specific binding of antigen fragments (reviewed by Ting & Trowsdale
2002; Boss & Jensen 2003; Danchin et al. 2004). The cLassicAL MHC GENES are typically highly
polymorphic and separated into the MHC cLass | and MHC cuass Il subfamilies. Both classes of
genes form part of the adaptive immune system. Nonclassical MHC genes display low levels of
polymorphism and gene expression, and the DNA sequences of these genes commonly show
little evidence of positive selection (Summers et al. 2008). The class Ill region contains a group
of genes genetically and evolutionarily unrelated to class | or class I, although some of these
genes have immune function, particularly in the innate immune response (Klein & Sato 1998).
MHC class | and class Il are linked in mammals and birds, but they occur unlinked on different
chromosomes in teleost fishes (Sato et al. 2000; Stet et al. 2003). Consequently, some authors
refer to teleost MHC as the MH (see Ellis et al. 2006; Dixon 2008), although we prefer to use

the more traditional abbreviation, MHC.
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Class I and class Il molecules differ in the type of antigens they present. Class |
molecules are expressed on the surface of all nucleated somatic cells and present peptides
originating from within the cell, such as viral peptides. Class Il molecules are expressed
primarily on antigen presenting cells of the immune system, and they specialize in the
presentation of extracellular pathogen peptides (e.g. bacteria and microparasites). These
differences in subfamilies are echoed in the specific antigen processing pathways required to
load the MHC molecule and to the type of T-cell to which they present. Once degraded,
antigen fragments are bound to the MHC glycoprotein and presented to T-cells. T-cells are
responsible for the initiation of the adaptive immune response which acts to target the
pathogen specifically. T-cells need to respond only to foreign antigens and not to the host’s
own tissue. In order to recognize “self” from “non-self”, autoreactive thymocytes with T-cell
receptors that interact with MHC molecules presenting self peptides are eliminated during

thymic selection in the developing embryo (Jameson et al. 1994; Jordan et al. 2001).

Much population genetic, immunogenetic and evolutionary research on the MHC has
focused on the second exon of classical MHC encoded molecules, as this transcribes a large
proportion of the PBR. Positive selection is only evident in this part of the gene, and
consequently, this exon shows the highest level of polymorphism of the entire MHC. Other
exons of the MHC are relatively conserved, and the sequence variation in these exons is

governed mainly by neutral evolutionary forces, such as mutation, genetic drift and

RECOMBINATION.

25.3 Evolutionary genetics and molecular ecology of the MHC

25.3.1 Natural selection and the MHC

In the last three decades, molecular ecologists have studied neutral evolution using

allozymes, minisatellites, microsatellites and SNPs (Hedrick 2005). Neutral theory asserts that
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the majority of new mutations are either deleterious and eliminated from a population by
negative selection, or (nearly) neutral and subject to random genetic drift (Ford 2002; Garrigan
& Hedrick 2003). The neutral polymorphism is maintained in a mutation-drift equilibrium, and
this variation can be used to analyze the population’s demography. Neutral marker loci are

used to analyze genealogies, establish paternities, track population migration, measure gene

flow and estimate effective population size.

More recently, with the advent of economically viable sequencing and the
identification of genes under positive selection, research begun to focus on adaptive evolution.
Adaptive evolution is driven by positive selection promoting novel (favorable) sequence
variants. Positive selection can be inferred using several types of analyses of sequence data,
and the dy/ds ratio is one commonly used method (Ford 2002; Garrigan & Hedrick 2003). The
dn/ds value is essentially a ratio of the number of NONSYNONYMOUS MUTATIONS (i.e. amino acid
changing mutations) to synonymous ones (also known as silent substitutions). SYNONYMOUS
MUTATIONS do not change the protein produced by the gene and are predicted to be selectively
neutral. Consequently, synonymous mutations are accumulated and lost in a neutral fashion,
and these mutations will occur in drift-mutation equilibrium (Crow & Kimura 1970; Hedrick
2005). In contrast, nonsynonymous mutations can alter protein function and such mutations
are thus usually subject to natural selection. Mutations that change the fitness of the organism
can be either favorable (positively selected), or deleterious {negatively selected). In conserved
genomic regions, nonsynonymous mutations tend to be purged by negative selection as
changes to the protein structure are generally deleterious. Synonymous mutations, on the
other hand, can persist at a relatively high frequency, and consequently, in conserved gene
regions the dy/ds ratio will be below unity {dnx/ds<1). However, in gene regions where
evolutionary change is favorable, positive selection is predicted to maintain nonsynonymous
mutations, resulting in an elevated dy/ds ratio (dy/ds21). In the MHC, the protein region
interacting with foreign peptides is transcribed from the codons of the PBR. The codons in this

