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Abstract
The Major Histocompatibility Complex (MHC) is a region of the vertebrate genome believed to
be responsible for an individual's ability to detect and recognise invading parasites. The MHC
molecule has been shown to bind to short fragments of parasite and present these to the
adaptive immune system. Theory developed to describe the maintenance of polymorphism
within the MHC has focussed on the principle that different MHC alleles recognise different
groups of parasites and that parasite diversity maintains diversity in the MHC (i.e. Red Queen
dynamics). Nevertheless, after 50 years of research, the precise mechanism for the
maintenance of extraordinary levels of polymorphism in the MHC remains yet to be resolved.
In the present thesis, I use guppies (Poecilia reticulata) as a model to investigate the role of
parasites in the maintenance of polymorphism in the MHC. In a study of spatial variation of
both MHC and microsatellite variation, I find evidence to suggest that upstream populations of
guppies have small population sizes and reduced gene flow into the population. However,
these populations of guppies maintain similar levels of MHC polymorphism to that of larger
populations of guppies further downstream. The maintenance of MHC in small upstream
populations provides evidence for selection for the maintenance of MHC polymorphism
despite the effect of random genetic drift. This finding is particularly interesting given that I
show that this small upstream population has a significantly reduced parasite fauna. These
data therefore provide evidence for other sources of selection on the MHC such as sexual
selection or Associative Balancing Complex (ABC) evolution.
Balancing selection maintains polymorphism above that expected under a neutral model of
evolution. However, balancing selection is a general term that encompasses several distinct
mechanisms, including negative frequency dependent selection (rare allele advantage),
overdominance (heterozygote advantage) and selection that favours distinct alleles in different
times and/or places (fluctuating selection). I use a temporal dataset of MHC and microsatellite
variation to distinguish between these different models of balancing selection. In particular, I
evaluate the ability of the different models of balancing selection to explain the empirical data
of two guppy populations sampled in 2001 and 2007.1 conclude that the relatively low level of
spatial genetic divergence of the MHC in 2001 is most consistent with the overdominance and
negative frequency dependent selection models of balancing selection. By contrast, the data in
2007 suggest that MHC is subject to fluctuating selection, showing a higher level of spatial
genetic differentiation than the microsatellites. Overtime, the MHC appears to change more
rapidly than neutral microsatellite loci. Using a verbal model, I argue that this pattern of
temporal genetic divergence and the rapid turnover of MHC alleles is consistent with all types
of balancing selection. Balancing selection increases the effective migration rate, resulting in a
rapid differentiation of the MHC gene pool over generations. Such allelic turnover can however
only be realised in a metapopulation with a large gene pool of MHC alleles. Both these
conditions (i.e. a source-sink metapopulation with circa 85 MHC alleles) have recently been
demonstrated for guppy populations in the Caroni Drainage in Trinidad by different authors.
Importantly, these findings demonstrate that in an open metapopulation, the impact of
migration can differ dramatically between neutral genes and genes under balancing selection.

Using a simulation model, I further explore whether the combination of balancing selection (in
particular, overdominance) and gene flow in a metapopulation system can explain the large
observed spatio-temporal differentiation of the MHC. Traditionally, authors have interpreted
large temporal fluctuations in MHC allele frequencies as evidence for a coevolutionary arms
race between host immune genes and parasite virulence genes (i.e. Red Queen dynamics). In
this theoretical chapter, I explore whether such data can also be explained by simple
overdominant selection in combination with migration from a source population with many
distinct MHC alleles. I find that the commonly held assumption that balancing selection
homogenises gene frequencies and reduces the level of genetic differentiation (G'sr) is not
always correct, and it depends on the interaction between evolutionary forces and population
demography. Furthermore, I demonstrate that balancing selection (overdominance) can
explain the rapid turnover in MHC alleles, and that this observation should not be taken as
evidence of Red Queen dynamics through host-parasite co-evolution.
Altogether, this thesis highlights two main considerations that should be made in future
studies of the MHC. Firstly, other sources of balancing selection should be considered in
addition to parasite selection, particularly where no causal relationship between parasites and
MHC alleles has been identified. Secondly, population demography can have a different impact
on the population genetics of the MHC compared to that of neutral loci. The effect of a higher
effective migration rate on MHC alleles is all too often interpreted as evidence for changes in
the direction of parasite-mediated selection (i.e. Red Queen dynamics). However,
theoretically, other forms of balancing selection, including overdominance, negative frequency
dependent selection, fluctuating selection and ABC evolution, can also drive the temporal
dynamics of the MHC.

General Introduction
Chapter 1
Evolution by natural selection is a slow process (Darwin 1859) and documenting natural
selection is made difficult because changes in the environment are also slow. Furthermore, it is
difficult to predict the source of natural selection and a phenotypic response to a change in an
organism's ecology. Nevertheless, selection has been documented in the lab, in bacteria
(Barrick et al. 2009; Buckling et at. 2009; Paterson et al. 2010). Because the length of time
between one generation and the next is short, selection acting over many thousands of
generations can be measured over a relatively short period (see Barrick et al. 2009).
Longer generation times reduce the amount of change one might expect to observe in any
period. One vertebrate example where predation has been shown to drive variation in life
history traits is the Trinidadian guppy, Poedlia reticulata (Peters) (Reznick and Endler 1982;
Reznick and Bryga 1987; Reznick et al. 1997). The diversity of habitats from the uplands to the
lowlands made this fish species an ideal candidate to explore the effects natural selection (see
Houde 1997; Magurran 2005). The effects of other abiotic factors such as canopy cover and
water temperature have also been implicated in the evolution of guppy life history traits
(reviewed by Endler 1995; see also Bassar et al. 2010). However, until recently, the role of
parasites (defined here in the broadest sense to include all micro- or macro-parasitic infection)
as a source of selection on guppies had been ignored (Cable In press).
Antagonistic co-evolution between host and parasite has been shown in invertebrates to lead
to selection over relatively short timescales (see Dybdahl and Lively 1998; Lively and Dybdahl
2000; Decaestecker et al. 2007). Genetic changes within or among populations are the best
source of evidence for adaptation in response to selection as oppose to phenotypic plasticity.
However, the effect of genetic change on morphology can be difficult to determine (see Ford
2002). In this thesis, I contrast the effects of selection on a gene complex involved in host
parasite interactions, with the neutral effects of population dynamics. Nucleotide changes
within the coding region this gene complex are believed to be directly related to individual
immunocompetence (see review by Hughes and Yeager 1998). Therefore, maintenance of
polymorphism within these genes above that observed at neutral loci can be taken as evidence
for the effects of natural selection acting in wild populations.
The Major Histocompatibility Complex (MHC) is a large multigene family present in all jawed
vertebrates (Klein et al. 2000; see also Danchin et al. 2004; Kelley et al. 2005). It has a central
role in immunocompetence and is implicated in mate choice and sexual selection (Apanius et
al. 1997; Edwards and Hedrick 1998; Hughes and Yeager 1998; Penn and Potts 1999;
Bernatchez and Landry 2003; Wegner et al. 2004; Sommer 2005; Piertney and Oliver 2006).
The histocompatibility genes were first studied in relation to transplantation compatibility in
humans and mice (Dausset 1958). The MHC is implicated with the detection of invading
pathogens by recognition of small protein fragments known as peptides, or antigens.
Identification of the three dimensional structure of MHC class I and class II molecules revealed
its role in recognition and binding of antigenic peptides and their presentation to T-cells to
initiate a specific adaptive immune response (Bjorkman et al. 1987a, b; Brown et al. 1993;

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 (TheMHC-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 nonmodel 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. I 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, I
introduce, briefly the structure and function of the MHC. I consider the evolution of the MHC
and the mechanisms of balancing selection proposed to maintain MHC polymorphism. I
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, I outline the research conducted and the structure of this thesis.

Figure 1. Map of Northern Trinidad showing the Upper Naranjo (Up), Mid Naranjo (Mid) and
Lower Aripo (Low) populations sampled in the present study. The inset shows the location of
the detailed map within Trinidad. Map adapted from Barson et al. (2009) with the permission
of Dr. N. J. Barson.

The Major Histocompatibility Complex (MHC)
The MHC multigene family encodes a number of proteins responsible for the preparation,
loading and specific binding of antigen fragments (reviewed by Ting and Trowsdale 2002; Boss
and Jensen 2003; Danchin et al. 2004). Divided into classical and non-classical categories the
classical MHC genes are typically highly polymorphic and separated into the MHC class I and
MHC class II subfamilies. Both class I and class II genes are responsible for binding antigen
(peptide) fragments (Hughes and Yeager 1998; Klein and Sato 1998). The non-classical MHC
genes display low levels of polymorphism and gene expression, and the DNA sequences of
these genes generally show little evidence of positive selection (Summers et al. 2008). The
class III region contains a group of genes genetically and evolutionary unrelated to class I or
class II, although some of these genes have immune function, predominantly in the innate
immune response (Hughes and Yeager 1998; Klein and Sato 1998). MHC class I and class II are
linked in mammals and birds, but they occur unlinked on different chromosomes in teleost
fishes (Sato et al. 2000; Stet et al. 2003; Kelley et al. 2005). Consequently, some authors refer
to teleost MHC as the MH (see Ellis et al. 2006; Dixon 2008), although the more traditional
abbreviation, MHC, is used here.
Class I and class II molecules present different types of antigens to different types of T-cells.
Class I molecules are expressed on the surface of all nucleated somatic cells and present
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peptides originating from within the cell, such as viral peptides. Class II molecules are
expressed primarily on antigen presenting cells of the immune system, and they specialise in
the presentation of extracellular pathogen peptides (e.g. bacteria and microparasites) (see
review by Hughes and Yeager 1998). MHC class I and class II subfamilies rely on different
antigen processing pathways to load antigen into the MHC molecule. Once degraded, antigen
fragments are bound to the MHC glycoprotein and presented to T-cells. T-cells initiate 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 recognise "self
from "non-self, autoreactive thymocytes with T-cell receptors are eliminated during thymic
selection in the developing embryo (Jameson et al. 1994; Jordan et al. 2001).
Much population and evolutionary genetic research in non-model organisms seem biased
toward the class II over class I MHC. This could be because of the relative ease of quantifying
microparasite fauna over viruses. The class II molecule is a heterodimer consisting of an a
chain and a p chain (class \\A and class 116, respectively). Each of the monomers encodes part of
the PBR (see Hughes and Yeager 1998). The PBR region of the a chain has been shown to have
low levels of polymorphism in the chicken, a model for the MHC (Kaufman et al. 1999;
Salomonsen et al. 2003). This may be why the majority of the research in non-model
organisms has focussed on the polymorphic exon 2 of class 118 region (but see Figueroa et al.
2001; de Eyto et al. 2007; Gomez et al. 2010). Within the 3 monomer positive selection is only
evident in exon 2, and consequently, this exon shows the highest level of polymorphism of the
MHC. Other exons of the MHC class 116 are relatively conserved, and the sequence variation in
these exons is governed mainly by purifying selection and neutral evolutionary forces.

Evolutionary genetics and molecular ecology of the MHC
Evolution of multigene families
Three main hypotheses have been proposed for the variation observed in the number of
classical MHC genes, these are divergent evolution, concerted evolution and birth-and-death
evolution (reviewed by Nei & Rooney, 2005). These mechanisms rely on gene duplication,
mutation, recombination and gene conversion for the generation of new genes (Nei and
Rooney 2005). The precise mechanisms of gene duplication are unknown although whole
genome duplications, unequal crossing over, retroposition and segmental duplication are all
proposed to be responsible for different duplication events (Zhang 2003).
Duplicated loci may be maintained as functional genes or they may be lost as pseudogenes
(see reviews by Balakirev and Ayala 2003; Zhang 2003). The resulting relationship between
genes maintained under divergent selection is a reduced divergence between orthologous
genes, concerted evolution maintains genes with reduced divergence between paralogous
genes, and birth-and-death evolution is a combination of these previous two mechanisms (see
review by Nei and Rooney 2005). Birth-and-death evolution is the process by which genes
created by duplication are maintained or lost from the multigene family (Nei et al. 1997). Gene
conversion (and recombination) may act to increase or decrease genetic diversity in duplicated
genes (Nei et al. 1997; Nei and Rooney 2005). Evidence for duplication and loss (deletion) of
expressed genes is observed in the MHC of mammals, where some orthologous genes can be
shared between species, known as trans-species polymorphism (TSP) whilst others are not
(Klein et al. 1993; Klein and Sato 1998; Nei and Rooney 2005). Klein et al. (1993) developed this
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idea as an expansion and contraction of MHC genes called the Accordion model. The
contraction of genes is thought to be facilitated by pseudogenes reducing the number of
translated genes within the multigene family.
Nowak et al. (1992) suggested that too many MHC genes can reduce the number of T-cells as a
result of thymic selection (see reviews by Penn and Potts 1999; Milinski 2006). During thymic
selection, T-cells that bind with too high an affinity to an individual's MHC molecules are
eliminated before birth. Hence, increased MHC diversity may lead to the elimination of more
T-cells during thymic selection and reduce an individual's immunocompetence. Reduction of
immunocompetence through negative (thymic) selection of T-cells is the bases for the
hypothesis for optimum MHC variability (see Milinski 2006)

Balancing selection and the MHC
In the last three decades, molecular ecologists have studied neutral evolution using allozymes,
minisatellites, microsatellites and SNPs (Hedrick 2005a). Neutral theory asserts that 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 (see reviews byFord
2002; Garrigan and Hedrick 2003; Nielsen 2005). Neutral polymorphism is maintained in a
mutation-drift equilibrium, and this variation can be used to analyse 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 Balancing selection, research begun to focus on adaptive evolution. Adaptive
evolution is driven by positive selection promoting novel (favourable) sequence variants. These
novel mutations may be fixed in the population or, under balancing selection maintained as a
polymorphism. 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, resulting in an elevated d N/ds ratio in the PBR and a reduced
nucleotide divergence in the introns (see Apanius et al. 1997; Hughes 2002 and references
therein).
Balancing selection can be inferred using several types of analyses of sequence data and the
d N/ds ratio is one commonly used method (see reviews by Ford 2002; Garrigan and 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 and Kimura
1970; Hedrick 2005a). 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 favourable (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
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conserved gene regions the d N/ds ratio will be below unity (dN/ds<l). However, in gene regions
where evolutionary change is favourable, positive selection is predicted to maintain
nonsynonymous mutations, resulting in an elevated dN/ds ratio (dN/ds£l). 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 116 locus.
Similarly, Arkush et al. (2002) demonstrated increased survival of heterozygous MHC class 116
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 So/mo so/or with a
bacterium (Aeromonas salmonicida) and identified MHC alleles associated with both resistance
8

and susceptibility. This shows that besides selection for heterozygous genotypes, parasite
selection can act on single MHC alleles, which may result in a dynamic revolutionary arms
race between the host immune system and parasite virulence genes (Lively and Dybdahl 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 I 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
NFDS 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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Selection for specific MHC alleles can increase their effective migration rate compared to
neutral markers, such as microsatellite alleles (Schierup 1998). Random genetic drift drives
changes in microsatellite allele frequency and therefore, novel alleles introduced to a new
population may be lost by chance (see Charlesworth 2009). However, if selection favours the
introduction of an MHC allele, it is more likely to be maintained in the population. This is of
particular consequence for NFDS, overdominant selection and ABC evolution because they
predict that selection favours rare alleles (Apanius et al. 1997; van Oosterhout 2009a).
Consequently, genetic differentiation between populations (with gene flow) is expected to be
reduced under these modes of balancing selection (Schierup 1998; Schierup et al. 2000;
Muirhead 2001). Fluctuating selection is expected to increase genetic differentiation between
populations because alternate alleles are favoured.

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 (see also review by Milinski 2006; e.g.
Paterson et al. 2010), and balancing selection by parasites can maintain MHC polymorphism.
However, mate choice can also drive rapid MHC evolution, or it may aid maintenance of
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 (Reusch et al. 2001), differential fertilisation success (Skarstein et al. 2005), and
the selective abortion of MHC-homozygous embryos (Dorak et al. 2002). 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 and 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 on the role of olfaction in particular, which is thought to enable individuals
to determine the compatibility of the MHC of prospective mates. For example, research on
sticklebacks showed that females use evolutionary 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 (Hedrick et al. 2001b; Landry et al. 2001; e.g.
Arkush et al. 2002; see also review by Sommer 2005; van Oosterhout et al. 2007b). 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). By sampling
spawning Atlantic salmon and then juvenile salmon after hatching the authors found that
mates selected 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 fertilisation success,
and the higher survival of juveniles of heterozygous MHC genotypes (see Skarstein et al. 2005;
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 particularly promising new avenue of research is offered
by the comparison of MHC evolution in a pair of closely-related poeciliids, one species being
entirely clonal and the other sexually reproducing (see Tobler and Schlupp 2005; Schaschl et al.
2008).
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Poeciliid MHC
The MHC class I and II genes of the teleosts are unlinked and believed to reside on separate
chromosomes, an arrangement that is markedly different from that of tetrapods (Sato et al.
2000; Stet et al. 2003; see also review by Kelley et al. 2005; Dixon 2008). Free recombination
between class I and II MHC regions in teleost fish is believed to be a derived characteristic
because the class I and II genes are linked in cartilaginous fishes, the oldest class of extant
vertebrates (Ohta et al. 2000). Class III genes are divided over several different chromosomes
in teleosts (Flajnik et al. 1999; Sambrook et al. 2002). The occurrence of separate linkage
groups may have important implications for the evolution of teleost MHC, as with free
recombination, selection can operate independently on the different gene classes. This
suggests that teleost MHC is more versatile, and perhaps less prone to accumulate mutations
by genetic hitchhiking. Relatively little work has been done on MHC class I and III in poeciliids
(but see Sato et al. 1995; Sato et al. 2000; Schaschl et al. 2008), possibly because class I genes
are involved in the antigen presentation of more elusive intracellular parasites such as viruses.
However, Figueroa et al. (2001) conduct a comprehensive survey of the MHC class I of 22
swordtail fishes. Sequences were found to fall within one of two ancient lineages and the
pattern of sequence similarity was consistent with the birth-and-death theory of multigene
evolution (Nei and Rooney 2005). In this thesis I focus on research on MHC class II loci.