region are thought to accumulate nonsynonymous mutations as these allow the recognition of
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novel parasites. By contrast, the areas outside the PBR are conserved, and nonsynonymous
mutations are purged from these gene regions. Studies on the MHC have been facilitated by
the fact that the PBR codons of the human MHC have been identified through X-ray
crystallography (Bjorkman et al. 1987a; b; Brown et al. 1993; Stern et al. 1994), and that the
MHC is highly conserved across vertebrates (but see Blais et al. 2007 for differences in PBR
codons between humans and cichlid fish). This allows researchers working on the MHC of

other vertebrate taxa g priori to identify the codons under positive and negative selection.

25.3.2 Balancing selection

Besides positive and negative selection, BALANCING SELECTION plays a pivotal role in the
evolution of the MHC. Balancing selection is thought to maintain polymorphism at a locus by
one (or combination) of the following three processes: (1) heterozygote advantage
(overdominant selection), (2) rare allele advantage (negative frequency dependent selection),
or (3) selection varying in time or space (spatial or temporal variable selection). Genes that are
evolving under balancing selection are distinct from neutral loci in that they show high levels
of heterozygosity and a large numbers of alleles at similar frequencies (hence the term
balancing selection). Some alleles can be maintained over great lengths of time, possibly
exceeding speciation events, a phenomenon called TRANS-SPECIES POLYMORPHISM (reviewed by
Klein et al. 1998). Furthermore, balancing selection can also affect the DNA substitution

pattern in a similar way as positive selection, resulting in an elevated dy/dsratio (see above).

1. Overdominance selection: Of the three hypotheses suggested to maintain a balanced
polymorphism, the model of overdominance selection (heterozygote superiority) has received
most attention. The heterozygote advantage hypothesis relates directly to the MHC genotype

and the role of specific MHC alleles present at the locus. Heterozygous individuals are thought
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These three models of balancing selection are not mutually exclusive, but rather, they
are likely to act complementarily. De Boer et al. (2004) and Borghans et al. (2004) both
modeled negative frequency dependent selection and overdominant selection, finding that
overdominance was unlikely to maintain the level of polymorphism observed at the MHC,
unless each MHC allele conferred a very similar fitness (e.g. symmetric overdominance).
However, it is difficult to discriminate between different types of balancing selection in wild
systems. For example, rare alleles that are predicted to be maintained under negative

frequency dependent selection are also more likely to be presented in heterozygote condition

{Apanius et al. 1997).

These traditional models of balancing selection were developed to understand the
evolution and population genetics of a single immune gene. However, the MHC is not a single
gene but a multigene family, and these models ignore the potential role of linkage and
EPISTATIC gene-gene interactions. The MHC genes are surrounded by linked genetic variation
(single nucleotide polymorphisms, SNPs) that is associated with more diseases than any other
part of the human genome (de Bakker et al. 2006; Shiina et al. 2006). This suggests that this
linked peri-MHC region is under strong selection, and that it could play a potentially important
role in the evolution of this multigene family. van Oosterhout (2009) proposed a new theory of
MHC evolution that incorporates the impact of selection on the region surrounding the MHC
genes. The model is called ASSOCIATIVE BALANCING CompLEX (ABC) EVOLUTION, and it proposes that

selection acts on the deleterious mutations that are associated with the MHC genes (Box 1).