Poeciliid MHC DAB genes
The MHC multigene family and its large number of genes necessitate a clear classification of
alleles and genes. In the present thesis I follow the nomenclature first proposed by Klein et al.
(1990). The DAB loci, in poeciliids (and many other fish species), are possibly the best studied
genes. DAB specifies the region of the MHC, in which D is an abbreviation of Duo, in reference
to class II, is A represents the family of genes and 6 specifies the 0 monomer of the MHC
heterodimer (class MB). The species from which the MHC sequence was amplified is denoted
by abbreviation of genus and species names, for example, Mhc-Pore specifies that the MHC
sequence was obtained from the organism Poecilia reticulata (see Klein et al. 1990). Presently,
in guppies, MHC allele locus affiliations are unknown, consequently all alleles are given a DAB
prefix.
Sato et al. (1995) first described the MHC of the guppy using ornamental stocks and inbred
wild fish to define the class I and class II regions. The authors observed low variability at both
classes of genes and predicted that guppies possess one MHC class II gene and one or two
MHC class I genes. A subsequent study by van Oosterhout et al. (2006a) confirmed this finding,
showing that ornamental guppy lines possessed between one and three MHC class 118 alleles.
However, the authors detected 15 to 16 MHC alleles within wild guppy populations,
demonstrating these populations had a much higher level of MHC polymorphism than
ornamental guppy stocks. Within individual wild-caught guppies they detected up to four
alleles, which implies there are at least two DAB genes (see also Fraser et al. 2010a). The
disparity in allelic richness between wild and ornamental fish could not be explained by
fixation of alleles by inbreeding in captivity, nor by the presence of non-amplified sequences
(i.e. null alleles). Rather, van Oosterhout et al. (2006a) suggested that during many generations
in captivity, multigene evolution may have played an important role shaping the organisation
and polymorphism of the MHC. In the ornamental lines, gene conversion may have fixed the
same allele at duplicated MHC DAB genes (see e.g. Reusch et al. 2004, for the role of gene
conversion in teleost MHC; Reusch and Langefors 2005). van Oosterhout et al. (2006a)
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furthermore hypothesised that a reduced level of parasitism during >100 generations in
captivity may have reduced the number of duplicated DAB genes in the ornamental strains, a
hypothesis consistent with the accordion model of MHC evolution (see Klein et al. 1993; Gu
and Nei 1999).
Schaschl et al. (2008) analysed the MHC class I and class MB diversity of two closely related
mollies. The Amazon molly (Poecilia formosa) is an all-female clonal Poeciliid that lives in
sympatry with the sexually reproducing Sailfin molly (Poecilia latipinna) (Schaschl et al. 2008).
Genetic diversity was lower in the asexual molly in comparison to its asexual counterpart at
both neutral genetic and MHC class I and II loci, though the asexual molly still maintained a
considerable level of MHC diversity (Schaschl et al. 2008). The Red Queen hypothesis suggests
that the asexual molly should be unable to provide a "moving target" against rapidly evolving
pathogens, as (meiotic) recombination cannot provide novel gene combinations in clonally
reproducing organisms. However, previous research showed no difference in parasite
prevalence between both sympatric species (Tobler and Schlupp 2005; Tobler et al. 2005).
Comparison of MHC diversity between the asexually and sexually reproducing species offers a
unique opportunity to disentangle the relative roles of parasites and sexual selection in the
maintenance of MHC polymorphism.

Poeciliid MHC DXB gene
In 1998, McConnell et al. (1998b) reported a novel MHC class 118-like gene in Xiphophorus
maculatus and X. helleri. This gene was labelled DXB, because its family designation remains
unknown (McConnell et al. 1998b). This locus is not linked to the DAB locus and is expressed in
X. maculatus, X. multilineatus and X. pygmaeus (McConnell et al. 1998a; Roney et al. 2004). In
addition, genomic copies of this gene have been identified in X. helleri and P. reticulata, with
features consistent with functional genes (McConnell et al. 1998a; McConnell et al. 1998b).
Xima-DXB and Pore-DXB are thought to be orthologous, they share 98% sequence similarity in
exon 3 (i.e. Xima-DXB*01 and Pore-DXB*01). DXB has a sequence similarity of only 61-63% in
exon 3 with DAB alleles, and both genes are hypothesised to be the result of an ancient gene
duplication event. However, unlike DAB, the DXB genes show very little polymorphism and
only a weak signal of positive selection (Summers et al. 2008).
The exon-intron structure of the DXB is similar to that of amphibian, chicken and human class
MS structure, suggesting a DXS-like lineage is phylogenetically related to tetrapod MHC class 116
genes (McConnell et al. 1998a; McConnell et al. 1998b). Interestingly, Roney et al. (2004)
identified two alternative splice patterns of the DXB gene and an additional truncated version
from a sample of X. multilineatus and X. pygmaeus. Alternative splicing is the transcription of
only certain exons of a gene, which allows a single gene to encode many distinct proteins
(reviewed by Stetefeld and Ruegg 2005; Artamonova and Gelfand 2007). Alternative splicing
may be an important feature of the MHC, potentially increasing its versatility. In one human
non-classical class II chain molecule (HLA-DM) four alternative splice patterns have been
detected (Modrek et al. 2001). Gene expression and the population genetics of DXB genes in
poeciliids has received relatively little attention. However, the interactions between DXB gene
products and other MHC class II molecules (see Ting and Trowsdale 2002; Danchin et al. 2004),
and the relative conservation of this gene across phylogenetically distinct taxa suggest it plays
an important role in MHC evolution (Jensen et al. 2008). As recently highlighted by Summers et
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al. (2008), research on fish, and in particular poeciliids, may help to unravel the enigmatic role
of (non-classical) MHC genes in other vertebrates.
The genomic organisation of Poeciliid MHC is relatively simple, more similar to that of
salmonids than that of many other important evolutionary and ecological model species.
Salmonids are believed to contain just one DAB locus (Langefors et al. 1998; Langefors et al.
2000; Landry and Bernatchez 2001; Stet et al. 2002), which makes detecting putative
associations between resistance and MHC alleles or genotypes easier than for species with
many duplicated MHC genes (see also Kaufman et al. 1999). For example, the three-spined
stickleback is thought to have four DB gene loci (Gaac-DAB, -DBB, -DCB & -DDB) (Reusch and
Langefors 2005), and cichlids may have up to 17 loci (Malaga-Trillo et al. 1998). Consequently,
in these species associations between resistance and MHC can only be detected when
analysing multilocus genotypes. PCR amplifying alleles of a large number of loci is a technically
challenging task. Indeed, the relative simplicity of Poeciliid MHC makes this family an excellent
model for future immunological, parasitological and evolutionary studies. Furthermore, the
apparent difference in genomic organisation between ornamental and wild guppies and their
global distribution through release from ornamental stocks (see Lindholm et al. 2005) makes
this an interesting species to examine the role of different models of multigene evolution.

Poecilia reticulata, MHC and molecular evolution and ecology
Parasite selection and MHC
In natural populations, all genetic variation is effected by mutation and random genetic drift
(Hedrick 2011). In addition to these evolutionary forces, MHC genes are also affected by
selection (Ford 2002; Garrigan and Hedrick 2003; Nielsen 2005). To study the effects of
selection, researchers tend to compare the genetic variation at MHC loci to that of neutral
genetic markers (e.g. microsatellites, see van Oosterhout et al. 2006b). The signal of natural
selection should be detectable only in the MHC, while population demographic forces (such as
genetic drift and migration) will be evident at both neutral and immunogenetic loci (Garrigan
and Hedrick 2003). This allows one to disentangle these demographic effects from the effects
of selection on the MHC (e.g. van Oosterhout et al. 2006b).
van Oosterhout et al. (2006b) assessed MHC class 116 and neutral microsatellite diversity in two
wild populations of guppies. The authors also recorded differences in parasite fauna. Guppy
populations inhabited an upland (Ne ~ 100) and lowland (Ne = 2400) region of the Aripo River in
Trinidad. The sites are characterised by a distinctly different parasite fauna (van Oosterhout et
al. 2006b). The upland population, was more frequently infected with a virulent species of
gyrodactylid parasite, and was shown to maintain high levels of MHC diversity despite the
effects of random genetic drift on this small population. Using computer simulations, the
authors estimated selection coefficients of S>0.2 acting on the MHC in the most parasitized
population.
In a subsequent study, we estimated the potential for parasite selection directly, using a markrecapture experiment on the same guppy population in Trinidad (van Oosterhout et al. 2007a).
Almost 200 guppies were individually marked and their gyrodactylid parasite load counted.
Individuals (males but not females) with increased parasite burdens were recaptured with a
significantly reduced rate, confirming the role of selection imposed through Gyrodactylus
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infection. However, the selection coefficient estimated from reduced recapture rate of
infected fish was lower (S <, 0.14) than that required to explain the MHC variation observed in
the previous study (van Oosterhout et al. 2006b). This suggests that other selective forces are
operating on the MHC, such as sexual selection through female mate choice, or selection on
linked mutations that hitch-hike with the MHC alleles.
Fraser and colleagues have also studied guppy MHC class 116 variation in some detail (see
Fraser and Neff 2009, 2010; Fraser et al. 2010a, b). In a laboratory study, Fraser and Neff
(2009) found an association of one MHC allele (Pore a!32) with reduced individual
Gyrodactylus burden, a relationship also observed in wild populations (Fraser and Neff 2010).
Fraser et al. (2010b) conducted a temporal investigation of nine populations of guppies in the
Northern Mountain range of Trinidad. In 2006, the authors found evidence of selection acting
to reduce MHC to neutral genetic differentiation between populations and in 2007 selection
was found to increase MHC differentiation to microsatellite variation. Fraser et al. (2010b)
suggest that there was a change from homogenising to diversifying selection over this period.
Fluctuating selection has been suggested in a number of temporal studies of MHC variation
(e.g. Westerdahl et al. 2004; Charbonnel and Pemberton 2005).

Sexual selection and MHC
Female mate choice based on male colour pattern and ornamentation has been studied
extensively in guppies (reviewed by Houde 1997). However, sexual selection based on other
senses, such as olfaction, has received relatively little attention (Crow and Liley 1979; Meyer
and Liley 1982; Griffiths and Magurran 1999; Shohet and Watt 2004; Archard et al. 2008).
Nevertheless, studies on other fish species have indicated that multimodal interactions
including visual and chemosensory cues potentially play a role in mate choice and sexual
selection (e.g., three-spined sticklebacks, Gasterosteus aculeatus, see McLennan 2003).
Archard et al. (2008) showed that high concentrations of chemosensory stimulus were
required to elicit a behavioural response in guppies. Such high concentrations are only
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 centimetres (Endler 1995;
Long and Rosenqvist 1998). Shohet & Watt (2004) used an experimental flume to study the
attraction of female guppies to conspecific chemosensory cues. The authors 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 has
however not been investigated. Future research into MHC and sexual selection is possibly best
studied in poeciliid species with little variation in male colour patterns, since in these species
olfaction may play a more prominent role than visual communication.

Ecology ofPoecilia reticulata
The guppy is a small live bearing fish native to freshwater streams of Trinidad and Tobago and
South America (see Houde 1997). Initially noted for the conspicuous colouration of males,
guppies are easily studied in their natural habitat and with generation a time of approximately
three months they are also well suited to laboratory research (see Endler 1980; Reznick and
Endler 1982; Houde 1997; Magurran 2005). Guppies are a model organism for studies on the
effects of natural selection in the wild (see review by Endler 1995). Trinidadian guppy
populations show marked phenotypic and behavioural differences between habitats that are
correlated with predator fauna (Endler 1995). Guppies in Trinidad occupy habitats that differ
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widely in parasite fauna on a spatial (van Oosterhout et al. 2006b) and temporal scale (van
Oosterhout et al. 2007a; Fraser et al. 2010b). The importance of parasite-mediated selection in
adaptive evolution and the effects on the ecology and evolution of guppies have been largely
ignored (but see van Oosterhout et al. 2003; van Oosterhout et al. 2006b; Cable and van
Oosterhout 2007b; van Oosterhout et al. 2007a; Fraser and Neff 2009, 2010). In the present
study, I measure parasite diversity at three sites of the Aripo River in Trinidad's Northern
Mountain range. The aim of this study is to disentangle the effects of parasitism on the
maintenance of polymorphism in small bottlenecked populations.
Guppies in the present study are from three locations in Trinidad, the Upper and Mid Naranjo
River (Up and Mid, respectively) and the Lower Aripo (Low) River. The Naranjo is a tributary of
the Aripo River, which feeds the Caroni River within the Caroni drainage (Fig. 1). Predators in
the Low population include two cichlid species (Crenicichla alta and Aequidens pulcher) and
two shrimp species (Macrobrachium crenulatum and M. carcinus), which predate guppies of
any size (see Magurran 2005 for full list of predatory species in the Aripo). The population also
has a rich biodiversity of parasites (monogeneans, cestodes, digeneans and nematodes, see
review by Cable In press). The Haskins waterfall separates the Low from the Mid population.
The Haskins waterfall is a barrier to the majority of guppy predators (Endler 1980), but not to
parasites. R. hartii is the main guppy predator found above the Haskins waterfall (see
Magurran 2005). This killifish is found in the Low, Mid and the Up population. R. hartii are gape
limited and prey mainly on small guppies. Consequently, the Mid and Up guppy populations
have males that are brightly coloured in comparison to the Low population (Endler 1980). The
Up, the uppermost population is located approximately 0.5 km above the Mid. These
populations are separated by a 2-3 m manmade damn. This dam may also represent a cut off
point for the majority of guppy parasites. Overall, these three guppy populations represent a
hierarchical variation in selection pressure from upland to lowland. The Up population has few
predators and few parasites, the Mid population has few predators and parasites and the Low
population contains large predators and parasites.

Gyrodactylus
Gyrodactylus parasites are just one genera of parasites than are known to infect guppies,
however they are mentioned here because they are the most prevalent guppy parasites
(Martin and Johnsen 2007). Resistance of guppies to gyrodactylid infections has been shown to
be population specific (van Oosterhout et al. 2003) and have a genetic basis (Cable and van
Oosterhout 2007b; Fraser and Neff 2009). Increased Gyrodactylus spp. load has been shown to
significantly reduce guppy survival in an upstream site (van Oosterhout et al. 2007a).
Gyrodactylus turnbulli (Harris, 1986) and G. bullatarudis (Turnbull, 1956) ectoparasites graze
on the mucus and epithelial cells of guppies (Bakke et al. 2007) and can have a dramatic affect
on their guppy host, resulting in increased mortality (Cable and Harris 2002; van Oosterhout et
al. 2007a), reduced feeding response (van Oosterhout et al. 2003), reduced male mating
success (Houde and Torio 1992; Lopez 1998) and impaired female mate choice (Lopez 1999).
These viviparous parasitic worms can reproduce at exponential rates with a doubling of
parasite population every 24-48 hours under ideal conditions (Scott 1982). There is no specific
transmission stage and they can spend their entire life cycle on a single guppy host (see
reviews by Cable and Harris 2002; Bakke et al. 2007).
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Thesis outline
In Chapter 2 I use neutral variation at 13 microsatellite loci to establish population genetic
relationships between the Upper Naranjo (Up), Mid Naranjo (Mid) and Lower Aripo (Low)
guppy populations. I measure genetic differentiation between populations and estimate
effective population size and migration rates in order to test the hypothesis that (1) population
size is reduced in upstream localities and that (2) migration is biased in the downstream
direction. This chapter is intended as a basis for later chapters and is to be published only in
part as an addition to data in subsequent chapters.
In Chapter 3 I measure MHC diversity in the Up, Mid and Low guppy populations. I quantify
parasite fauna in these populations and use neutral microsatellite data from chapter 2 to
demonstrate the effects of selection despite random genetic drift on small guppy populations.
Random genetic drift is expected to reduce genetic variation at both MHC and microsatellite
loci. However, selection by parasites is predicted to maintain MHC but not microsatellite
variation. MHC and microsatellite data is used here along with parasite prevalence data in
order to test the hypothesis that parasite mediated selection maintains MHC polymorphism in
wild guppy populations. This chapter is intended for publication in addition to Cummings et al.
(2010 see Appendix 13) which was generated using part of the work from this chapter.
In Chapter 4 I reanalyse MHC and a subset of the microsatellite data from chapter 3 combined
with MHC and microsatellite data from a study by van Oosterhout et al. (2006b). This data is
used in a temporal analysis with the aim of distinguishing the mode of balancing selection
acting at the MHC in the Mid and Low populations sampled in 2001 and 2007. MHC genetic
differentiation that is reduced in comparison to that of microsatellites (observed in 2001 data)
is consistent with a higher effective migration rate of MHC alleles and indicates maintenance
of MHC polymorphism by heterozygote advantage or negative frequency dependent selection.
However, this pattern of genetic differentiation of MHC and microsatellites is not observed in
the 2007 data. This chapter explores the predictions of a model of selection that fluctuates
over space and/or time and considers 2007 data in light of this model of balancing selection.
This chapter is intended for publication in combination with a simulation model (see Chapter
5).
In Chapter 5 I use a simulation model to demonstrate the combined effects of overdominant
selection and migration on spatio-temporal genetic differentiation on MHC and neutral
microsatellite loci. Chapter 4 highlights a change in the mode of selection in 2001 and 2007
and that this change can account for temporal variation in MHC alleles. In the simulation used
in this chapter, only one mode of selection (overdominance) is used under the prediction that
it can account for all the observations of the temporal dataset. This chapter is intended for
publication in combination with Chapter 4.
In Chapter 6 I summarise the results from previous chapters, discuss their implications and
avenues for future research. This chapter is not intended for publication
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Neutral variation in Poecilia
reticulata of the Aripo River ____
Chapter 2

Abstract
The population genetics of guppies (Poecilia reticulata) has been studied extensively and is
well understood. The effects of selection however, may, or may not be evident in population
division as measured at neutral markers. The present study measures genetic differentiation of
three populations of guppies, inhabiting the Aripo River and an upstream tributary (Naranjo). A
finding of reduced population size with increasing altitude and downstream-biased migration
is consistent with previous estimates. This work provides an understanding of the demography
of these populations and forms a basis for future work on selection acting within and between
these guppy populations.

Introduction
The population genetics of guppies (Poecilia reticulata) of Trinidad and Tobago has been
intensively studied using a variety of molecular markers, including allozymes (Carvalho et al.
1991; Shaw et al. 1991; Carvalho et al. 1996), mitochondrial sequence variation (Fajen and
Breden 1992), microsatellites (Crispo et al. 2006; Barson et al. 2009; Suk and Neff 2009) as well
as nuclear genes (Alexander et al. 2006) and single nucleotide polymorphisms (SNPs) (Willing
et al. 2010). Studies on adaptive evolution of life history traits of guppies (reviewed by Endler
1995) required a detailed understanding of the colonisation history of Trinidad on two
temporal scales. Guppies that had been translocated for selection experiments between 10
and 40 years prior allowed Shaw et al. (1991) and Carvalho et al. (1996) to test expectations of
bottlenecked populations where the precise details of founder events were known. This work
established ideas of increased genetic diversity in the lowlands and developed understanding
of temporal dynamics in guppy populations (Carvalho et al. 1991; Shaw et al. 1991). Allozyme
and mitochondrial data as well as nuclear markers provided evidence of long term colonisation
history known as the two arcs hypothesis. According to this hypothesis, guppies of eastern and
western Trinidad have distinct colonisation histories (Fajen and Breden 1992; Carvalho et al.
1996; Alexander et al. 2006; but see Suk and Neff 2009; Willing et al. 2010).
Compared to other genetic markers including mtDNA and SNPs, microsatellite data suffers
from a relatively low resolution at a phylogenetic timescale (millions of years) (but see Galindo
et al. 2009), but it has an excellent resolution at a micro-evolutionary timescale (100s to 1000s
of years). The relatively high mutation rates caused by slippage and proofreading errors tend
to generate alleles more quickly than single base pair mutations (reviewed by Selkoe and
Toonen 2006). Barson et al. (2009) used microsatellites to reveal the downwards-biased
migration both between and within rivers in the Caroni Drainage. Crispo et al. (2006) used
microsatellite variation to account for the source of selection for upstream traits. By
separating the effects of waterfalls and predation on genetic differentiation of guppy
populations, the authors showed that waterfalls were effective barriers to upstream gene flow
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but predators did not seem to influence long term gene flow despite differences in
morphology.
Population demography can be inferred by studying the genetic variation at multiple
microsatellite loci. Assuming that these loci are selectively neutral, the effects of random
genetic drift, mutation and migration can be quantified. The information can subsequently be
used to study the effects of selection on specific loci, such as genes of the MHC (van
Oosterhout et al. 2006b), male colour pattern genes (Willing et al. 2010) and other genes
under directional selection. The study by Crispo et al. (2006) highlights the importance of
understanding demography where, in that case, waterfalls present a barrier to one set of loci
but not another (but see Shikano and Taniguchi 2002; Shikano et al. 2005; van Oosterhout et
al. 2007b, for examples of relationships between neutral genetic variation and fitness related
traits).
In the present study, I measure neutral variation at 13 microsatellite loci in guppies of the
Aripo and Naranjo Rivers in Trinidad. Earlier work on a subset of these loci conducted on a
number of other guppy populations in Trinidad demonstrated downstream-biased migration,
as well as a progressive reduction in effective population size with increased altitude. In the
present study, neutral genetic diversity is measured to estimate demographic parameters,
which allows subsequent inference of selection acting within the major histocompatibility
complex (see Chapter 3). I therefore focus on three populations of the Aripo River system: the
Lower Aripo (Low, previously LA, see van Oosterhout et al. 2006b), the Mid Naranjo (Mid,
previously UA, see van Oosterhout et al. 2006b) and the Upper Naranjo (Up). I measure neutral
variation in order to establish effective population size (Ne) and migration (Nm) between
populations.