25.4 Sexual selection, parasite selection and inbreeding avoidance

According to the Red Queen Hypotheses, the hosts’ immune system evolves quickly in
response to the rapid evolution of their parasites (Milinski 2006), and balancing selection by

parasites can maintain MHC polymorphism as proposed by the varicus models (see above).
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However, mate choice can also result in rapid MHC evolution, or it may help to maintain
polymorphism at these genes (Milinski 2006). The MHC is implicated in sexual selection at both
pre- and post zygotic levels, for example by means of mate choice for mates with a specific
MHC genotype, differential fertilization success, and the selective abortion of MHC-
homozygous embryos (see Rios-Cardenas & Morris, Chapter 17, and Evans & Pilastro, Chapter
18). Studies on a wide variety of animals support the role of MHC in pre-copulatory sexual
selection, including research on humans and rodents (reviewed by Penn & Potts 1999;
Kavaliers et al. 2004), salmon (Landry et al. 2001; Neff et al. 2008) and sticklebacks (reviewed
by Milinski 2003). This work has focused in particular on the role of olfaction, which is thought
to enable individuals to determine the compatibility and/or diversity of the MHC of
prospective mating partners during courtship rituals. For example, research on sticklebacks
showed that females use evolutionarily conserved structural features of MHC molecules to

evaluate diversity of the MHC of males (Milinski et al. 2005).

There has been considerable debate on the relative roles of MHC variation and
genome-wide heterozygosity and their consequence on fitness (Arkush et al. 2002; Sommer
2005). Landry et al. (2001) were able to separate the effects of MHC heterozygosity and
inbreeding avoidance (i.e. the relatedness measured using similarity at five neutral
microsatellite loci). They sampled spawning Atlantic salmon and juvenile salmon after
hatching, and found that mates selected each other in order to increase genotypic differences
in the MHC of juveniles, and not to offer increased heterozygosity in the genome. This
supports the role of the MHC in sexual selection for “good genes” {or genetic compatibility),
although the authors acknowledge the experiment cannot differentiate between active mate
choice, differential fertilization success, and the higher survival of juveniles of heterozygous
MHC genotypes (see also de Eyto et al. 2007; Neff et al. 2008). Disentangling the relative
importance of inbreeding avoidance, “good gene” selection and parasites resistance in MHC

evolution is an important future challenge in MHC research. A particular promising new
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through female mate choice, or selection on linked mutations that hitch-hike with the MHC

alleles.

25.6.2 Sexual selection and MHC in poeciliids

An impressive body of research on poeciliids has been dedicated to study the role of
female mate choice based on male color pattern and ornamentation (Rios-Cardenas & Morris,
Chapter 17). However, sexual selection based on other senses such as olfaction has received
relatively little attention (Crow & Liley 1979; Meyer & Liley 1982; Griffiths & Magurran 1999;
Shohet & Watt 2004; Archard et al. 2008). Nevertheless, studies on other fish species have
indicated that multimodal interactions between visual and chemosensory cues potentially play
a role in mate choice and sexual selection (e.g., three-spined sticklebacks, Gasterosteus
aculeatus, McLennan 2003). Archard et al. (2008) showed that high concentrations of
chemosensory stimulus were required to elicit a behavioral response in guppies. Such high
concentrations can only be attained when the fish are in close proximity. This may arise when
guppies shoal, or when males display to females, which occurs within distances of a few
centimeters (Endler 1995; Long & Rosenqvist 1998). Shohet & Watt (2004) used an
experimental flume to study the attraction of female guppies to conspecific chemosensory
cues, and found that females were attracted to cues from other females, and that visually
attractive males were chemically unattractive, and vice versa. The potential role of the MHC in
this model and other Poeciliid mode! systems has however not been investigated. Future
research into MHC and sexual selection is possibly best studied in Poeciliid species with little
variation in male color patterns, since in these species olfaction may play a more prominent

role than visual communication.