Materials and Methods
Guppy collection
Wild caught guppies were captured (n = 150) (June 2007) using a seine net, given a lethal dose
of MS222 and stored separately in molecular grade ethanol. In order to minimise allele
frequency biases associated with sampling families or cryptic social structure, each site was
sampled at multiple locations in order to maximise the chance of catching guppies from
separate shoals. Three sampled guppy populations are found along the Aripo River, which is
part of the Caroni Drainage in the Northern Mountain Range of Trinidad (grid reference: Upper
Naranjo (Up), 20P 692498.44 E 118257.53 N Mid Naranjo (Mid), 20P 693100 E 1181800 N;
Lower Aripo (Low), 20P 6914000 E 1177700 N).

Molecular analysis
Genomic DNA was extracted from the caudal fin using the HotSHOT protocol of Truett et al.
(2000). Extracted DNA was PCR amplified at thirteen microsatellite loci, including two
interrupted repeats: Pr39, Pr92 (Becher et al. 2002); ten perfect dinucleotide repeats: Pret-32,
Pret-46, Pret-69, Pret-77 (Watanabe et al. 2003), G72, G82, G211, G289, G350 (Shen et al.
2006), Hull 9-1; and a perfect tetranucleotide repeat, Hull 70-2 (van Oosterhout et al. 2006).
Forward primers were labelled with Cy5, Cy5.5 (Eurofins MWG Operon, Germany) and
WellRED D2 (Sigma-Aldrich) dyes. Microsatellites were amplified using OJagen multiplex PCR
Kit according to the manufacturer's instructions with 30 PCR cycles and annealing
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temperatures of 53°C (Pr39, Pret-77, Hull 70-2, Pret-46), 56°C (Pr92, Pret-69, G72 Hull 9-1,
G350) 58°C (Pret-32, G82, 6289 & G211). Loci of similar annealing temperatures were
multiplexed together in lOuJ PCR (there were no more than five loci in a single reaction). PCR
products were resolved on a Beckman Coulter CEQ 8000 sequencer using CEQ size standard kit
(400 bp). Individuals for which information on one or more locus was not retrieved were not
included in the final analysis (13 individuals discarded, final sample size Up, n = 47; Mid, n = 45;
Low, n = 45).

Population genetic analyses
Microsatellite genotype frequencies were checked for the presence of null alleles,
amplification bias and scoring errors using Micro-Checker 2.2.3 (van Oosterhout et al., 2004).
Observed and expected heterozygosity were calculated. Genotypic disequilibrium was
calculated using FSTAT version 2.9.3 (Goudet 1995, 2001) with a Bonferroni adjusted P-value
for multiple testing at the 5% nominal level (a = 0.000641).
Genetic differentiation, corrected for highly polymorphic loci (G'S7-) (Hedrick 2005b) was used
to measure differentiation at microsatellite loci among the Up, Mid and Low populations. GVr
values with 5-95% confidence intervals (Cl) were calculated by bootstrapping (with
replacement) over individuals using 1000 runs. Microsatellite bootstrap calculations were
checked using the Nei's (1987) method within FSTAT 2.9.3 (Goudet 1995, 2001) (see Appendix
1). Microsatellite genetic differentiation was calculated for each locus and the mean values are
calculated by averaging across 13 loci. Allelic richness (A, 5-95% Cl) of microsatellites was
bootstrapped with replacement over individuals, again using 1000 runs per locus per
population.
STRUCTURE 2.3.1 (Pritchard et al. 2000) and NEWHYBRIDS 1.1 (Anderson and Thompson 2002)
were used to further explore the differentiation between the Up, Mid and Low populations.
STRUCTURE software uses allele frequency data and a Bayesian clustering system in order to
assign individuals to distinct genetic clusters. This software was used to determine the number
of clusters, k (k = 1-6) and the presence of upstream migration into the Upper Naranjo
population. Upstream migration would be confirmed by the presence of a Mid cluster in the
Up (or Low in Mid) population. Burn-in and run length of simulation were 500,000 and
1,000,000 repetitions, respectively. Six iterations were run and values are reported as means
(± var[LnP(D)). The correlated allele frequency model was used based on observed allele
frequencies (see Appendix 2). The model used a population location prior (Hubisz et al. 2009)
and was run with an admixture prior. However, separate inference of alpha (initial alpha = 1.0)
for each cluster was used because admixture is believed to be asymmetric due to biased
downstream migration (Barson et al. 2009).
The Evanno method (Evanno et al. 2005) for estimating the appropriate value of the number of
clusters (k) was calculated using STRUCTURE HARVESTER (Earl 2011). Rather than using the most
likely value of k the Evanno method uses a calculation that incorporates the rate of change of k
(Delta k) (see Evanno et al. 2005). Evanno et al. (2005) argue that because the k value
asymptotes the highest likelihood does not represent the most likely number of clusters.
NEWHYBRIDS software was used as a separate means by which to confirm upstream migration
into the Upper Naranjo population. This software uses genotype frequency data to classify Fl,
F2 and backcross (Bx) individuals (where n = 2, i.e. a maximum of two generations of
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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 (0), which is equal to four times
the effective population size, Ne, multiplied by the mutation rate (per generation), \i (0 =
4A/e^), and M, the migration rate parameter which is the migration rate, m, divided by the
mutation rate (m/n). The migration rate (M) was converted into number of migrants per
generation (Nm) by multiplying M by 0 and then dividing by four (nuclear inheritance scalar).
Effective population size and migration rate were calculated based on a microsatellite
mutation rate of n = 2xlO"4 (Ellegren 2000).
MIGRATE was run four times, using FST estimates to start the first run. Subsequent runs were
started from estimates (0 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
0 and M estimates were consistent between runs, either reaching asymptote or having
overlapping 95% confidence intervals between runs. Maximum likelihood estimates (with 595% Cl) were used to compare effective population size (Ne) and migration rate (Nm) 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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Results
Micro-Checker 2.2.3 (van Oosterhout et al., 2004) analysis indicated Hardy Weinberg
equilibrium at all 13 microsatellite loci. Evidence for null alleles was found in Hull 70-2 and Hull
9-1, however, in both cases, the combined probability for all classes was not significant.
Therefore, these frequencies were used uncorrected in future analyses. From 234 tests of
genotypic disequilibrium, 9 exhibited evidence of genotypic disequilibrium (P < 0.05). This is
fewer than expected by chance as type I errors (11). Indeed, there was no genotypic
disequilibrium at microsatellite loci as measured at the Bonferroni corrected significance level
(P > 0.0006, adjusted P-value corresponding to 5% nominal level after Bonferroni correction).
Consistent with Micro-Checker there was no significant difference between observed and
expected heterozygosity over all microsatellite loci (see Table 1). The level of observed
heterozygosity (Ho) was significantly different between populations (Kruskal-Wallis test
(adjusted for ties): P = 0.003). Moreover Ho was significantly reduced from the Mid to the Up
populations which are found separated by a man made dam (see Table 1). This finding is
consistent with a population bottleneck caused by reduced population size and reduced
upstream migration from the Mid to the Up population.
Table 1. Number of alleles, observed, and expected heterozygosity at 13 neutral microsatellite
loci in three guppy populations of the Aripo River. There is no significant difference between
observed and expected heterozygosity over all microsatellite loci (Kruskal-Wallis test (adjusted
for ties): Up P = 0.796; Mid P = 0.898; Low P = 0.980). Ho was significantly reduced from the
____
Mid to the Up populations (Mann-Whitney test (adjusted for ties): P = 0.040)
Low (n = 45)
Mid (n = 45)
Up (n = 47)

Locus

A

Ho

He

A

Ho

He

A

Ho

He

Pret-32
G82
G289
G211
Pret-77
Pr39
Hull 70-2
Pret-69
Pr92
Hull 9-1
G72
G350
Pret-46
Mean

3
1
5
2
2
4
7
2
2
4
1
1
3
2.846

0.319
0.000
0.362
0.043
0.064
0.085
0.745
0.149
0.043
0.128
0.000
0.000
0.085

0,289
0.000
0.435
0.042
0.062
0.083
0.645
0.173
0.042
0.122
0.000
0.000
0.082

6
2
7
3
3
5
11
4
2
7
1
1
7

0.511
0.133
0.644
0.156
0.289
0.533
0.578
0.467
0.133
0.400
0.000
0.000
0.422

0.473
0.124
0.645
0.166
0.271
0.543
0.745
0.434
0.162
0.444
0.000
0.000
0.383

16
2
14
5
6
14
16
10
8
12
3
2
14

0.667
0.200
0.933
0.244
0.556
0.711
0.889
0.578
0.556
0.644
0.089
0.044
0.733

0.756
0.180
0.839
0.280
0.458
0.816
0.924
0.517
0.560
0.768
0.086
0.043
0.656

0.156

0.152

4.538

0.328

0.338

9.385

0.526

0.529
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Table 2. Allelic richness (A) and genetic divergence (G'sr) (mean (5-95% Cl) estimated within
and between the Upper (Up) and Mid Naranjo (Mid) and the Lower Aripo (Low) River guppy
populations (see also Fig. 1).
G'sr
Population
A
Divergence
Up
Mid
Low

34 (31-36)
55 (52-58)
105 (97-112)

Up-Mid
Mid-Low
Up-Low

0.069 (0.027-0.134)
0.238 (0.170-0.320)
0.328 (0.253-0.40)

Genetic differentiation (mean G'57> 5-95% Cl) among populations significantly increases with
distance between population (Randomisation test: P < 0.001 for all tests) (Table 2 and Fig. 1).
There is a large and significant difference in microsatellite allelic richness between the Upper
(Up) and Mid (Mid) Naranjo and Lower Aripo (Low) populations (Randomisation test: P < 0. 001
for all tests) (Table 2 and Fig. 1). This progressive loss in microsatellite allelic richness and
heterozygosity with increasing upstream location is indicative of a bottleneck and a reduction
in effective population size.
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Figure 1. Genetic differentiation (GVr, ± 5-95% Cl) at 13 microsatellite loci among pairwise
comparisons of the guppies of the Upper and Mid Naranjo, and Lower Aripo population (left
panel). Genetic differentiation is significantly different between all three comparisons
(Randomisation test: P < 0. 001 for all tests). Allelic richness (A, 5-95% Cl) of microsatellite loci
(right panel). Populations differ significantly in allelic richness (Randomisation test: P < 0. 001
for all tests) indicating reduced population size with increasing upstream locality.
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Structure 2.3.1 (Pritchard et al. 2000) was used to assess population structure in the Up, Mid,
and Low populations (Fig. 2). Figure 2 shows cluster assignment in the Up, Mid, and Low based
on three clusters. Clusters are not confined within populations and Figure 2 shows a clear
distinction between the Low versus the Mid and Up populations based on the assignment to
cluster 3 (Lower: 96.1%; Mid: 0.9% and Upper 0.0%). Assignment of the Up population to
cluster 1 is high (cluster 1 = 95.1%, cluster 2 = 4.9%) but Mid population assignment is split
between clusters 1 and 2 (cluster 1 = 67.8%, cluster 2 = 31.3%) (Fig. 2). The pattern of
assignment of the Mid population to both clusters 1 and 2 suggests that migration is
downstream biased from Up into Mid Naranjo (Fig. 2). The highest likelihood for the number of
clusters (mean LnP(D)) for the Up, Mid and Low populations was /r = 3 (Fig. 3). However
interpretation of the most probable value of k using STRUCTURE HARVESTER (Earl 2011) was k = 2
(Fig. 3). This reduced k would put the Up and Mid into a single cluster despite these
populations having a genetic differentiation significantly greater than zero (Fig. 1) and an
observed heterozygosity and allelic richness that is significantly lower in the Up compared to
the Mid population (Fig. 1 and Table 1).

1.0 -,
0.8 -

0.6 g>
'in
<

0.4 H

0.2
Cluster 1
Cluster 2
Cluster 3
0.0

Up

Mid

Low

Figure 2. Population assignment estimated by STRUCTURE 2.3.1 (Pritchard et al. 2000), using a
location prior (Hubisz et al. 2009). Guppies were sampled from the Upper (Up, n = 47;
1 = 95.1%, 2 = 4.9%) and Mid Naranjo (Mid, n = 45; 1 = 0.678, 2 = 31.3%, 3 = 0.9%) and Lower
Aripo (Low, n = 45; 1 = 2.7%, 2 = 1.2%, 3 = 96.1%) populations. Each individual is represented
by a single vertical bar with proportions of individuals' assignment to cluster 1 (red), cluster 2
(green) or cluster 3 (blue). The number of estimated clusters (k) was three. An admixture prior
is used with separate inference of alpha.
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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 (/c = 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 (Fl, F2, Up Bx, Mid Bx). Altogether, these results 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 4. Mean LnP(D) (± stDev) and Delta k (filled and open circles, respectively) of the Up and
Mid 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 2 (-1255.65 ± 3.82), the delta k estimate also
indicates k = 2 is the most likely value for the number of clusters.

0.9 -

<uc

07

I °5

Structure

in
3

03

0.1 c
o

a.

a

0.

•i
<D
to
O

Cluster 1
Cluster 2

09 0 7 -

Newhybrids

0 5 0.3

Up

0.1

Hybrid
Low

Up

Mid

Figure 5. Population assignment estimated by Structure 2.3.1 (Top) and posterior probability of
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(Bottom). Each individual is represented by a single vertical bar. Guppies were sampled from
the Upper (Up, n = 47; assignment, 1 = 92.6%) and Mid Naranjo (Mid, n = 45; assignment,
2 = 36.8%) populations. The number of estimated clusters (k) was two which was confirmed
using the Evanno method (Evanno et al. 2005) (see Fig. 4).
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Effective population size, Ne and migration rates, Nm, were estimated using MIGRATE 2.4 (Beerli
and Felsenstein 1999, 2001). Theta (0) declines increasing altitude (0(5-95% Cl):
Low = 1.856 (1.750-1.971); Mid = 1.001 (0.937-1.073); Up = 0.868 (0.827-0.911)) (see Fig. 6 and
Table 3 for estimates of A/e). Migration rates are greater downstream than upstream (Table 3
and Fig. 7). Direct migration between the Up and Low populations was low in comparison to
migration rates among adjacent populations (Table 3 and Fig. 7). However, the full migration
model showed the best fit with the data (Table 5). This indicates that while the migration rates
are low, upstream and downstream migration occurs across the three populations.
Table 3. Estimates of population size (Ne ± 5-95% Cl) (on the diagonal) and effective migration
(Nm ± 5-95% Cl) (migration from row to column, upstream and downstream migration above
and below the diagonal, respectively). Effective population size is estimated based on a
microsatellite mutation rate of 2x10"" (see Ellegren 2000) (see Table 4 for comparison of Mid
and Low to estimates from other studies).
Mitogration
Up

Up

Migration from
Mid

Low

1085 (1034-1139)

0.55 (0.49-0.61)

0.03 (0.02-0.06)

Mid

1.90(1.77-2.03)

1251 (1171-1341)

0.61 (0.53-0.69)

Low

0.14(0.11-0.18)

1.20(1.09-1.34)

2320 (2188-2464)

Table 4. Estimates, from van Oosterhout et al. (2006b) and Barson et al. (2009), of population
size (Ne) (on the diagonal) and effective migration (Nm) (migration from row to column,
upstream and downstream migration above and below the diagonal, respectively) between
the Mid and Low populations. Effective population size is estimated based on a microsatellite
mutation rate of 2X10"4. Barson et al. (2009) estimates are presented twice as estimated from
Aripo populations alone and from a whole drainage approach, respectively.
Migration from
Mito
gration

van Oosterhout
Mid

Barson

Low

Mid

Low

Mid

52

0.06

Mid

381,

545

0.10,

Low

0.27

1197

Low

0.82,

0.14

2118,

0.14
350

Table 5. Results of hierarchical reduction in migration models between the Upper and Mid
Naranjo and the Lower Aripo populations calculated in MIGRATE 2.4 (Beerli and Felsenstein
1999, 2001). The full open model has the highest Log(likelihood) and the lowest Akaike's
Information Criterion (AIC) indicating it has the greatest applicability to the data (Beerli 2002).
LnL(test)
AIC
Model
Full open migration model
-824.72
1667.44
1

All upstream migration blocked

Effective barrier to upstream migration between the Mid and Up
populations
3 Effective barrier to upstream migration between the Low and
Mid populations
4 Migration only between adjacent populations (direct Up Low
migration blocked)
2

-12145.48

24302.97

-8184.26

16382.52

-4291.44

8596.87

-1355.43

2724.85
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River. Migration is downstream biased and higher between neighbouring populations (see also
Table 3).
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Discussion
The present study assesses the genetic variation at (neutral) microsatellite loci in three guppy
(Poecilia reticulata) populations in the Aripo River in Trinidad. Genetic diversity and
heterozygosity at 13 microsatellite loci was significantly higher in the lowland population, the
Lower Aripo (Low) than in the upstream Mid Naranjo (Mid) population, while the most
upstream, Upper Naranjo (Up) population showed the lowest level of microsatellite variation.
The progressive loss of neutral genetic variation in upstream guppy populations is consistent
with the small effective population size and reduced river volume in the upland habitats
compared to the lowlands (Carvalho et al. 1991; Shaw et al. 1991; Shaw et al. 1994; Alexander
et al. 2006; Barson et al. 2009). Neutral genetic variation in small upstream populations is
further reduced by limited contemporary upstream migration due to waterfalls (Crispo et al.
2006). Concordantly, in the present study estimated migration rates are downstream biased.
When considering the Up, Mid, and Low guppy populations, the number of distinct genetic
clusters (k) as estimated by the software STRUCTURE 2.3.1 (Pritchard et al. 2000) was three
(highest log likelihood). However, the Evanno et al. (2005) method of estimation of k indicated
just two distinct genetic clusters among these three populations. Further investigation into the
number of clusters showed that when considering just the Up and Mid populations the
number of clusters estimated by STRUCTURE and the Evanno et al. (2005) method was two.
Evanno et al (2005) explored how STRUCTURE partitions clusters in a range of migration models
(Island, hierarchical island and contact zone) where populations are equally different from one
another. In the present study genetic divergence is not equally partitioned between the Up,
Mid, and Low. Kalinowski (2011) argues that equality of divergence is a biologically simplistic
assumption and that more realistic situations may affect the manner in which Structure assigns
individuals to clusters. Kalinowski (2011) uses a simulated dataset to show that STRUCTURE can
cluster populations into too few clusters, particularly when divergence is not equally
partitioned between populations.
Estimates of upstream migration rates were significantly greater than zero and higher than
that estimated in previous studies (van Oosterhout et al. 2006b; Barson et al. 2009) (compare
Tables 3 and 4). Similarly, the effective population size estimates differ between these studies
(compare Tables 3 and 4). The discrepancies in migration rate and effective population size
estimates can be explained by: (1) differences in the microsatellite loci and number of loci
analysed in the three studies, and (2) differences in the number of populations analysed and
hence, the migration model employed in the software.
Barson et al. (2009) used variation at eight microsatellite loci in eight (four upland and four
lowland) guppy populations to test for recent bottlenecks. The authors found that the Mid
population did show signs of fluctuations in population size. Fluctuations in population size in
the Mid population have been observed in a mark recapture study that showed a decline in
the numbers of guppies in the Mid at the start of the wet season rains (van Oosterhout et al.
2007a). The resulting in a population-dynamics may explain the differences in Ne and Nm
estimates between studies across years. However, there may also be methodological
differences among these studies that could explain the discrepancies in estimates. For
example, the present study analyses the genetic variation of 13 microsatellite loci, which is a
considerably larger panel compared to previous studies (eight microsatellite loci in van
Oosterhout et al. 2006b; and eight used in Barson et al. 2009). Stochastic differences in gene
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diversity between markers may affect the demographic estimates, particularly when only a
small number of loci are analysed (see Jorde et al. 1997 for type II errors as a function of
number of microsatellite loci). Barson et al. (2009) demonstrated the effects of unknown
populations (or "ghost-populations") on the estimates of the Ne and Nm of guppy populations
of the Caroni Drainage in Trinidad. Their analysis confirms the study by Beerli (2004) who
showed that the estimates of effective population sizes become inflated with an increased
number of immigrants from ghost populations. The potential bias caused by such ghost
populations is particularly pronounced with high migration rate among populations (Slatkin
2005). Concordantly, the study by Barson et al. (2009) showed that the effects of ghost
populations is considerably reduced by considering between-river migration, resulting in a
marked decrease in effective population size estimates. With respect to the present study, the
estimates of Ne (and Nm) may be inflated because the tributary furthest downstream that acts
as a "super-sink population" (see Barson et al. 2009) was not included in the present analysis.
Guppies are found throughout the rivers of Trinidad and Tobago (see Carvalho et al. 1996;
Barson et al. 2009; Willing et al. 2010) and are renowned for their presence above larger
barriers such as waterfalls (see Crispo et al. 2006). These barriers to gene flow prevent the
migration of the majority of their predators (reviewed by Endler 1995; Houde 1997; Magurran
2005), but they do not completely prevent the upstream migration of guppies. In fact, while
estimates of upstream migration are low they are still significantly higher than zero. One study
provides evidence of admixture between remote populations separated by land and/or the sea
(Willing et al. 2010). While artificial translocations cannot be ruled out, the considerable
morphological differences between guppies of Trinidad should not be taken as evidence of
barriers to migration. Indeed neutral genetic differentiation may be influenced by barriers to
gene flow that do not influence gene flow at other genetic loci (see Schierup 1998).