25.6.3 MHC in conservation
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MHC diversity is believed to play an important role in conservation genetics,
particularly in captive populations bred for reintroduction programs (O’Brien & Evermann
1988; Hedrick et al. 2001b; Miller et al. 2001). Surprisingly, although the success rates of
reintroduction programs is low, with only 11% reaching viable population sizes (Beck et al.
1994), few studies have investigated the efficacy of captive breeding regimes for the release of
captive-bred vertebrates. Contemporary breeding strategies for endangered species typically
aim to avoid loss of genetic variation, limit the adaptation to captive conditions, and maximize
evolutionary potential (van Oosterhout et al. 2007b). Management of the MHC diversity in
captive gene pools has been suggested as an alternative breeding protocol (Hughes 1991; but
see Miller & Hedrick 1991), although this suggestion has not been tested empirically. Indeed,
whether the level of MHC variation affects the viability of populations and future
reintroduction success of individuals is not yet clearly established (Gutierrez-Espeleta et al.
2001; Miller & Lambert 2004), although reduced immunocompetence (Hale & Briskie 2007)
and increased risk of disease outbreaks (O’Brien & Evermann 1988; Spielman et al. 2004) have

been noted in several bottlenecked and/or inbred populations.

van Oosterhout et al. (2007b) tested the effects of breeding regimes on the
reintroduction success, using wild caught guppies from two populations in Trinidad. The
authors bred fish for four generations in captivity and released the fish in a mesocosm in
Trinidad. However, they did not examine whether particular MHC genotypes or alleles affected
the survival rate of the reintroduced fish. The authors identified parasites as the main threat to
survival in the wild, which suggests that MHC variation could play an important role. Guppies
and other poeciliids offer an excellent model to test the effectiveness of breeding programs,
and in particular, test the importance of MHC diversity for viability of reintroduced

populations.

Hedrick & Parker (1998) examined polymorphism at the MHC in the endangered Gila
topminnow (Poeciliopsis o. occidentalis). They examined four watersheds in the USA, and

151






examine captive breeding programs, but also because several Poeciliid species are vulnerable

or endangered themselves.
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Glossary

ACCORDION MODEL OF MHC EvoruTion: A model of MHC multigene evolution in which the
number of MHC genes is assumed to be expanding (due to gene duplication) or contracting (by

gene deletion) depending on the need to protect the host from ever-changing parasite

pressure.

BALANCING SELECTION: Balancing selection increases gene diversity and ‘balances’ allele
frequencies so that, compared to neutral evolution, more alleles can be maintained in a
population at any single time. Balancing selection can also delay the loss of alleles such that
each allele can persist over longer evolutionary time. However, with a high mutation rate,
balancing selection can result in a fast turnover of alleles as novel mutations can replace
extant alleles. Overdominant selection (also known as heterozygous advantage), negative
frequency dependent selection (i.e. rare allele advantage) and selection favoring different

alleles in time or space are all types of balancing selection.

BIRTH-AND-DEATH MODEL: This model of multigene evolution proposes that MHC genes are
produced by gene duplications. Some of the duplicated genes diverge functionally, whereas
others become pseudogenes due to the accumulation of deleterious mutations, or they are
deleted from the genome. The birth-and-death model of evolution predicts that sequence
variation of member genes will diverge, and that similar sequences are shared among species

in the phylogenetic tree.

CONCERTED EVOLUTION: Multigene families are thought to be subject to concerted evolution, in
which all member genes of a family evolve as a unit in concert. Genes in a multigene family are
thought not to evolve independently from one another, but rather, a mutation that occurs in
one of the gene copies is believed to spread through other member genes by repeated

occurrence of unequal crossover or gene conversion. Concerted evolution predicts that

154



sequence variation of member genes is homogenized, and that sequences of alleles at

different member genes cluster within species in the phylogenetic tree.

EPISTATIC SELECTION: In population genetics, epistasis is the interaction between two or more
genes resulting in fitness values that are different from additively interacting genes. Epistatic
selection for favorable gene combinations (i.e. gene combinations with relatively high average
fitness) will increase linkage disequilibria between those genes. Functional epistasis between
loci can exist, for example, when the loci code for different parts of polypeptide chains that

associate to form heterodimers, such as the DQA1 and DQB1 loci in the human MHC.