Concluding remarks
Evidence from this and previous analyses using microsatellite and mark-release-recapture
techniques suggest that the Naranjo River populations could be subject to annual fluctuations
in population size (van Oosterhout et al. 2007a; Barson et al. 2009). Annual flooding events
may contribute to downstream migration and reduce genetic diversity within upstream sites.
However, population bottlenecks are expected to be less severe for loci under the effects of
balancing selection (e.g. Aguilar et al. 2004). In the subsequent chapters, I investigate the role
of migration, effective population size, and parasite selection on the maintenance of the genes
responsible for recognition of parasites and initiation of the specific immune response, the
Major Histocompatibility Complex (MHC).
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Genetic variation at MHC class 115
(DAB] genes, microsatellite variation
and parasites in three wild guppy
(Poecilia reticulatd) populations in
Trinidad
Chapter 3

Abstract
The present study compares the genetic variation at (neutral) microsatellite loci to that of
(non-neutral) MHC genes among three guppy (Poecilia reticulata) populations in the Aripo
River in Trinidad. In addition, a measure of parasite fauna is used to ascertain the source of
selection on the MHC. A small upland guppy population appears to maintain a high MHC
diversity despite little or no selection by microparasites in combination with considerable
genetic drift. Population genetic analysis of neutral microsatellite variation rules out the
possibility that migration can explain the high level of MHC diversity in this population. These
findings suggest that either sexual selection and/or Associative Balancing Complex (ABC)
evolution may be responsible for the exceptionally high MHC diversity detected in this
population.

Introduction
The Major Histocompatibility Complex (MHC) is one of the most polymorphic loci in the
vertebrate genome (Klein et al. 2000), and this level of polymorphism is greater than expected
from the neutral model of evolution (see Kimura et al. 1963; Ford 2002; Garrigan and Hedrick
2003). Balancing selection is generally considered to account for the maintenance of such
polymorphism (Edwards and Hedrick 1998; Hughes and Yeager 1998; Penn and Potts 1999;
Piertney and Oliver 2006). The MHC heterodimer binds to self and non-self peptides or
antigens, and these antigens are bound within a region of the molecule known as the peptide
binding region (PBR). The present study focuses on class II (8) MHC, responsible for binding
intracellular parasites (reviewed by Hughes and Yeager 1998). MHC binding foreign peptide
initiates the adaptive immune response through T-cell recognition and activation (see reviews
by Hughes and Yeager 1998; Penn and Potts 1999; Klein et al. 2000), and hence, parasites that
can avoid detection by the MHC have a significant selective advantage.

Selection and drift
DNA polymorphism within the PBR of the MHC is believed to be maintained by selection for
recognition of the numerous parasites an individual may encounter throughout its life. Natural
selection acting on parasites to avoid detection by the MHC leads to continuous adaptation
and counter-adaptation in both the parasites and hosts (coevolutionary arms race, or Red
Queen dynamics, see Lively and Dybdahl 2000; Decaestecker et al. 2007; Paterson et al. 2010).
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The MHC is therefore under balancing selection due to parasites that enhance the allelic
diversity in MHC locus. Four (non-mutually exclusive) hypotheses of balancing selection
include (1) the heterozygote advantage hypothesis by overdominance (Doherty and
Zinkernagel 1975a; Penn and Potts 1999), (2) negative frequency dependent selection (Kojima
1971; Takahata and Nei 1990), (3) heterogeneous or fluctuating selection (Hedrick et at. 1976;
Hedrick 2002), and (4) Associative Balancing Complex (ABC) evolution (van Oosterhout 2009a,
b). The first three models describe how parasites act to maintain polymorphism at the MHC by
increasing the fitness of individuals with a range of MHC alleles. In contrast, ABC evolution,
postulates that selection operates against the mutations that have accumulated in or nearby
the MHC genes. Recessive deleterious mutations located in the genomic region surrounding
MHC do not often become expressed in large outbreeding populations, because MHC alleles
are generally found in heterozygous genotypes. However, if a population goes through a
bottleneck, the level of homozygosity increases and selection can act against MHC alleles that
have increased in relative frequency by random genetic drift. This reduces the frequency of
common alleles and maintains the MHC diversity despite drift during a bottleneck.
Importantly, selection due to ABC evolution acts independently of selection due to parasites.
Random genetic drift tends to reduce genetic polymorphism across loci in the entire genome.
Drift increases with decreasing effective population size (Ne), however, a number of studies
have demonstrated the maintenance of MHC polymorphism in populations with small
effective population size (Aguilar et al. 2004; van Oosterhout et al. 2006b, but see Hedrick et
al. 2001; Bollmer et al. 2007). van Oosterhout et al. (2006b) measured MHC variation in two
populations of guppies (Poecilia reticulata Peters), the Mid and Lower Aripo populations in
Trinidad. The small upstream population (Mid) showed significant reduction in allelic richness
at microsatellite loci, but not at the MHC (class lie) loci. Simulations showed that strong
selection (s > 0.2) was required to explain the level of polymorphism observed in the small Mid
population. The authors also measured parasite prevalence in the two populations and
suggested that selection by parasites was primarily responsible for maintaining the high level
of MHC polymorphism in the Mid. However, sexual selection could not be ruled out as an
alternative mechanism maintaining MHC diversity (van Oosterhout et al. 2006b). Similar
conclusions were drawn in an earlier study by Aguilar et al. (2004) who demonstrate that
strong selection (s > 0.5) was required to maintain the high level of polymorphism at the MHC
in small bottlenecked population of the San Nicolas Island fox (Urocyon littoralis dickeyi).

Parasites
Gyrodactylus species (particularly G. turnbulli and G. bullatarudis) are the most abundant
guppy ectoparasites in the Northern Mountain range of Trinidad (Martin and Johnsen 2007;
Cable In press). These parasites are born already pregnant with a single almost fully developed
embryo. Subsequent generations are enveloped like Russian dolls. These parasites do not
require an intermediate host, and consequently, have short generation times (as little as 24h
at 25°C) (see Cable and Harris 2002; Bakke et al. 2007). They graze on the mucus and epithelial
layer of guppies, and can reach intensities in excess of 100 worms on an individual guppy. Field
experiments have shown that these parasites can significantly reduce the survival (or
recapture rate) of their guppy hosts (van Oosterhout et al. 2007a). Damage caused by these
parasites has furthermore been shown to increase susceptibility of the cichlid fish, Nile tilapia
(Oreochromis niloticus L.) to bacteria through secondary infections (Xu et al. 2007). In addition,
evidence for the maintenance of a particular MHC class \\B allele (a-type) by gyrodactylids has
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been shown in guppies (Fraser and Neff 2009, 2010). Altogether, these parasites represent a
significant selective force in many wild guppy populations in Trinidad.
Digenean metacercariae are more diverse than gyrodactylids but less numerous in their
infection of guppies (see review by Cable In press). These larval stage digeneans will encyst on
almost any host tissue including the skin, musculature, gills, blood vessels, and internal organs,
such as the heart and brain. Infections by adult digeneans are less common. In other hosts,
digeneans have been shown to alter host behaviour to increase predation risk and
transmission to the terminal host (e.g. Lafferty and Morris 1996; also see review by Barber et
al. 2000).
Putative fungal infections observed on guppies consist of white fibrous growths on the gills,
fins and/or body. The reason individuals succumb to such infections is unknown but it is
generally assumed that many microparasitic diseases are related to reduced immune
competence, sometimes triggered by environmental stressors (e.g. Bly et al. 1997)
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MHC and neutral microsatellite variation may be lost due to the fixation of alleles in small or
bottlenecked populations (i.e. genetic drift) (Hedrick et al. 2001a; Miller and Lambert 2004;
Bollmer et al. 2007). However, MHC variation may also be reduced as a consequence of a
relaxed parasite selection (Slade 1992). In the present study, I aim to demonstrate the role of
parasite selection in the maintenance of MHC polymorphism. I compare MHC variation
between three guppy populations: 1) Upper Naranjo (Up) with reduced parasite fauna and
small effective population size, 2) Mid Naranjo (Mid), 0.5km further downstream, a small
population characterised by a diverse parasite fauna (see van Oosterhout et al. 2006b; van
Oosterhout et al. 2007a), and 3) Lower Aripo (Low), furthest downstream, a large population
with diverse parasite fauna and high predation (Magurran 2005; van Oosterhout et al. 2006b).
I predict that neutral genetic variation (at 13 microsatellite loci) will decrease with population
size, and also because of limited upstream migration (Shaw et al. 1991; Carvalho et al. 1996;
Crispo et al. 2006, see also Chapter 2; Barson et al. 2009). Similarly, variation at the MHC is
predicted to decrease in the upstream direction with population size and parasitism. The
comparison of allelic richness between both types of genetic loci allows me to quantify the
effect of balancing selection which maintains the number of MHC alleles above that predicted
from a (neutral) drift-mutation-migration equilibrium

Materials and Methods
Guppy collection
Wild caught guppies were analysed for MHC (n = 60) and neutral variation at thirteen
microsatellite loci (n - 150). Guppies were captured (June 2007) using a seine net, given a
lethal dose of MS222 and stored separately in molecular grade ethanol. In order to minimise
allele frequency biases associated with sampling families or cryptic social structure, each site
was sampled at multiple locations in order to maximise the chance of catching guppies from
separate shoals. Three sampled guppy populations are found along the Aripo River, which is
part of the Caroni Drainage in the Northern Mountain Range of Trinidad (grid reference: Up,
20P 692498.44 E 118257.53 N; Mid, 20P 693100 E 1181800 N; Low, 20P 6914000 E 1177700
N).
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Molecular analysis
Genomic DNA was extracted from the caudal fin using the HotSHOT protocol of Truett et at.
(2000). Extracted DNA was PCR amplified at 13 microsatellite loci (see Chapter 2). MHC class
lie variation from guppies was cloned and sequenced from HotSHOT extracted DNA (Truett et
al. 2000). The first PCR amplification took place using a degenerate forward primer (DABdegfb:
5'-GTG TCTTTA RCTCSH CTG ARC-3'), situated near the 5' end of exon 2 of the MHC class 116
loci and a reverse primer (D>4B/?6b:5'-TTA GGG TAG AAA TCA TAA ACT CTG CA-3'), situated
near the 5' end of exon 3. These primers amplify approximately 750-850 bp of genomic DNA,
including 222 bp of exon 2, from codon 22, through intron 2, up to and including the first 68 bp
of exon 3. The forward primer (DABdegfb) is known to amplify all previous guppy MHC class lie
alleles (see van Oosterhout et al. 2006a; van Oosterhout et al. 2006b). This primer is based on
DABdegF, a degenerate primer designed by aligning all GenBank published P. reticulata and
Xiphophorus maculatus (Southern platy) DAB sequences, as well as P. reticulata, P. picta
(swamp guppy), and P. sphenops (short-finned molly) DAB sequences previously amplified in
our laboratory. The forward primer was modified here to reduce degeneracy and avoid the
polymorphism that was formally introduced by PCR errors (see Cummings et al. 2010). DABR6b
was designed using all previous amplified guppy alleles from van Oosterhout et al. (2006a;
2006b).
The first PCR of 25u,l contained 2.5 pmoles of the specific reverse primer and 12.5 pmoles of
the degenerate forward primer, 2.5 mM MgCI2, and 0.2 mM each dNTP and 0.5 U Taq
polymerase (Bioline Ltd., London). The touchdown PCR reaction consisted of an initial step of
95°C for 3 min followed by one cycle of 94°C for 1 min, 61°C for 1:30 min, 72°C for 1:30 min;
then one cycle of 94°C for 1 min, 59°C for 1:30 min, 72°C for 1:30 min; and then 28 cycles of
94°C for 1 min, 58°C for 1:30 min, 72°C for 1:30 min; with a final step of 72°C for 30 min.
Products were resolved on a 1% agarose gel.
Cloning took place using DHSct (Invitrogen) competent bacterial cells, using pGEM-T Easy
Vector (Promega Ltd.) according to the manufacturer's instructions. For each individual
sample, between 12 and 18 (mean 16.5) colonies were picked from plates and dipped directly
into the second PCR of 35uJ, containing 7 pmoles of each M13 primer, 2.5 mM MgCI2, 0.2 mM
of each dNTP, 0.7 U Taq polymerase. Additional (30 in total) colonies were picked for one
individual because none of the MHC alleles were confirmed by alleles from other individuals so
an additional PCR, cloning and sequencing step was run to confirm those sequences. The PCR
reaction consisted of an initial step of 95°C for 5 min followed by 31 cycles of 94°C for 1 min,
54°C for 1:30 min and 72°C for 1:30 min; with a final step of 72°C for 30 min. The products
were resolved on an agarose gel. ExoSAP cleanup and sequencing was performed by SymBio
Corporation USA on an ABI3730xl.
Cloning effort was originally 18 clones per individual. The binomial distribution calculation
performed in MS Excel shows that 18 clones gives greater than 95% chance of observing all an
individual's alleles (assuming three DAB loci). However, very few individuals had the maximum
number of six alleles. Of the 41 guppies that were sequenced for 18 clones, 1 individual had 6
alleles, 2 had 5, and 38 had 4 for fewer alleles; mean = 2.54). Consequently, in order to reduce
redundancy, 12 clones were sequenced per individual in order to detect 4 alleles with more
than 95% probability. The variation in cloning effort differed between populations (total
number of clones sequenced per 20 individuals per population: Up = 342, Mid = 336, Low =
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288). For this reason, measures of allelic richness and genetic differentiation were calculated
using all clones per individual using a re-sampling technique, equalising the cloning effort to 12
clones per individual. The reduction in the number of clones per individual from 18 to 12 did
not significantly change allelic richness (A) or genetic differentiation (GV) in any of the
populations (Randomisation test: A, Up P = 0.297, Mid P = 0.159, Low P = 0.238; G'sr, Up-Mid P
= 0.446, Mid-Low P = 0.525, Up-Low P = 0.481) (see Appendix 3).
Sequences were checked and aligned using CODONCODE ALIGNER version 2.0 and MEGA 4.1
(Tamura et al. 2007). The forward primer and the intron and exon 3 regions were removed and
exon 2 sequences were aligned to other guppy MHC class lie sequences (Sato et al. 1995; van
Oosterhout et al. 2006b) and to cichlid class 118 sequences (Figueroa et al. 2000). Errors can be
introduced to sequences by heteroduplex mismatch repair or sporadic substitutions caused by
Taq polymerase misincorporations (Keohavong and Thilly 1989; Kobayashi et al. 1999;
Kanagawa 2003; Cummings et al. 2010). MHC alleles were confirmed only when they were
observed in at least two independent PCRs (Lukas et al. 2004; Lukas and Vigilant 2005). Two
individuals had MHC alleles that were not confirmed from other PCRs. Cloning and sequencing
was repeated for one of these individuals and all four alleles were confirmed. However, the
second individual was not cloned and sequenced again, and therefore was removed from the
study (Low, n = 19).

Sequence analysis
OMEGAMAP version 0.5 (Wilson and McVean 2006) is a program that uses Bayesian inference to
calculate the selection parameter, w (dN/ds), in the presence of recombination (p). This
software was used to estimate the location of the PBR in the guppy MHC class MB. Divergent
selection is expected to act on codons of the PBR in order to allow recognition of divergent
parasite antigen by separate MHC alleles. Therefore, a significant a> value for a codon is an
indication that it is part of the PBR. This firstly, confirms the presence of balancing selection
acting to maintain polymorphism in exon 2. Secondly, it allows phylogenetic trees to be built
that consider variation that is inside and outside the PBR. Each simulation was run 600,000
Markov-chain Monte Carlo iterations and the first 100,000 were discarded as a burn-in.
Iterations were recorded at intervals of 100 with 10 orderings of sequences. As well as o» and
p, the software estimates the transition transversion rate ratio (K), a mutation rate (n) and the
rate of insertion/deletions (q>). These parameters were estimated independently for each
codon because the roles of adjacent codons may be different in the MHC class II molecule
(Brown et al. 1993; Stern et al. 1994). No codon bias was assumed, priors used were as
suggested by software documentation in the case where no information is available on
parameter estimates: improper inverse distributions were thus applied to i*, K and (p with
starting values of 0.1 for /n and K and 3.0 for (p, inverse distributions were applied to u> and p
ranging between 0.01 and 100. The model was run twice for the MHC allele frequencies from
the Aripo River which was treated as a single population. Convergence was confirmed between
separate runs and they were combined to obtain the final estimates of w.
MEGA was used to construct unrooted neighbour joining (NJ) trees of nucleotides and of amino
acids (No. of differences). The NJ tree is used because it does not require equivalent amounts
of divergence between lineages (Saitou and Nei 1987; Kalinowski 2009). The tree is used
primarily to observe allele locus specificity. Increased intra-locus (to inter-locus) recombination
will be evident in the tree as locus specific clades (Reusch and Langefors 2005). Such a result
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would be confirmed where individuals have no more than two alleles from each clade. Amino
acid trees are used to compare the relative level of functional (amino acid changing)
divergence with that of nucleotide divergence. MEGA was also used to test sequences for
deviation from neutrality (Tajima's D). Codons that are within the PBR of the MHC molecule
are expected to be under balancing selection and are therefore expected to have a ratio of
nonsynonymous (dN) to synonymous (ds) nucleotide substitutions in excess of 1 (see Ford
2002; Garrigan and Hedrick 2003). The dN/ds ratio was calculated on all alleles in the program
MEGA 4. A pairwise analysis (and overall average) was calculated for whole sequences and for
regions of sequence pertaining to inside and outside the PBR, using the method of Nei and
Gojobori (Nei and Gojobori 1986). DNAsp (Librado and Rozas 2009) was used to calculate
synonymous and nonsynonymous nucleotide differentiation (n). Mean population nucleotide
differentiation (5-95% Cl) was calculated in Minitab 12.1 using a bootstrap procedure written
in a global macro, and using 100,000 runs to estimate the parameter values.

Parasite analysis
Selection from an array of parasites is predicted to maintain polymorphism at the MHC
(Hughes and Yeager 1998). Therefore, MHC allelic richness is expected to correlate with
parasite diversity. Guppies sampled from 2003, 2006 and 2007 were screened for
ectoparasites, endoparasites and fungal growth. These data contain two (known) species of
gyrodactylid ectoparasite (Gyrodactylus turnbulli and G. bullatarudis) and nine species of adult
digenean with additional larval (cyst) stages (see review by Cable In press). No distinction is
made between particular species of gyrodactylids or digeneans and fungal infection is scored
in three classes (0 = no detectable fungus, 1 = fungal growth, 2 = heavy growth). Guppies were
caught, anesthetised and preserved using the method described above. Guppy dissection and
parasite counts were conducted in the laboratory of Dr Cable (University of Cardiff). Briefly,
the preserved fish was transferred to a Petri dish and completely immersed in ethanol. Using a
dissecting microscope the surface of the fish was scanned and any parasites removed. The
ethanol in which the fish had been originally fixed was also screened for any dislodged
parasites. The fish was then dissected by removing all major organs in turn (each gill arch,
brain, eyes, intestine, liver, heart, spleen, swim bladder) and recording any visible parasites.
Gyrodactylid prevalence was analysed here using a bootstrap method of 1000 replicates and a
sample size of 16, based on the smallest non-zero sample. Prevalence data is compared across
years among populations. Populations with significantly reduced parasite fauna over three
sampling years are predicted to have reduced MHC variation due to reduced parasite selection
combined with the effects of genetic drift on a small population.

Population genetic analyses
Microsatellite genotype frequencies were checked for the presence of null alleles,
amplification bias and scoring errors using Micro-Checker 2.2.3 (van Oosterhout et al., 2004).
Observed and expected heterozygosity (Ho and He) were calculated in Minitab 12.1. Genotypic
disequilibrium was calculated using FSTAT version 2.9.3 (Goudet 1995, 2001) with a Bonferroni
adjusted P-value for multiple testing at the 5% nominal level (a = 0.000641).
Allelic richness (A, 5-95% Cl) of both microsatellites and MHC was bootstrapped with
replacement over individuals, using 1000 runs, using a global macro in Minitab 12.1. Given that
the locus affiliation of MHC sequences remain unknown, it was not possible to calculate
heterozygosity. Hence, allelic richness is used as proxy of gene diversity to measure the
35

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'ST ), corrected for highly polymorphic loci, (G'ST) (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 Oosterhout et al. 2006b). A finding to the contrary would be
indicative of fluctuating selection through a spatial variation in selection pressure. G'ST 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'ST 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'sr- |n 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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Results
Sequence analysis
In total, 33 MHC class 118 alleles (Fig. 1) were found in 59 individuals distributed throughout
the Aripo River and Naranjo tributary (Fig. 2). There did not seem to be any connection
between the alleles found in an individual and their position on the NJ tree, thus rejecting the
possibility that clades are representative of loci (see Fig. 1). Between one and six alleles were
found in a single individual (mean alleles per individual: Up = 2.75; Mid = 2.25; Low = 2.52)
indicating a minimum of three loci in at least some individuals (but see Malaga-Trillo et al.
1998 for evidence of gene copy number variation among individual cichlid fish). There was no
significant difference between the number of alleles per individual among populations
(Kruskal-Wallis test (adjusted for ties): P = 0.355) and no difference between the number of
MHC alleles (Allelic richness, A) found in each population (Randomisation test: Up-Mid
P = 0.539; Up-Low P = 0.153; Mid-Low P = 0.098) (see Fig. 2 and 7).
All MHC class 118 sequences were observed in a minimum of two separate cloning procedures,
eliminating the chance for identification of PCR erroneous sequences (Keohavong and Thilly
1989; Kobayashi et al. 1999; Kanagawa 2003; Cummings et al. 2010). In addition, none of these
sequences (exon 2 to exon 3) contains indels within exons or premature stop codons,
suggesting they are functional. (See van Oosterhout et al. 2006b on the analysis of cDNA and
expression of MHC alleles in guppies). Exon 2 is 222 bp, starting from the second nucleotide of
codon 22 to the 3' end of the exon. There are 126 variable sites (56%). The mean (n±5-95%
Cl) pairwise nucleotide diversity per site is 0.183 (0.009-0.270) (n: Up = 0.155 (0.004-0.270);
Mid = 0.174 (0.005-0.275); Low = 0.201 (0.113-0.275), and this did not differ significantly
between populations (Randomisation test: P> 0.37 for all tests. Of the 33 alleles, there were
30 different amino acid sequences containing 50 polymorphic codons out of 73 (68.5%). Nine
MHC class 118 sequences are identical to those found in previous studies (see van Oosterhout
et al. 2006b; Fraser et al. 2010a) (see Table 1).
Tajima's D, a test of neutrality, is significantly larger than zero for the MHC class 118 alleles
found in the Aripo River and Naranjo tributary (Tajima D = 2.350; P < 0.05), indicating a
deviation from the expectation of sequence evolution governed by neutral processes (Tajima
1989). Evidence for positive selection over exon 2 (dN/ds; Nei-Gojobori Method, p-distance
model) was apparent in just three (out of 528) pairwise comparisons and was not significant
when considering the overall average (Z= -1.840, P = 1) (Nei and Gojobori 1986). Two reasons
why positive selection may not be apparent are that (1) there is no positive selection and
nonsynonymous (dw) mutations are selected against or, (2) divergent alleles are maintained
over long evolutionary timescales (see review by Klein et al. 1998) and synonymous (cfs)
mutations have accumulated and eroded the signal of positive selection (van Oosterhout et al.
2006a). Indeed, nucleotide diversity (n) for both synonymous and nonsynonymous mutations
is greater than zero (n Jukes Cantor corrected: ds = 0.293; dN = 0.195), which suggests that the
relative excess of nonsynonymous substitutions may have been eroded over time.
A signal of positive selection is also not significant when considering the putative human PBR
(HLA PBR) as estimated by Brown et al. (1993) (within PBR: Z = 0.76, P = 0.223; outside PBR:
Z = -2.57, P = 1.000). However, estimation of the guppy PBR using omegaMap software (Wilson
and McVean 2006) revealed codons with significant posterior probability of positive selection
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(w > 1; i.e. dN > ds). Figure 3 highlights 12 of 73 codons (29, 31, 38, 39, 61, 62, 68, 72, 73, 78, 86
and 91) of exon 2 of the guppy MHC class 118 identified as under significant effects of positive
selection. Such effects are predicted for polymorphic codons of the PBR. Of the 12 identified
codons, 7 (58%) are located within the region of the putative HLA PBR region (Brown et al.
1993; Stern et al. 1994) and of the remaining 5 codons 3 are immediately adjacent to
polymorphic codons of the putative HLA PBR (Fig. 3). Overall, there was a significant signal of
positive selection on codons of the PBR identified using omegaMap (within guppy PBR:
Z = 4.03, P< 0.001). In contrast, codons outside the guppy PBR showed no sign of positive
selection (Z = -2.97, P = 1.000). Moreover, these non-PBR codons were found to have a
significant signal of purifying selection (Z= 2.95, P = 0.002).
PBR codons identified using OMEGAMAP were used to construct two amino acid neighbour
joining trees of exon 2 of the MHC class 118 (Fig 4). The first tree was made up of codons
outside the PBR and the second of codons within the PBR. Firstly, these phytogenies represent
functionally distinct clades. Much of the nucleotide polymorphism (Fig. 1) is preserved in both
the outside PBR and inside the PBR trees (Fig. 4). However, some of the alleles are functionally
equivalent at the PBR which suggests maintenance through selection acting at other regions of
the MHC (see van Oosterhout 2009a). Tree topology is different for each region of exon 2. This
discordance between the evolutionary histories of amino acids suggests gene conversion or
recombination acting to reduce evolutionary distance in one region but not the other (Posada
and Crandall 2002; von Salome et al. 2007).
Table 1. MHC class 118 alleles with 100% identity to those from previous studies are shown.
Alleles may be matched with more than one other in cases where query coverage is not 100%
due to variation in sequence length (see van Oosterhout et al. 2006b; Fraser et al. 2010b for
alleles identified in previous studies)
Allele (present study)
Pore 107
Pore 131
Pore 119

Pore 129
Pore 126
Pore 124
Pore 106
Pore 138
Pore 227

Allele (previous study)
Pore bb
Pore h54
Pore h61
Pore p
Pore hh
Pore DBLA1-18
Pore aa
PorehS
Pore h23
Pore h6
Pore h38

Accession No.
DQ396613
DQ396614
:

AY745517
AY770035
DQ396608
DQ396605
AY770040
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Figure 1. Neighbour-joining tree of MHC class 118 alleles from guppies (Poecilia reticulata =
Pore) of the Aripo River, Trinidad. The tree was computed using No of nucleotide differences
with 1000 simulations. Bootstrap support values > 50 are shown. Alleles from three individuals
from the Up, Mid, and Low populations (205, 243, and 225, respectively) are shown to the
right of the tree. Clades are not locus specific as demonstrated in individual 205 which has five
alleles from the top clade. The presence of alleles in each population is also indicated to the
right of the tree. The scale refers to base pair differences among alleles. Nomenclature does
not include DAB locus affiliation because affiliation is unknown (see Table 1 for list of alleles
identified in previous studies).
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Figure 2. MHC class lie allele counts for Upper (n = 20) and Mid Naranjo (n = 20) and Lower
Aripo (n = 19) guppy populations. Symmetry between the Up and Mid populations is not
reflected in the comparison between the Mid and Low populations (GV (5-95 Cl): UpMid = 0.139 (0.135 - 0.386); Mid-Low = 0.605 (0.501 - 0.835) (see Fig. 8).
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Codon Position

Figure 3. Analysis of selection on MHC class 116 sequences of guppies (Poecilia reticulata) of the
Aripo River, Trinidad. The upper plot shows the amount of positive selection (u)) at each codon
(sliding window of 1 codon). Asterisks highlight the polymorphic sites of the HLA DRB1 PBR
region (see Brown et al. 1993), shifted up by one codon to account for an insertion near the
amino terminus of the fish MHC class 116 molecule (Figueroa et al. 2000). Crosses highlight
codons of the guppy MHC with a significant posterior probability (> 0.95) of positive selection.
Posterior probability of positive selection features in the lower plot, where the dashed (shortshort) line indicates the 0.95 acceptance criteria for positive selection. Crosses indicating
significant probability of positive selection are repeated in the second plot at codons in the xaxis. Estimates are based on two combined runs of OMEGAMAP software using standard priors
(see materials and methods). The Markov chain Monte Carlo was run for 600,000 iterations in
each run, with a burn-in of 100,000 iterations.
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Figure 4. Two neighbour-joining trees of amino acid data from outside the peptide binding
region (PBR) and inside the PBR of the MHC class IIB alleles from guppies (Poecilia reticulata) of
the Aripo River, Trinidad. Trees were computed using number of amino acid differences with
1000 simulations. Bootstrap support > 50 is shown. Tree topology is different for different
regions of exon 2 suggesting separate evolutionary histories of regions inside and outside the
PBR.

Parasite analysis
The prevalence of a particular group of parasites is taken as evidence for selection on the MHC
acting within a population. Where a group of parasites is found in all populations, parasite
burden is used as a proxy for the strength of selection acting on the individuals of that
population (see e.g. van Oosterhout et al. 2007a). Of the 201 guppies sampled in the Up
population in 2003 (wet and dry season), 2006 and 2007 there were no digenean or fungal
infections (Fig. 5). Only in 2007 were gyrodactylids found in the Up population where six of 153
(3.9%) individuals were infected, compared to 30 of 138 (21.7%) in the Mid and 48 of 125
(38.4%) in the Low the same year (Fig. 5 and 6). There was a significant difference in
gyrodactylid burden between Up, Mid and Low population in 2007 (Kruskal-Wallis test
(adjusted for ties): H = 51.52, d.f. = 2, P < 0.001) and the Up population had a significantly
lower gyrodactylid burden than the Mid population (Mann-Whitney test (adjusted for ties):
P < 0.001) (Fig. 6). In addition, the Up 2007 population had significantly a lower gyrodactylid
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burden and prevalence compared with all other samples (Mann-Whitney test (adjusted for
ties): burden P < 0.036, all pairwise comparisons; Chi-square tests for prevalence: X2 2 21.248,
d.f. = 1, P < 0.001, all pairwise comparisons). The year 2007 was the first recorded instance of
any gyrodactylids in the Up population, but anecdotal evidence suggests that these
gyrodactylids may be a new genus introduced by a guppy predator, Rivulus hartii (Or Cable,
pers. Com.).
Gyrodactylid burden varied significantly between populations over all years (Mann-Whitney
test (adjusted for ties): P < 0.001). It did not vary significantly in the Mid population over time
(Kruskal-Wallis test (adjusted for ties): H = 6.72, d.f. = 3, P = 0.081). However, there was a
significant variation in gyrodactylid burden in the temporal samples of the Low population
(Kruskal-Wallis test (adjusted for ties): H - 67.13, d.f. = 3, P < 0.001) (Fig. 6). Digenean load was
significantly different between populations sampled over all years (Mann-Whitney test
(adjusted for ties): P < 0.001). Variation in digenean burden is significant over time within the
Mid but not the Low (Kruskal-Wallis test (adjusted for ties): Mid, H= 11.41, d.f. = 2,9 = 0.003;
Low, H = 2.00, d.f. = 2, P = 0.368).
There was no significant difference between the Mid and Low populations sampled for fungi
over all years (Mann-Whitney test (adjusted for ties): P < 0.140). Variation in fungal burden is
significant over time within the Mid and Low Kruskal-Wallis test (adjusted for ties): Mid, H >
117.08, d.f. = 2, P < 0.001 for both tests).
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Figure 5. Counts of parasite infected guppies caught in 2003 (dry and wet season), 2006 and
2007 from the Upper Naranjo, Mid Naranjo and Lower Aripo populations (Up, Mid and Low).
Parasite infections (burden) include numbers of Gyrodactylid, (internal) Digenean
metacercariae and fungal infected fish (see n = number offish screened). Fungal load is scored
as 0 (no fungus), 1 (slight fungal growth) and 2 (moribund fungal growth), and is measured on
the secondary y-axis. Although parasite burden shows significant temporal variation, the data
is grouped (across years) into population to illustrate that, the Up population has significantly
fewer parasites (see Fig. 6) than the Mid and Low populations.
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n = 8
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Figure 6. Gyrodactylid (G. turnbulli and G. bullatarudis) prevalence (median, 5-95% Cl) on
guppies from the Upper Naranjo, Mid Naranjo and Lower Aripo (Up, Mid and Low) sampled
over three years (2003 dry and wet season, 2006 dry season and 2007 dry season, n = number
offish screened, on the top line of the histogram).

Population apnpHr analysis

There is no difference in MHC allelic richness (A) between the Up, Mid or Low populations
(Randomisation test: P > 0.098 for all tests) (see Fig. 7). However, there is a large and
significant difference in microsatellite allelic richness between the Up, Mid and Low
populations (Randomisation test: P < 0.001 for all tests). This reduction in microsatellite allelic
richness with upstream locality is indicative of a bottleneck possibly because of a reduction in
population size.
Table 2. Allelic richness (A, median (5-95% Cl)) at MHC and microsatellite loci among
populations of guppies of the Upper Naranjo, Mid Naranjo and Lower Aripo Rivers. Allelic
richness differs significantly between populations for microsatellite loci, while in contrast, the
allelic richness of the MHC is similar in all three populations.

MHC
i—————— Up
Mid
Low

15(11-17)
14(11-17)
18(13-21)

Microsatellites
+

i
34(31-36)
55 (52-58)
105 (97-112)

M-

* Values are significant at P < 0.001.
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Figure 7. Mean allelic richness (A, 5-95% Cl) 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'ST, 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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Table 3. Genetic differentiation (G'sr, median (5-95% Cl) at MHC and microsatellite loci among
populations of guppies of the Upper and Mid Naranjo and Aripo Rivers, Trinidad.
MHC
Microsatellites
1

*

Up-Mid

0.211 (0.120-0.370)

Mid-Low

0.690 (0.492-0.850)

31

Up- Low

0.733 (0.531-0.904)

1
0.069 (0.027-0.134)
0.238 (0.170-0.320)

'!•

0.328 (0.253-0.407)

* Values are significant at P < 0.001.
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Figure 8. Genetic differentiation (mean GV (5-95% Cl)) at 13 microsatellite loci and at MHC loci
among pairwise population comparisons between the Upper Naranjo (Up), Mid Naranjo (Mid)
and Lower Aripo (Low). The dotted line (G'5r microsatellites = G'ST MHC) show the values where
the neutral microsatellite and selected MHC loci are equally diverged between populations.
Observed values are shown with respective symbols. Genetic divergence is greater between
populations for MHC than for microsatellite loci (see also Table 2). Such a finding is
inconsistent with predicted higher effective migration rate of MHC alleles (Schierup 1998;
Schierup et al. 2000; Muirhead 2001), which predicts that the observed values should fall
below the dotted line. This finding is, however, consistent with divergent selection pressures,
for example by locally distinct parasite faunas (see Hedrick et al. 1976; Hedrick 2002).
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Discussion
The present study compares the genetic variation at (neutral) microsatellite loci to that of
(non-neutral) MHC loci in three guppy (Poecilia reticulata) populations of the Aripo River in
Trinidad. This genetic data is also used to calculate population divergence at a spatial scale. In
addition, a measure of parasite fauna is used to ascertain the source of selection on the MHC.
The Upper Naranjo (Up) population has significantly reduced parasite fauna compared to the
Mid Naranjo (Mid) and Lower Aripo (Low) populations. However, MHC variation in the Up
population is not reduced according to the neutral expectation indicated by variation at
microsatellite loci. In addition, genetic differentiation between populations is higher for MHC
than for microsatellite loci, a finding opposite to the expectation of Negative frequency
dependent selection and Overdominance (Schierup 1998; Schierup et al. 2000; Muirhead
2001). Altogether, these data suggest MHC variation is maintained by fluctuating selection
pressure, though maintenance of MHC variation in the Up suggests that parasite mediated
selection is not the source.

Positive selection in the MHC
There was no overall signal of positive selection on the exon 2 sequences of the MHC class 116
alleles. Over the whole of exon 2, the number of synonymous substitutions exceeds that of the
nonsynonymous mutations, reflecting that purifying selection dominates the signal of positive
selection (Hughes and Yeager 1998). This finding is consistent with the conservation of a
conserved and functional protein, i.e. the MHC. However, long term positive selection was
identified in 12 out of the 73 codons of exon 2. This number is lower than previous estimates
of the putative PBR for the guppy (van Oosterhout et al. 2006a; Fraser et al. 2010a). The
present study employed OMEGAMAP software which estimates positive selection in the
presence of recombination which can otherwise overinflate estimates of u> (Anisimova et al.
2003; Nei 2005; Wilson and McVean 2006). This may explain the lower estimate of the present
study. The majority (83%) of codons identified using the method of Wilson and McVean (2006)
corresponded, or were immediately adjacent to polymorphic sites within the HLA (Brown et al.
1993). Altogether, evidence from the nucleotide substitution pattern of exon 2 indicates that
this region is, or has been (see Garrigan and Hedrick 2003), subject to balancing selection,
specifically at the region responsible for recognition of parasites antigens.