GENE CONVERSION: Gene conversion is a mechanism of homologous recombination that involves
the unidirectional transfer of genetic material from a ‘donor’ sequence to a homologous
‘acceptor’. Interlocus gene conversion is the transfer between different loci, for example,
paralogous gene sequences in multigene families. Interallelic gene conversion occurs between

alleles that reside on homologous chromosomes.

GENETIC HITCHHIKING: A process whereby a selectively neutral or deleterious allele or mutation

may spread through the gene pool by virtue of being linked to a beneficial allele.

GOOD GENES HYPOTHESIS: A model of sexual selection in which (generally) females prefer males
with great ornaments which indicate greater disease resistance, better foraging abilities, or a
more efficient metabolism. The “good genes” of the male indirectly benefit the female as they

are inherited to the offspring.

HAPLOTYPE BLOCK (OR HAPLOBLOCK): A large stretch of DNA that is characterized by strong linkage
disequilibria that is separated by recombination hotspots. The size of haplotype blocks in the

MHC is ca. 10° bp.

HUMAN LEUKOCYTE ANTIGEN (HLA): The human MHC is commonly referred to as the HLA.
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LINKAGE DISEQUILIBRIUM: Linkage disequilibrium (LD) is the non-random association of alleles at
two or more loci. LD can be generated because the loci are physically linked {e.g. they are in

close proximity on the same chromosome) or because selection favors or disfavors a particular

combination of alleles.

MHC c1ass | GENES: These genes code for molecules that are expressed on the surface of all

nucleated somatic cells and which present peptides originating from within the cell (i.e. viral

peptides).

MHC cLAss Il GENES: MHC genes that code for molecules which are expressed primarily on
antigen presenting cells of the immune system. These molecules specialize in the presentation

of extracellular pathogen peptides (e.g. bacteria and microparasites).

MHC CLAssICAL GENES: The class | and class Il subfamilies of the MHC are divided in classical and

nonclassical genes. Classical genes are typically highly polymorphic and expressed. Nonclassical
MHC genes display much reduced levels of polymorphism and gene expression. The BIRTH-AND-
DEATH MODEL and ABC model of MHC evolution propose that these genes may be in the process

of evolving into pseudogenes.

MULLER’S RATCHET: Deleterious mutations can accumulate in small, asexual populations because
by chance, not a single individual without any mutations manages to reproduce. Without
recombination (and ignoring back-mutations), all individuals in future generations will thus
carry at least one mutation. This means that the ratchet has clicked, and it can continue to do
so resulting in an accumulation of deleterious mutations (i.e. mutational meltdown). Muller’s
ratchet is not unique to asexuals, and it can occur also in regions with little or no effective

recombination, such as the human Y chromosome and in haplotype blocks.

NONSYNONYMOUS MUTATIONS: Mutations that result in an amino acid replacement which may

alter protein function. These mutations are usually thus subject to natural selection.
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PEPTIDE BINDING REGION (PBR): A region in the MHC gene that codes for the area of the MHC
molecule that binds foreign peptides from bacteria, viruses and micro- and macroparasites.

This region is also known as the Antigen Recogpnition Site (ARS).

PURIFYING SELECTION: Selection against deleterious mutations (i.e. mutations that reduce the

fitness of its bearer).

RECOMBINATION: Recombination is one of the four evolutionary processes (together with
mutation, selection and random genetic drift). It can occur during crossover between paired
chromosomes by which a strand of DNA is broken and rejoined to the homologous strand.
Recombination results in the reshuffling of genes, increases the genetic variance in fitness and
thereby improves the efficiency of purifying selection. Gene conversion is a type of

recombination but leaves the donating chromosome unchanged.

RED QUEEN HYPOTHESIS: The co-evolutionary arms race between hosts immune genes and
parasite virulence genes rarely results in fixation of a single genetic variant that confers
superior resistance (or infectivity). This process is referred to Red Queen process or Red Queen
dynamics in reference to the Red Queen's race in Lewis Carroll's “Through the Looking-Glass”
from 1871. The Red Queen said, "It takes all the running you can do, to keep in the same

place."