High MHC variation in a small population with low parasite load
Genetic diversity and allelic richness at 13 microsatellite loci was significantly higher in the
Lower Aripo (Low) than in the upstream Mid Naranjo (Mid) population, while the most
upstream Upper Naranjo (Up) population showed the lowest level of microsatellite variation.
This reduction of neutral genetic variation with upstream locality is consistent with strong
genetic drift in small upstream populations with limited upstream migration from the lowlands
(Shaw et al. 1991; Shaw et al. 1994, see Chapter 2). In the lowlands, the microsatellite genetic
diversity is comparatively high due to their larger effective population sizes, downstreambiased migration, and source-sink metapopulation structure (Barson et al. 2009). In contrast to
microsatellite variation, MHC class lie variation was not significantly reduced in populations
further upstream.
Discordance between MHC and microsatellite variation is consistent with maintenance of MHC
variation though balancing selection. Parasite-mediated balancing selection is commonly
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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. I 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 offish 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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parasite selection (van Oosterhout 2009a). Evidence for the maintenance of MHC alleles by
mechanisms proposed by ABC evolution comes from the observation that some of the alleles
are functionally equivalent at the PBR region. I propose that balancing selection during ABC
evolution could maintain a high level of MHC diversity in the relaxed parasite-environment of
the Up population.

,»i th& ivmr
Balancing selection through NFDS or overdominance acts to reduce genetic differentiation
between populations (Schierup 1998; Schierup et al. 2000; Muirhead 2001). Genetic
differentiation of the three populations in the present study is greater in the MHC than
microsatellites. This is contrary to the expectation of MHC under NFDS and overdominant
forms of balancing selection and, it is in disparity to previous observations on the MHC of
guppies (van Oosterhout et al. 2006b; Fraser et al. 2010a; but see Fraser et al. 2010b).
However, there are number of studies that have found a higher genetic differentiation in the
MHC compared to neutral genetic loci (Hedrick and Parker 1998; Landry and Bernatchez 2001;
Miller et al. 2001; Ekblom et al. 2007; Fraser et al. 2010b). The observations in the latter
studies are consistent with selection varying in time and space (see Hedrick et al. 1976; Hedrick
2002).
Maintenance of MHC polymorphism in the Up population was observed despite the effects of
drift and a reduced parasite fauna. ABC evolution has been theoretically shown to be able to
maintain MHC polymorphism without continual parasite selection (van Oosterhout 2009a).
Genetic divergence between populations was higher for MHC than microsatellite loci. This
finding is inconsistent with NFDS and overdominant selection that act to reduce population
genetic divergence at loci under balancing selection (Schierup et al. 2000; Muirhead 2001).
ABC evolution however, may produce higher or lower genetic divergence of MHC (measured at
exon 2) to neutral loci (see van Oosterhout 2009a). ABC evolution is again consistent with
these observations but it is not possible to conclude it is operating without testing for
sheltered genetic load directly.

Parasite fauna
Interestingly sharp differences in parasite fauna (Gyrodactylus spp) have been observed
between the Mid Naranjo and Lower Aripo populations (van Oosterhout et al. 2006b). van
Oosterhout et al. (2006b) quantified the relative abundances of gyrodactylid species
(Gyrodactylus turnbulli and G. bullatarudis) and found significant variation between the Mid
and Low populations. Such variation would not be evident in the present study where all
gyrodactylid parasites were counted as one group. However, the species variation is likely to
be an important factor in the selection of MHC alleles particularly since the authors also note
that the virulence of G. bullatarudis is significantly higher than that of G. turnbulli (van
Oosterhout et al. 2006b; see also Cable and van Oosterhout 2007a). In the present study, total
gyrodactylid and digenean infection levels varied significantly between the Mid and Low
populations (combined over all years), an indication that differences between these
populations may be driving population specific selection and local adaptation of the MHC.
A temporal variation in parasite fauna was also observed in the Mid (for digeneans and fungi)
and Low (for gyrodactylids and fungi) populations. These data demonstrate the dynamic
nature of parasite infections of guppies in the Aripo River and Naranjo Tributary. Temporal
variation in parasite fauna is predicted to drive adaptations of the MHC resulting in a
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temporally dynamic MHC polymorphism. A change in the mode of selection from
homogenising to diversifying was been observed in guppy populations of Trinidad by Fraser et
al. (2010b). The authors also quantified gyrodactylid infections but as in the present study,
they made no distinction between species. Notwithstanding, the authors did find a correlation
between the change (over time) in the absolute number of infected individuals and temporal
genetic differentiation of the MHC. This finding could be interpreted as evidence that MHC
alleles vary over time with changes in gyrodactylid infection intensity. However, the authors do
not establish a causal link between the change in parasite-fauna and MHC diversity. Indeed, a
study presented in this thesis shows that a large turn-over of MHC alleles may also be caused
by demographic events (see Chapter 5). The inflow of immigrants with novel MHC alleles and
parasites may result in an autocorrelation between parasite and MHC diversity, which may be
interpreted as evidence for Red Queen Dynamics.
Quantifying the variation in parasite fauna between populations in order to establish links with
selection at the MHC is extremely challenging for two reasons. First, visible parasites are only a
part of the total array of pathogens that challenge individual hosts. Bacterial species diversity
has not been considered here, but even so, many bacterial species are opportunistic
pathogens (see e.g. Tenaillon et al. 2010), which implies that noting only the presence or
absence of such potential pathogens is of limited use. Secondly, quantifying species diversity of
potential pathogens may not have sufficient resolution as within-species diversity could lead to
balancing selection at the MHC (but see Dionne et al. 2007). Possibly, in the nearby future,
high throughput genotyping analysis of the entire parasite community could be employed to
study the Red Queen Dynamics and the coevolutionary arms race between a parasite fauna
and the host MHC.

Concluding remarks
The present study draws attention to a population that maintains high MHC diversity despite
little or no selection by microparasites and fungi on the MHC. Population genetic analysis of
neutral microsatellite variation rules out the possibility that migration can explain the high
level of MHC diversity in this population. This finding is consistent with maintenance of MHC
polymorphism through sexual selection or ABC evolution. Altogether, these findings highlight
that a novel avenue in MHC research should be undertaken that investigates the role of
alternative agents of selection. Both ABC evolution and sexual selection are prime candidates
in future research on the MHC in wild populations.
Genetic differentiation between populations was higher for MHC than for neutral
microsatellite loci. This finding may indicate maintenance of MHC polymorphism through
selection that varies in time and space. In addition, this finding is at odds with a previous
finding in the Mid and Low populations from 2001 (van Oosterhout et al. 2006b). In the next
chapter, I analyse MHC variation in the Mid and Low populations sampled in 2001 and 2007 in
order to distinguish the mode of selection acting on these guppy populations of the Aripo
River, Trinidad.
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Spatio-temporal analysis of MHC and
microsatellite variation in Aripo
River guppy populations
Chapter 4

Abstract
Major Histocompatibility Complex (MHC) variation in two guppy (Poecilia reticulata)
populations of the Aripo River (Trinidad) is believed to be maintained by balancing selection.
However, genetic differentiation between populations is lower than neutral microsatellite
variation in a sample from 2001 and higher in a 2007 sample. These data are indicative of
maintenance of MHC alleles through alternative modes of balancing selection. The present
study aims to distinguish between the different models of balancing selection, in particular
overdominance and negative frequency dependent selection versus selection that varies in
time and/or space (hereafter called fluctuating selection). These models are evaluated by
comparing the observed MHC and microsatellite data with the population genetic predictions
of the alternative models. The relatively high temporal variation in MHC compared to
microsatellites suggests that the MHC has a higher effective migration rate which effectively
replaces MHC alleles over time (allelic turnover). This observation is consistent with fluctuating
selection, i.e. changes in parasite selection pressures over time. However, it is also concordant
with the models that favour establishment of rare alleles into the population (i.e.
overdominance and negative frequency dependent selection) in a metapopulation with
migration. The relatively low level of spatial genetic differentiation at the MHC observed in
2001 is consistent with overdominance and negative frequency dependent selection, but not
with fluctuating selection. By contrast, large spatial genetic differentiation of MHC compared
to that of neutral loci (in 2007) suggests a role for fluctuating selection. Indeed, the 2007 data
are inconsistent with overdominance and negative frequency dependent selection. Altogether,
these data suggest that the alternative models of balancing selection are not mutually
exclusive, and that they may operate at different times in the same populations. This study
furthermore highlights that the impact of migration can differ substantially between neutral
and selected genes, and that low levels of migration can result in a temporally highly dynamic
MHC polymorphism.
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Introduction
Balancing selection can explain the maintenance of genetic variation at a locus above that
expected under a neutral model of evolution (see Kimura et al. 1963; Ford 2002; Garrigan and
Hedrick 2003; Charlesworth 2009). Theoretical studies have demonstrated that both negative
frequency dependent selection (NFDS) and overdominance tend to reduce spatial genetic
differentiation (Schierup 1998; Schierup et al. 2000; Muirhead 2001; see also review by
Spurgin and Richardson 2010). Selection that fluctuates over a spatio-temporal scale (i.e.
fluctuating selection) has also been shown to maintain a balanced polymorphism in theoretical
studies (e.g. Hedrick 2002). This mechanism assumes MHC alleles confer resistance to different
parasites which vary spatially and/or temporally (Hedrick 2002). The crucial difference
between fluctuating selection and both other types of balancing selection is that the former is
not a revolutionary model, in that parasites fluctuate independently from the MHC.
NFDS and overdominance are expected to reduce genetic differentiation over time by
maintaining alleles in the population (see Takahata and Nei 1990). Rare alleles are thought to
offer a higher fitness in both the NFDS, as well as in the overdominance model because such
rare alleles are found more often in a heterozygote condition (Apanius et al. 1997; see also
Meyer and Thomson 2001). Therefore, both NFDS and overdominance exert positive selection
on rare alleles, thereby reducing the rate of loss of such rare alleles through genetic drift.
On the other hand, fluctuating selection predicts high temporal genetic differentiation because
the parasite fauna changes over time. Allelic variation at the MHC can be maintained by spatial
or temporal fluctuations in pathogen fauna because distinct alleles are preserved in separate
populations at different points in time (Hedrick et al. 1976; Hedrick 2002). In this fluctuation
model of balancing selection, a balanced polymorphism is maintained over longer timescales
by favouring alternative alleles in different places and/or times (fluctuating selection). These
changes in directional selection result in large temporal genetic differentiation in MHC relative
to neutral loci.
The distinction between fluctuating selection on the one hand, versus NFDS and
overdominance on the other, might become less distinct in a metapopulation where novel
MHC alleles are introduced by immigrants. Theoretically, the introduction of novel MHC alleles
may cause turnover of such alleles not only under fluctuating selection, but also under NFDS
and overdominant selection (see Chapter 5). Given that novel immigrant alleles are favoured
because they are rare, such alleles will rapidly reach the (migration-selection-drift) equilibrium
frequency. From this point onwards, immigrant alleles and resident alleles have an equal
probability to be lost by random genetic drift. Consequently, immigrant alleles that become
established in the population ultimately will replace resident alleles. If the gene pool of the
source population is large, this replacement through immigrants effectively results in the fast
turnover of alleles. That is, established resident alleles will be replaced with novel immigrant
alleles from elsewhere in the metapopulation. This process of allelic turnover is accelerated by
all models of balancing selection (compared to neutral evolution), rather than slowed down.
This means that increased temporal genetic differentiation can be explained under all models
of balancing selection in a metapopulation with a large gene pool of MHC alleles.
Barson et al. (2009) assessed population size and migration rates between eight populations of
the guppy metapopulation in the Caroni drainage. The authors found that while migration was
biased in the downstream direction, upstream migration was significantly larger than zero, and
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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, I estimated that there are approximately 85 MHC class MB 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 (Charbonnel 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 loci. 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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Figure 1. Schematic representation of the expected level of genetic differentiation (G'sr)
spatially and temporally, at MHC loci relative to that of neutral genetic differentiation. Circles
represent two populations separated by space and time, lines represent the transfer of MHC
alleles between populations (parallel = low MHC GV; crossed = high MHC G'sr). Over time,
migrants may also enter these populations from outside the system (metapopulation = shaded
arrows). NFDS and overdominance rescue rare immigrant alleles which may be from the other
spatial population, reducing spatial MHC genetic differentiation or the metapopulation
increasing temporal genetic differentiation at the MHC compared to neutral loci (a).
Fluctuating selection favours different MHC alleles in different populations at different times
thus increase MHC genetic divergence relative to neutral loci under all comparisons (b).
In this study, I aim to explore the model of balancing selection acting on MHC in the guppy
(Poecilia reticulata) in 2001 and 2007 by investigating the spatial and temporal variation of
MHC alleles. I examine the effects of migration and balancing selection on two populations of
guppies and compare genetic variation at both adaptive (MHC) and neutral microsatellite loci
between the Mid Naranjo (Mid) and Lower Aripo (Low) River populations of the Caroni
drainage. I study the level of genetic differentiation at both a spatial (G'sr) and temporal (GVr
(tempi) scale. I investigate the hypothesis that the temporal fluctuations in MHC class 118 allele
frequency are more pronounced than fluctuations of neutral microsatellite alleles because of
the interplay between balancing selection, migration and random genetic drift (Fig. 1). In
particular, I examine whether the temporal changes in MHC allele frequencies are more
pronounced than those of microsatellite alleles. This would be consistent with a high effective
migration rate fuelled by balancing selection from a metapopulation with a large gene pool of
MHC alleles. I also test whether the level of genetic differentiation between spatial
populations is significantly different for the MHC than for the microsatellite loci, and I use this
comparison to evaluate which model of balancing selection best explains the data.

Materials and methods
Guppy collection and DNA extraction
Two samples of wild caught guppies, collected in October 2001 and June 2007, were analysed
for MHC and neutral variation at six microsatellite loci in order to measure the temporal
effects of random genetic drift and selection on the MHC. Guppies were captured using a seine
net, given a lethal dose of MS222 and stored separately in molecular grade ethanol. In order to
minimise allele frequency biases associated with sampling families or cryptic social structure,
each site was sampled at multiple locations in order to maximise the chance of catching
guppies from separate shoals. Guppies are from two populations in the Aripo River, which is
part of the Caroni Drainage in the Northern Mountain Range of Trinidad (grid reference: Mid
Naranjo [Mid], PS693100E and 1181800N; Lower Aripo [Low], PS6914000E and 1177700N).
54

Molecular analyses of the 2001 sample were reported by van Oosterhout et al. (2006b). van
Oosterhout et al. (2006b) sampled the Mid Naranjo (Mid) and Lower Aripo (Low) populations
in 2001 in order to measure both MHC diversity (Mid, n = 21; Low, n = 35) and neutral
microsatellite genetic variation (Mid, n = 44; Low, n = 56). Here, I repeat MHC and
microsatellite analysis on the 2007 sample from the Mid Naranjo (MHC, n = 20; microsatellites,
n = 45) and Lower Aripo (MHC, n = 19; microsatellites, n = 45) populations. Genomic DMA was
extracted from the caudal fin using the HotSHOT protocol of Truett et al. (2000).

Microsatellite analysis
Extracted DNA was amplified at 13 microsatellite loci (see Chapter 2). Here, just six of those
loci are used to measure neutral divergence, they include two interrupted repeats Pr39 and
Pr92 (Becher et al. 2002); three dinucleotide repeats Pret-69, pret-77 (Watanabe et al. 2003),
Hull 9-1; and a tetranucleotide repeat Hull 70-2 (van Oosterhout et al. 2006b). The 2007
dataset is reduced here from 13 to 6 loci. This is for comparison to the 2001 dataset which
consisted of only six microsatellite loci (see van Oosterhout et al. 2006b).

MHC analysis
Extracted DNA was PCR amplified, cloned and sequenced (see Chapter 3). Errors can be
introduced to sequences by heteroduplex mismatch repair, chimera sequences or sporadic
substitutions caused by Taq polymerase misincorporations (Keohavong and Thilly 1989;
Kobayashi et al. 1999; Kanagawa 2003; Cummings et al. 2010). In the present study, I
accounted for errors associated with cloning and sequencing by confirming MHC alleles only
when they were observed in two or more independent PCRs (Lukas et al. 2004; Lukas and
Vigilant 2005). This conservative method is only feasible when large numbers of individuals
and clones per individual have been sequenced. An alternative method, which involves
clustering MHC sequences based on similarity (Acinas et al. 2004; Blais et al. 2007), was used
by van Oosterhout et al. (2006b). In this clustering method, sequences that differ by three base
pairs or less were grouped together and one representative sequence was used. For
consistency, I used this clustering method to confirm the 2001 sequences that differed by
three base pairs or less to MHC sequences analysed in the 2007 sample (see Fig. 2, see also Fig
3 and 4 for MHC allele counts after clustering). A network was built (Network 4.5.6.1 http://www.fluxus-technology.com) using median joining to confirm the numbers of mutations
between 2001 and 2007 MHC class 116 alleles (Fig. 2).
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Figure 2. Median-joining network analyses for guppy MHC class 116 alleles from the Mid
Naranjo (Mid) and Aripo (Low) Rivers, Trinidad. Guppies were sampled in October 2001 and
June 2007 and had between one and six MHC class 116 alleles. Note that numbers of individuals
(2001 Mid = 21, Low = 35; 2007 Mid = 20, Low= 19) and numbers of clones sequenced per
individual (2001 = 6; 2007 = 16) are different. Brown ovals represent clusters of alleles, less
than three base pairs apart, that were condensed between datasets ([26, 30, 32, 36, 39] [15,
38] [23 34]).
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Figure 3. MHC allele counts of the Mid (n = 21) and Low (n = 35) populations in 2001. Alleles
between the 2001 and 2007 data sets similar by three nucleotides or less were clustered into
one allele confirmed in 2007 (C1-C3). The effect of this clustering method was to reduce the
number of alleles in 2001. Compare with Figure 1 in van Oosterhout et al. (2006b).
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Figure 4. MHC allele counts of the Mid (n = 20) and Low (n = 19) populat
ions in 2007. Alleles
between the 2001 and 2007 data sets similar by three nucleotides or less
were clustered into
one allele confirmed in 2007 (C1-C3). (For Mid and Low comparisons across
years see Appendix
7}

Population genetic analyses

Microsatellite genotype frequencies from the present study were checked
for the presence of
null alleles, amplification bias and scoring errors using MICRO-CHECKER 2.2.3
(van Oosterhout et
al. 2004). Genotypic disequilibrium was calculated using FSTAT version
2.9.3 (Goudet 1995,
2001) with a Bonferroni adjusted P-value for multiple testing at the
5% nominal level
(a = 0.000641).
Genetic differentiation (G'ST ), corrected for highly polymorphic loci, (6V)
(Hedrick 2005b) was
used to measure differentiation at microsatellite and MHC loci among
the Up, Mid and Low
populations. The mean simulated G'ST values (with 5-95% Cl)
were calculated by
bootstrapping over alleles with replacement and using 1000 runs. Bootstr
apping was done
over alleles as opposed to individuals because it minimises the effect
of separate sampling
regimes employed by van Oosterhout et al. (2006b) and the present study.
Two MHC alleles
were sampled with replacement for each individual, which resulted in a
close match between
the observed and simulated frequencies of alleles per individual (see
Appendix 8). For
comparison to temporal MHC, microsatellite genetic variation was also
re-analysed here by
bootstrapping over alleles. This (over alleles) sampling scheme was
not found to change
estimates of microsatellite G'ST (see Appendix 9).
Genetic differentiation is calculated for both microsatellite and MHC
loci. Comparisons of
genetic differentiation are made within population over time (tempo
ral) and between
contemporary populations (spatial) using randomisation tests. These
levels of comparison
allow me to examine the hypothesis that the interplay between migrati
on, drift and balancing
selection is driving adaptive evolution and changes in MHC allele frequen
cy in these guppy
populations. The pattern of genetic differentiation observed between MHC
and microsatellites
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may differ. Reduced MHC to microsatellite genetic differentiation is indicative of balancing
selection mediated by rare allele advantage (NFDS or overdominance). On the other hand,
increased MHC to microsatellite genetic differentiation is indicative of balancing selection
mediated by selection that varies over space and/or time (Spurgin and Richardson 2010). The
measurement of spatial genetic differentiation allows the distinction of these modes of
balancing selection.