SYNONYMOUS MUTATIONS: These mutations do not change the protein produced by the gene and
they are predicted to be selectively neutral. Synonymous mutations are therefore also referred

to as silent mutations.

TRANS-SPECIES EVOLUTION: The sharing of MHC allelic lineages between long-diverged species.
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Box 1

The model of Associative Balancing Complex (ABC) evolution (van Oosterhout 2009) proposes
that recessive deleterious mutations accumulate nearby MHC genes. These mutations
maintain polymorphism at the MHC and surrounding region by associative balancing selection.
The recessive deleterious mutations can accumulate in the MHC because the effective rate of
recombination in some areas of the MHC is very low (see e.g. Stenzel et al. 2004; Gregersen et
al. 2006). This reduces the efficiency of PURIFYING SELECTION to remove recessive deleterious
mutations (Haddrill et al. 2007). Some of those mutations become fixed in all copies of a
particular HAPLOBLOCK in a process analogous to MULLER’S RATCHET (Muller 1932). ABC evolution
is inspired by theoretical studies of self-incompatibility loci (S-loci) of plants (Uyenoyama
2003), and it offers a plausible explanation for the long-ranging LINKAGE DISEQUILIBRIA and MHC-
disease associations in well-researched organisms (humans, dogs and mice) {(van Oosterhout
2009). The new theory also elucidates a number of evolutionary properties of the MHC that
are not well explained by the traditional theories, such as (1) the shape of the MHC
genealogies and trans-species evolution, (2) the unexpected high levels of genetic
differentiation of MHC genes under balancing selection, and (3) the high selection coefficients
required to maintain MHC polymorphism in smali, isolated populations (see van Oosterhout

2009).
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Box 2

Introns are found throughout the eukaryote genome and they have been proposed to fulfill a
number of functions. Introns may increase the functional diversity of genes through alternative
splicing (see above), and they are thought to play a role regulating the recombination rate
(Duret 2001; Roy & Gilbert 2006). Microsatellites have been identified in a number of introns
of the classical MHC of humans (Balas et al. 2005), chirmps (Bak et al. 2006), Atlantic herring
(Stet et al. 2008), Atlantic salmon (Stet et al. 2002) and sticklebacks (Reusch et al. 2004), and
these repetitive elements are believed to affect protein expression and increase the

recombination rate (Arnold et al. 2000; Reusch & Langefors 2005; Majumder et al. 2008).

Recombination has been shown to occur both within and between MHC loci (Hughes
et al. 1993; Richman et al. 2003; Reusch & Langefors 2005). The effects of recombination on
genetic polymorphism are dependent on the type of selection acting on the gene (Reusch &
Langefors 2005). Balancing selection is likely to preserve polymorphisms that are generated by
recombination events, while polymorphisms are expected to be lost by random genetic drift at
a neutrally evolving locus. Recombination is believed to play an important role introducing
polymorphism to the PBR (Charlesworth 2006), providing balancing selection with novel
variation above that of the background mutation rate. Evidence of these recombination events
leading to the generation of PBR polymorphism may be present in the surrounding introns
(Cereb et al. 1997; Bergstrom et al. 1998; Hughes & Yeager 1998; Bergstrom et al. 1999; Elsner

et al. 2002; von Salomé et al. 2007)

Besides the functional aspects of intron variation, the repetitive elements often observed
within introns are potentially useful markers for population genetic studies. Microsatellites
within the MHC region are receiving increased attention as proxy measures of the level of
polymorphism at the actual MHC genes themselves (Stet et al. 2002; Santucci et al. 2007; Stet
et al. 2008). The screening of microsatellite loci that are tightly linked to the MHC is a

particularly time and cost-effective method to study the role of MHC polymorphism in mate
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choice and parasite resistance. Future work on Poeciliid MHC would benefit from the

development of such linked microsatellite markers.
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