Results
Micro-Checker 2.2.3 (van Oosterhout et al. 2004) analysis indicated null alleles in Hull 70-2 and
Hull 9-1. However, in both cases, the combined probability for all classes was not significant
and these frequencies were used uncorrected in future analyses. There was no genotypic
disequilibrium at microsatellite loci (P > 0.0006, adjusted P-value corresponding to 5% nominal
level after Bonferroni correction).
Temporal MHC allele frequencies show a marked difference, with only 7 out of 33 (21.2%)
MHC alleles being observed in both the 2001 and 2007 samples (Fig. 5). By contrast, for the six
microsatellite loci that were analysed in both 2001 and 2007, there were 39 out of 69 (56.5%)
alleles shared between the temporal samples of the Aripo populations (see Appendix 10). To
further quantify and interpret these results two comparisons of genetic differentiation were
made: (1) within population over time (temporal) (Fig.6), (2) between populations within time
(spatial) (Fig.7). These spatio-temporal comparisons are made for both the MHC, as well as for
the microsatellite loci.
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Figure 5. MHC allele counts of the Mid (n = 21) and Low (n = 35) populations in 2001 and the
Mid (n = 20) and Low (n = 19) populations in 2007. Just 7 out of 33 (21.2%) MHC alleles are
observed in both the 2001 and 2007 samples.
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Figure 6. Temporal genetic differentiation expressed as G'ST values of neutral variation at six
microsatellite loci (open symbols) and at MHC loci (solid symbols). Observed and simulated
(mean, 5 - 95% Cl) measures are represented by crosses and points, respectively. Measures of
genetic differentiation are within populations (Mid or Low) between 2001 and 2007 sampling
periods. Temporal genetic differentiation is significantly higher for the MHC than for the
microsatellites.
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Figure 7. Spatial genetic differentiation between the Mid and Low populations of the Aripo
River expressed as G'ST values of neutral variation at six microsatellite loci and at MHC loci. The
dotted line (MHC G'5r = Microsatellite G'ST) shows where the MHC and neutral microsatellite
divergence are identical. Observed and simulated (mean, 5 - 95% Cl) measures are represented
by crosses and points, respectively. Spatial MHC genetic differentiation is lower than neutral in
2001 (solid symbols below dotted line) as predicted for loci under balancing selection
(Schierup 1998; Schierup et al. 2000; Muirhead 2001). However, this pattern is diametrically
different in 2007 (open symbols), where the opposite pattern is observed. The pattern in 2007
is consistent with fluctuating selection, e.g. due to different local adaptations at the MHC in
the Mid and Low populations.
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Genetic divergence (G
Temporal genetic differentiation: MHC vs. microsatellites
Between 2001 and 2007, temporal genetic divergence of neutral microsatellite markers is
significantly lower than the temporal differentiation of the MHC (Randomisation test:
P < 0.001), (Fig.6 and Table 1). This confirms that temporal changes in MHC allele frequencies
are more pronounced than those of microsatellite alleles as predicted by all models of
balancing selection. Thus, this observation is consistent with selection that varies over time
(fluctuating selection), as well as with NFDS or overdominance. Importantly this finding
indicates the introduction of MHC alleles from populations other than the Mid or Low (such as
the Caroni metapopulation).
Table 1. Genetic differentiation (G'sr, mean (5-95% Cl)) at MHC and microsatellite loci among
populations of guppies of the Upper and Mid Naranjo and Aripo Rivers, Trinidad.
Temporal

Spatial

1- f t

n- + +

III
Mid
Low

r

MHC

Microsatellites

0.900
(0.784-0.980)
0.672
(0.477-0.842)

0.071
(0.030-0.129)
0.094
(0.040-0.171)

I

MHC
2001
2007

0.251
(0.085-0.448)
0.697
(0.511-0.856)

Microsatellites
1
* *

0.435
(0.361-0.511)
0.392
(0.303-0.483)

Values are significant at P < 0.050
Values are significant at P < 0.010
Values are significant at P < 0.001

Spatial and temporal genetic differentiation: Microsatellites
Genetic divergence at microsatellite loci is significantly higher at the spatial (overall mean
G'ST = 0.450) (Fig.7) than at the temporal scale (overall mean G'ST = 0.086) (Fig.6 and Table 1),
(Randomisation test: P < 0.001). This high level of spatial genetic differentiation for the
microsatellites is consistent with low levels of gene flow between the Mid and the Low
populations. Furthermore, the low temporal G'ST values shows that the microsatellite allele
frequencies distributions are stable over time. In summary, these data indicate that
microsatellite alleles show a relatively little allelic turnover, and that there is little gene flow
between the Mid and Low populations judging by the large level of spatial differentiation.

Spatial and temporal genetic differentiation: MHC
Temporal genetic differentiation at the MHC is significantly higher in the Mid population than
in the Low population (Randomisation test: P = 0.041) (Fig.6 and Table 1). This finding suggests
there is a higher turnover rate of MHC alleles in the Mid than in the Low. This relatively high
turnover of MHC in the Mid may be indicative of larger changes in parasite fauna. It is also
consistent with larger stochasticity and allele frequency fluctuations in a smaller population, as
observed in previous studies (van Oosterhout et al. 2006; Barson et al. 2009). Spatial genetic
differentiation at the MHC is significantly lower in 2001 compared to 2007 (Randomisation
test: P = 0.006) (Fig.7). This suggests that the efficacy of balancing selection in homogenising
gene pools of populations varies significantly across years, which may be indicative of a change
in the mode of balancing selection.
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Figure 7 furthermore shows that the spatial differentiation at the MHC is lower than neutral
microsatellite differentiation in 2001 (solid symbols below dotted line). The observed MHC G'sr
(0.176) was outside the lower Cl of the microsatellite G'ST (G'57-95% a = 0.361) which suggests the
level of MHC differentiation was significantly lower than microsatellite differentiation. This
observation is consistent with overdominance and NFDS models of balancing selection
(Schierup 1998; Schierup et at. 2000; Muirhead 2001). Interestingly, however, the pattern
observed in 2007 (open symbols), shows that the MHC is spatially more diverged than the
microsatellites (Randomisation test: P= 0.005). The pattern in 2007 is consistent with
fluctuating selection, e.g. due to different local adaptations at the MHC in the Mid and Low
populations. The 2001 MHC data are thus most consistent with overdominance and/or NFDS,
whereas the 2007 MHC data suggest large spatial differences in selection, concordant with the
fluctuating selection model of MHC evolution and local adaptation.

Spatial and temporal genetic differentiation: MHC vs. microsatellites
The most striking difference between MHC and microsatellites is observed when comparing
the relative magnitudes of the level of spatial versus temporal differentiation (Fig. 8). The
spatial differentiation (G'sr) is relatively similar for the microsatellites and for the MHC.
However, temporally, the MHC diverges almost an order of magnitude faster than the neutral
microsatellite markers (see Fig. 8). This level of temporal divergence of MHC to microsatellite
loci suggests that higher effective migration of MHC alleles is a driving factor in temporal
variation.

697

Time

Figure 8. Schematic of genetic differentiation (G'ST) of microsatellite (grey bars) and MHC loci
(black bars) between the Mid Naranjo (Mid) and Lower Aripo (Low) guppy populations
sampled in 2001 and 2007. Pain/vise distances between population samples are relative to
their G'ST values.
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Discussion
In the present study, I analysed genetic differentiation (G'ST) at six neutral microsatellite loci
and at selectively non-neutral MHC loci. I tested whether gene flow is more efficient in
homogenising genetic variation of genes under balancing selection than it is at neutral loci.
This paradigm was examined at both the spatial and the temporal scale by comparing the
temporal fluctuations in MHC and microsatellite allele frequencies of wild guppy populations.
The data suggests that the interplay between random genetic drift, migration and alternate
modes of balancing selection is driving adaptive evolution and MHC allele frequency changes
in these guppy populations. Changes in MHC allele frequencies over time are more
pronounced than those of microsatellite alleles. High temporal MHC (relative to microsatellite)
variation indicates the introduction of novel alleles from populations outside of this study.
However high temporal MHC genetic differentiation is consistent with fluctuating selection as
well as NFDS and overdominance (see Fig. 1). Spatial genetic differentiation in 2001 is
indicative of NFDS or overdominant processes where a higher effective migration rate of MHC
alleles reduced population differentiation compared to neutral loci (Schierup 1998; Schierup et
al. 2000; Muirhead 2001). Conversely, the opposite pattern of genetic divergence between
MHC and microsatellite loci is observed in 2007 where the MHC is more diverged than that of
microsatellites. This is indicative of fluctuating selection over a spatial scale in a
metapopulation with gene flow (i.e. fluctuating selection). Altogether, temporal replacement
(turnover) of MHC alleles indicates introduction of novel MHC alleles though immigration
aided by a higher effective migration rate. The type of balancing selection however may have
changed from overdominance or NFDS in 2001, to spatial variation in the direction of selection
(fluctuating selection) in 2007.

Three nonexclusive models of balancing selection
Overdominance, NFDS and fluctuating selection have all been proposed as a means of
maintenance of alleles under balancing selection (reviewed by Meyer and Thomson 2001;
Spurgin and Richardson 2010). Overdominance and NFDS maintain genetic variation through
distinctly different processes (see Doherty and Zinkernagel 1975b; Slade and McCallum 1992;
Hughes and Yeager 1998; Sommer 2005), but the predicted effects on gene diversity and
genetic differentiation are empirically and theoretically almost indistinguishable (Slade and
McCallum 1992; Apanius et al. 1997; but see Borghans et al. 2004; De Boer et al. 2004). In a
closed system (only the Mid and Low populations) both models lead to low levels of genetic
differentiation over time as rare alleles are "rescued" because of their increased fitness,
hence, reducing the allelic turnover rate (Kojima 1971; Takahata and Nei 1990). In open
populations (e.g. stepping stone metapopulations), overdominance and NFDS can however
increase genetic divergence of a population over time (see verbal model below). Similarly,
rapid allelic turnover rate is expected when selection varies over time and space (fluctuating
selection) (Hedrick et al. 1976; Hedrick 2002) because a change in the direction and intensity of
selection favours alternative MHC alleles (Spurgin and Richardson 2010). This type of
fluctuating selection may elevate the spatial and temporal genetic divergence of the MHC
above that of neutral microsatellite genes.

Temporal differences in genetic differentiation (G'ST)
In the present study, temporal genetic differentiation is much higher for the MHC than for the
microsatellites. The high level of MHC differentiation is explained by the large amount of allelic
turnover (78.8% introduced MHC alleles). van Oosterhout et al. (2006b) confirmed MHC by
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grouping alleles similar by three base pairs or less. This effectively reduces the estimated
number of alleles in the 2001 dataset. Concordantly, the high temporal variation estimated
here is a conservative measure of the actual amount of allele turnover. The considerable
temporal genetic variation of MHC alleles is consistent with another study on these guppy
populations that was based on a 2006 and a 2007 sample (see Fraser et al. 2010b).
Increased temporal MHC allele frequency variation (compared to neutral variation) can be
explained by temporally fluctuating selection (Hedrick et al. 1976; Hedrick 2002). However, the
introduction of so many alleles requires that the population is open and exchanges genes with
different source populations in a metapopulation. Given a metapopulation structure, temporal
MHC divergence is also consistent with the introduction of alleles by immigration in
combination with either NFDS or overdominance (see Introduction and Chapter 5). Large
fluctuations in allele frequencies over time have been documented in two temporal studies
(Westerdahl et al. 2004; Charbonnel and Pemberton 2005). These data are thus consistent
with overdominance and NFDS (in a metapopulation with migration; see verbal model below),
as well as with selection that varies in time and space.

Spatial differences in penetic differentiation ffTVrl
Spatial genetic differentiation in 2001 was lower for MHC than for microsatellites, which is
indicative of balancing selection though overdominance or NFDS. The opposite is true for 2007
and indicates selection fluctuating over a spatial scale. Overall, MHC genetic differentiation
between populations (spatial) was lower than temporal but this difference was not statistically
significant. Conversely, for neutral variation spatial genetic differentiation was significantly
higher than temporal. High spatial to temporal microsatellite variation indicates there is little
migration between populations.
Fraser et al. (2010a) demonstrated lower than expected MHC divergence between ten guppy
populations from five separate rivers in three drainages. The authors concluded that (parasite
mediated) balancing selection had acted to homogenise MHC genetic differentiation between
populations. Fraser and Neff (2010) identified gyrodactylids as a potential agent of selection,
suggesting these parasites select for similar MHC alleles in separate populations. This is
consistent with overdominance and NFDS, and not with the predictions of fluctuating
selection. Interestingly, Fraser et al. (Fraser et al. 2010b) also noted a change in the direction
of selection for their 2007 sample of guppies.

Two accounts of maintenance of MHC variation in the Aripo River
Fluctuating selection model
Heterogeneity in selection pressure implies that intensity and direction of selection by parasite
fauna has changed in the years between 2001 and 2007. Theoretical studies have shown that
fluctuating selection (i.e. selection fluctuating over a spatio-temporal scale) can maintain a
balanced polymorphism (Hedrick 2002). Gyrodactylids represent a large proportion of guppy
parasite fauna (Cable In press) and many studies have used them as a proxy for parasite
selection in the guppy (van Oosterhout et al. 2006b; van Oosterhout et al. 2007a; van
Oosterhout 2009a; Fraser and Neff 2010; Fraser et al. 2010b). Gyrodactylids are ubiquitous
guppy ectoparasites, which complete their entire life cycle on a single host (Cable and Harris
2002; Cable In press). Gyrodactylid infections reduce swimming ability (van Oosterhout et al.
2003) and increase susceptibility to secondary bacterial infection (Xu et al. 2007). We found
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that these factors severely reduce an individual's potential to avoid being flushed downstream
(van Oosterhout et al. 2007a). Furthermore, a correlation was found between a specific type of
MHC allele and an individual's gyrodactylid load (Fraser and Neff 2010). Gyrodactylid and other
parasites (i.e. digenean and fungal) burdens have been shown to vary significantly within
population over time (see Chapter 3). Unfortunately, specific changes in parasite abundance in
2001 are not available and so it is not possible to make a direct comparison between parasite
fauna of 2001 and 2007. Nevertheless, it is possible that changes in parasite composition over
the sampling period have influenced the direction of selection in MHC variation with time.

NFDS and overdominant selection: a verbal model
Increased efficiency of migration can result in a fast turnover rate of MHC alleles, particularly
when the effective population size fluctuates over time. Large populations tend to maintain
more MHC alleles than populations with smaller effective size (assuming mutation-selectiondrift balance). When a population experiences a bottleneck (e.g. during a wet season rains, see
van Oosterhout et al. 2007a; see also Barson et al. 2009), its effective population size is
reduced and MHC alleles will be lost. High effective migration rate of MHC alleles facilitates
the invasion of new MHC alleles during subsequent population expansion (in the dry season).
The immigrant alleles rapidly increase in frequency driven by both the population expansion
and the effects of balancing selection (in particular, overdominance and NFDS). In the next
bottleneck, resident and immigrant alleles have similar (equilibrium) frequencies in the
population and are thus equally likely to be lost from the gene pool. Annual population
bottlenecks (during wet season spate events) may remove MHC alleles, which combined with
the high effective migration rate of alleles under balancing selection could perpetuate the
turnover of MHC alleles in small upstream (Mid) habitats.
In Lowland populations, the turnover of alleles could be explained by the same process where
introduction of alleles is from upstream habitats or other rivers in the drainage (Barson et al.
2009), or even from other drainages (Suk and Neff 2009; Willing et al. 2010). The rapid
turnover rate of MHC could be a process that acts over the entire Caroni drainage, or even
across drainages. This could explain why similar MHC alleles have been found in separate
guppy populations within and between drainages (see Fraser and Neff 2010). Babik et al.
(2008) highlighted the importance of population demographic processes (drift and migration)
in MHC variation of the Alpine newt. The present study provides further evidence for balancing
selection acting to rescue MHC depauperate populations through higher effective migration
rate of MHC alleles compared to neutral genetic variation.

Concluding remarks
In the present study, I find that evidence for the maintenance of MHC variation that is
consistent with different modes of selection in different years. Clearly further analysis of the
data is required in order to determine the mode of selection acting on the MHC. However,
these hypotheses require temporal variation in MHC alleles but not neutral microsatellite
alleles. Such a signal is indicative of a higher effective migration rate of the MHC. In Chapter 5,
I will examine whether changes in parasite selection pressure are required to explain the fast
turnover of MHC alleles. The reason to test this is that although temporal samples differ in
parasite loads and prevalence, the same species (or genera) of parasites are found in the same
population in different years. Furthermore, one guppy population (Up) that has little or no
parasites, appears to posses very similar MHC alleles as the parasitized Mid and Low
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populations. Finally, the vast change in MHC alleles needs to be fuelled by immigration,
because the mutation rate cannot provide so many novel genetic variants in only few
generations. Altogether, these data cast doubt on the driving force of parasite-mediated
selection and Red Queen Dynamics, and this begs the question of whether the combination of
immigration and balancing selection could explain the rapid temporal changes in MHC alleles.
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A theoretical study on the population
genetics of MHC in a metapopulation
Faster than the Red Queen
Chapter 5

Abstract
The co-evolutionary arms race between parasite virulence genes and host immune genes is
known as Red Queen dynamics. Documenting Red Queen dynamics empirically is particularly
challenging, and instead, most studies demonstrate a pattern of variation in genotypes and
allele frequency fluctuations that is consistent with host-parasite co-evolution. Here computer
simulations and empirical data of the Major Histocompatibility Complex (MHC) of guppies
(Poecilia reticulata) are used to study how the turnover rate of alleles (temporal G'sr) is
affected by balancing selection, the level of genetic polymorphism in the metapopulation, the
migration rate and the effective population size. Although large fluctuations in allele
frequencies are consistent with Red Queen dynamics, simulations show that other
demographic and population genetic processes can also account for such data. The combined
impacts of evolutionary forces and stochastic events can dramatically alter the expectation for
genes under balancing selection compared to that of neutral genes. In particular, the
commonly held assumption that balancing selection homogenises gene frequencies and
reduces the level of genetic differentiation (GV) is not always correct, and it depends on the
interaction between evolutionary forces and population demography. Furthermore, although
balancing selection plays an important role in the population genetics of the MHC, parasites
are not the only agents of selection. The present study demonstrates that balancing selection
can explain a rapid turnover in MHC alleles, and that this observation should not be taken as
evidence of Red Queen dynamics through host-parasite co-evolution.

Introduction
Currently, a major challenge in evolutionary biology is to understand why the level of genetic
variation differs among genes that occur within the same geriome (e.g. Hohenlohe et al. 2010).
The effects of random genetic drift and migration are typically ruled out based on the logic
that all genes occur in the same genomic environment. Hence, these stochastic processes are
assumed to affect all genes to more or less the same extent and therefore, represent the null
model by which other forces are measured (reviewed by Ford 2002; Nei 2005). Polymorphism
generated in a population through mutation or recombination is eroded by genetic drift
(reviewed by Charlesworth 2009). Natural selection can act to increase or reduce
polymorphism and therefore, change the expectation under a neutral model of evolution
(reviewed by Nielsen 2005; Hurst 2009). Balancing selection is of particular interest because it
acts to maintain polymorphism despite the effects of genetic drift (see e.g. Aguilar et al. 2004;
van Oosterhout et al. 2006b; but see Bollmer et al. 2007).
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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 at. 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 FST) 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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across vertebrates (Kaufman et al. 1999; Hess and Edwards 2002; Danchin et al. 2004; Kelley et
al. 2005; Wegner 2008), which has made them ideal candidates for studying selection in nonmodel organisms in the wild (see reviews by Bernatchez and Landry 2003; Piertney and Oliver
2006). The aim of this study is to explore the factors that can contribute to the remarkable
evolutionary dynamics of the MHC besides temporal changes in parasite-mediated selection.
For this purpose, I analyse theoretically the interaction between random genetic drift, gene
flow and balancing selection, namely (symmetric) overdominant selection. I investigate how
these evolutionary forces affect the spatio-temporal genetic differentiation of genes in this
highly polymorphic multigene family. I compare the theoretical expectations with the
population genetic data of microsatellites (Barson et al. 2009, see also Chapter 2), SNPs
(Willing et al. 2010) and MHC (van Oosterhout et al. 2006b; Fraser and Neff 2010; Fraser et al.
2010b, see also Chapter 3) from a guppy (Poecilia reticulata) metapopulation in the Caroni
Drainage in Trinidad.

Materials and Methods
A computer simulation model was written to study how the allelic turnover rate as estimated
by the temporal genetic differentiation (G'ST) is affected by balancing selection, gene flow,
population size and the polymorphism at the locus. The population sizes and metapopulation
structure simulated was designed to mimic those of many freshwater fish species (e.g. Hanfling
and Weetman 2006), in particular that of guppies (Poecilia reticulata) in the Caroni Drainage in
Trinidad (Barson et al. 2009; Willing et al. 2010). In this source-sink metapopulation (Caroni
drainage), the tributary furthest downstream (the Caura catchment) represent a "super-sink"
that receives immigrants from several rivers upstream in the drainage. Downstream migration
occurs during the wet season rains when the rivers are in spate (van Oosterhout et al. 2007a).
After seasonal floods, the census population size of guppies in the Caura catchment is
estimated to be tens to hundreds of millions (van Oosterhout pers. comm.). This extremely
high density of guppies in the drains of towns in the lowlands has given the guppy its local
common name "million fish" (Houde 1997). In the dry season, the fish migrate upstream and
these seasonal migration events create a highly dynamic metapopulation structure (Barson et
al. 2009).
This metapopulation structure was modelled simulating an upstream and a downstream river
population that were connected by gene flow. These populations represent the Mid
(upstream) and the Low (downstream) guppy populations. An additional, infinitely large
"super-sink" population (the Caroni drainage) contributed to the gene pool of the downstream
river. The level of admixture estimated empirically by Barson et al. (2009) ranged from 5-21%
(mean 12%) for the downstream populations of guppies. The model simulated three
generations per year over a six year period. Within each year, population demography was
affected by a flushing event, caused by annual rains (see van Oosterhout et al. 2007a). A
variety of alternate models were simulated, however, the general model simulated a flushing
event followed by upstream migration and then population growth in each year. Microsatellite
variation was affected by population demographic processes and the MHC was also affected
by symmetric overdominance. Parameter variations within this model included the selection
coefficient (5 = 0- 0.5), source sink MHC diversity (k =5 - 80), effective population size (Ne = 30
- 1000), migration rate (Nm = 0.2 - 10.0) and the time of year that migration took place
(continual migration or seasonal migration).
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Guppies are thought to possess (up to) three MHC class lie gene loci (Chapter 3) which are
highly polymorphic (van Oosterhout et al. 2006a; van Oosterhout et al. 2006b; Fraser and Neff
2010; Fraser et al. 20106). By combining three temporal datasets of the MHC of guppies in the
Caroni Drainage (van Oosterhout et al. 2006a; van Oosterhout et al. 2006b; Fraser and Neff
2010; Fraser et al. 2010b) (Chapter 3) and calculating a discovery curve, it is estimated that
there are approximately 85 MHC alleles in the guppy populations of the Caroni Drainage (see
Appendix 6). The locus-specificity of these alleles remains unknown, and given the evidence of
inter-locus recombination (van Oosterhout et al. 2006a), it is assumed each allele can occur at
any of these three loci.
Balancing selection was modelled in the form of symmetric overdominance, with the fitness of
the homozygotes w = l-s, and the heterozygote with a fitness of unity (w= 1). Given the
relatively high migration rate (Nm > 1, see Chapter 2) and the large number of MHC alleles
present in the entire metapopulation (fr = 85) and the relatively small number of generations
that are simulated (vNet « 1), the mutation rate is set to zero (^ = 0). There is no genotypic
linkage disequilibrium (i.e. free recombination, c = 0.5) and fitness is multiplicative across loci.
Temporal genetic differentiation was expressed using a conventional FST statistic (G'ST) which
corrects for high levels of polymorphism present at the MHC and the simulated loci (Hedrick
2005b). The temporal G'Sr was calculated for the upstream population sampled in two
sampling periods separated by six years, which in guppy life history is equivalent to t=18
generations. This represents the two sampling periods (2001 and 2007) of which I have most
extensive microsatellite, SNP and MHC data (van Oosterhout et al. 2006b; Barson et al. 2009;
Fraser and Neff 2010; Fraser et al. 2010b; Willing et al. 2010, see also Chapters 2 and 3).
Simulations were started with genotypes sampled at random from the source population
(containing k MHC alleles). Data was recorded after a burn-in period of t = 1000 generations.

Results
npffjcient
First, the effect of balancing selection (symmetric overdominance) on the level of temporal
genetic differentiation (G'sr) for simulated upstream populations with constant size (Ne = 100).
In these simulations, the gene flow between the upstream and downstream populations
equals Nm = 1, and there are 85 alleles in the metapopulation. Figure 1 shows that G'Sr
increases the higher the coefficient of balancing selection. Apparently, with stronger selection
favouring the initially rare immigrant alleles, the allelic turnover rate and therefore the
temporal G'5r increase.

Amount of MHC polymorphism
Temporal genetic differentiation (G'sr)
polymorphism in the metapopulation
immigrants are more likely to introduce
immigrant alleles can potentially replace

furthermore increases with an increased level of
(Fig. 2). If there are more distinct MHC alleles,
novel, selectively favourable MHC alleles. The novel
the resident alleles, thereby increasing the temporal

G'sr-
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Migration rate
Temporal genetic differentiation (G'5r) increases with increasing upstream migration rate (Fig.
3). More upstream migrants introduce more novel MHC alleles. This increases the turnover
rate of MHC alleles with time and therefore the temporal G'ST increases.

The gene pools of large populations are relatively stable and only little affected by stochastic
allele frequency fluctuations. However, small populations rapidly loose alleles, which are
subsequently replaced by alleles brought in by immigrants. Consequently, the temporal G'sr
increases with decreasing upstream population size (Fig. 4).
Finally, I analysed the effects of population size fluctuations and fluctuations in migration rates
on temporal genetic differentiation. In these simulations, the harmonic mean population size
of the constant and fluctuating population are similar. Figure 5 shows that when the migration
rate is constant, population size fluctuations do not affect the temporal G'ST- However,
population size fluctuations do increase the level of temporal genetic differentiation when
migration occurs after a population-crash (Fig. 5). The MHC alleles that are introduced by
immigrants after the wet season floods are likely to become established when the population
is rapidly expanding after the population-crash in the wet season. Hence, the allelic turnover
rate is highest when migration occurs seasonally, just after the population crash.
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Figure 6 shows the genetic differentiation values of the upstream simulated (Mid) population
that increases from 30, 300 to 3000 from the wet to dry season (harmonic mean population
size N H = 81), and a Lowland population (Low) that increases from 120, 1200 to 12000
(NH = 324). In the simulations presented in Figure 6, the upstream and downstream migration
rates were Nm = 3.3, and balancing selection operated on the MHC with selection coefficient
5 = 0.5. Selection coefficients s < 0.2 and migration rates Nm < 2 were inconsistent with the
observed empirical G'ST values (data not shown).
The observed high level of temporal G'ST of the MHC, and the low level of temporal G'ST of the
microsatellites can be explained by the simulations. Note, however, that the observed spatial
G'ST of the MHC falls outside the 95% Cl of the simulated values, indicating that other
(unidentified) sources of variance may contribute to the spatial genetic differentiation in these
guppy populations.
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Figure 1. Temporal MHC G'ST for simulated populations with constant size (Ne = 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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Number of MHC alleles in source population (k)
Figure 2. Temporal MHC G'ST for simulated upstream populations with size Ne = 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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Figure 3. Temporal MHC G'Sr for simulated populations with size Ne - 100 and from a source
populations with 85 distinct MHC alleles at a locus with balancing selection coefficient 5 = 0.2,
and with an upstream migration rate of 0.2,1.0, 2.0, 5.0 and 10.0 individuals per generation.
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Figure 4. Temporal MHC G'5r for simulated populations with gene flow (Nm = 1) from a source
populations with 85 distinct MHC alleles at a locus with balancing selection coefficient S = 0.2,
and with population size 30, 50,100, 200, 500 and 1000.
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Figure 5. Temporal MHC G'Sr for simulated populations with a constant size Ne = 100 (solid
circles), and fluctuating population sizes (N = 34, 2500, and 5400 in a continuous 3-generation
cycle) that is equivalent to a harmonic mean size NH = 100 (open circles). The gene flow rate is
either constant every generation (Nm = 1) or seasonal (Nm = 3, 0 and 0). Gene flow is from a
source populations with k = 85 distinct MHC alleles at a locus that is subject to balancing
selection with S = 0.2, and the G'sr was calculated by sampling the population at an 18
generation time interval.
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Figure 6. Simulated (mean G'5r (5-95% Cl)) and the mean observed genetic differentiation (G'ST)
(circles and crosses, respectively) between the Mid Naranjo [Mid] and Lower Aripo [Low]
populations. Shown are the spatial genetic differentiation between Mid and Low (Spatial MidLow), as well as the temporal genetic differentiation within populations over time (2001-2007)
(Temporal Mid and Temporal Low). Genetic differentiation is measured at microsatellite (open
symbols) and MHC (solid symbols).
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Discussion
The present study aimed to determine whether the interactions between demographic
processes and evolutionary forces could explain the rapid turnover rate of MHC alleles in a
metapopulation of guppies in Trinidad. Computer simulations were used to study temporal
genetic differentiation (G'ST), which quantifies the turnover rate of alleles. Simulations show
that the temporal G'ST increased with the coefficient of balancing selection (symmetric
overdominance), the level of genetic polymorphism in the metapopulation, the migration rate,
and with decreasing effective population size. When migration occurred seasonally in a
population with fluctuating size, the temporal G'ST increased, indicating that novel immigrant
alleles replaced the resident alleles that were lost during the bottleneck.
Here I used symmetric overdominance and annual variation in population size to show that
MHC alleles may be replaced over time. The replacement of MHC alleles relies on a property of
alleles maintained through a rare-allele-advantage-type mechanism which is that they have a
higher effective migration rate. Here symmetric overdominance was used which is arguably
consistent with selection by parasites (Takahata and Nei 1990; but see De Boer et al. 2004) but
is also consistent with modes of non-parasite selection such as ABC evolution (see van
Oosterhout 2009a). Importantly though, this model does not require a change in parasite
fauna, as suggested by the fluctuating selection model, to change MHC alleles rapidly over
relatively short periods (i.e. 6 years or 18 generations of guppies). These results demonstrate
that large temporal genetic differentiation of MHC genes is not necessarily evidence of Red
Queen dynamics because it can be explained by the population genetic characteristics of this
multigene family and the demography of metapopulations. This study furthermore shows that
the combined impact of evolutionary forces and stochastic events can be different for genes
under balancing selection than for neutral genes. It demonstrates, in particular, that the high
level of temporal genetic divergence (G'sr) of MHC compared to that of microsatellites (see
Chapter 4) is consistent with the observed data and that this phenomenon does not require a
parasite-mediated runaway process as in Red Queen dynamics.
Simulations were able to account for the level of spatial and temporal divergence at both
neutral microsatellite and MHC loci (see Chapter 4). However, in order to attain the observed
level of turnover in the Mid population, migration rate was higher than previous estimates
(simulated values: Nm = 3.3 versus empirical values Mm = 0.13 and Nm = 0.288, see van
Oosterhout et al. 2006b; and Barson et al. 2009, respectively). Effective population size
estimates were also somewhat lower than previous estimates (simulated values: Ne = 81
versus empirical values Ne = 104 and Ne = 1090, see van Oosterhout et al. 2006b; and Barson
et al. 2009, respectively). Demographic estimates with large effective population size or
smaller migration rates were inconsistent with the empirical data and could either not explain
the large genetic differentiation of the MHC or they failed to explain the relatively low genetic
differentiation of the microsatellites. Estimates of effective population size and migration rate
vary between van Oosterhout et al. (2006b), Barson et al. (2009) and the present study (see
Chapter 2). This is because of (1) differences in the assumptions of the software used (IM (Hey
and Nielsen 2004) and MIGRATE (Beerli and Felsenstein 1999, 2001)), (2) differences in the
number of subpopulations analysed and (3) real differences in the demography of the system.
The demographic scenario used in the simulation is conceivable given the biology of the
system, and it provides an explanation for the high turnover rate of MHC alleles and the low
rate of allelic turnover at the neutral microsatellite loci. This simulation also provides an
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explanation for the high turnover rate of MHC alleles observed by Fraser et al. (2010b).
Nevertheless, the large difference between the 2001 and 2007 samples in the observed spatial
differentiation of the MHC is not fully accounted for in this simulation model. The simulated
values (5-95% Cl G'ST = 0.419-0.716) do not encompass the observed values from 2001 (MidUp 2001 G'ST = 0.251; Mid-Up 2007 G'sr = 0.697). This suggests that other (not yet identified)
sources of variance contribute that can either reduce or inflate the spatial genetic
differentiation between populations for the MHC.
Results from the present study should not be interpreted as evidence that Red Queen
dynamics does not occur, nor that the co-evolutionary arms race between parasite virulence
genes and vertebrate immune genes is not important in the evolution of the MHC. The
empirical evidence supporting host-parasite co-evolution is strong (e.g. Dionne et al. 2007),
albeit often indirect. Relatively few studies have directly correlated the infection rate of hosts
to their MHC genotype or to particular MHC alleles (Wegner et al. 2003b; Westerdahl et al.
2004; Bonneaud et al. 2006; Tollenaere et al. 2008; Oliver et al. 2009b; see also review by
Spurgin and Richardson 2010). This shortage of studies simply illustrates the difficulty
demonstrating the causal link between the immunological function of the MHC and the rich
parasite biodiversity. Furthermore, host-parasite co-evolution may also differ fundamentally
between systems. For example, in the minimum essential chicken MHC, causal links between
parasites and MHC alleles were established, a feat probably facilitated by the relative simple
genomic architecture of the MHC in chickens (Kaufman et al. 1999). Studies on sticklebacks
show that an optimal rather than a maximum number of MHC alleles is associated to the
lowest parasite load or highest lifetime reproductive success (Aeschlimann et al. 2003; Wegner
et al. 2003a; Kalbe et al. 2009). Those results highlight that organisms may differ in the way
selection operates on their immune genes. Nevertheless, where the MHC is polymorphic,
balancing selection is likely to play a crucial role in maintaining this diversity. However,
balancing selection should not be equated to parasite selection (or sexual selection), as other
selective agents may act on the immune genes (van Oosterhout 2009a).
Recent theoretical work on the MHC (van Oosterhout 2009a) and the S-locus of plants
(Uyenoyama 2005; Llaurens et al. 2009) demonstrated that these multigene families evolving
under balancing selection are prone to the accumulation of recessive deleterious mutations.
There are two characteristics that make these multigene families prone to this Muller's
ratchet-like process (Muller 1932): (1) their high levels of heterozygosity and (2) areas with
linkage disequilibria (van Oosterhout 2009a). Purifying selection acts against the most common
MHC alleles, because compared to rare ones, high-frequency alleles are more likely to occur in
homozygous state and express their recessive mutations. Selection thus balances the allele
frequencies, which maintains the polymorphism. This model is called Associative Balancing
Complex (ABC) evolution, and it proposes that balancing selection operates continuously,
irrespective of parasites. In MHC research, parasite selection is often inferred in cases where
the null model of neutrality is rejected (Langefors et al. 1998; Bryja et al. 2007; de Eyto et al.
2007). The present study demonstrates that large fluctuations in MHC allele frequencies are
not necessarily indicative of changes in parasite selection pressures, and that such temporal
variation is inherent to the population genetics in a metapopulation of a multigene family in
which genes are under balancing selection.
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General Discussion
Chapter 6
In a study of the population demography of guppies (Poecilia reticulata), I find that upstream
populations of guppies have small population sizes. Gene flow is biased in the downstream
direction but upstream gene flow is significantly larger than zero (Chapter 2). These small
upstream populations show significant reduction in microsatellite allelic richness. However,
MHC allelic richness does not decline with that of microsatellites. Instead, the MHC allelic
richness remains the same across all three guppy populations (Chapter 3). This is particularly
interesting because the smallest population, the Upper Naranjo (Up) was found to have a
significantly reduced parasite fauna whilst maintaining MHC polymorphism despite the effects
of random genetic drift (Chapter 3).
Spatio-temporal genetic differentiation of MHC and microsatellite loci was measured between
the Mid Naranjo (Mid) and Lower Aripo (Low) guppy populations in 2001 and 2007. Genetic
differentiation was consistent with negative frequency dependent selection or overdominance
in 2001 and of fluctuating selection in 2007 (Chapter 4). This change in the mode of balancing
selection prompted the use of a simulation model to account for both the 2001 and the 2007
results using overdominant selection (Chapter 5). Importantly, high temporal variation in MHC,
but not microsatellite alleles, implicated gene flow within a metapopulation system (Chapter
4). With the combination of overdominant selection and a source-sink metapopulation,
simulations were able to account for spatial genetic divergence previously proposed to be
produced by fluctuating selection (Chapter 5).
Altogether, these results highlight firstly, that other sources of balancing selection should be
considered in addition to parasite selection and secondly, that population demography can
have a different impact on the population genetics of the MHC compared to that of neutral
loci.

Spatial variation in microsatellites, MHC and parasite selection
Microsatellite variation in guppy populations within the Aripo River declines significantly from
Low to Mid to Up. This progressive decline in genetic variation from the lowlands to the
uplands is a long established observation in the guppy literature (Carvalho et al. 1991; Shaw et
al. 1991; Shaw et al. 1994; Carvalho et al. 1996; Barson et al. 2009) and it is typical for the
demography of a riverine environment where movement is largely unidirectional with the
water flow (see Hanfling and Weetman 2006). The reduction in genetic diversity in the uplands
may be a consequence of past colonisation events and the relatively small effective population
size in this habitat. Moreover, the elevated level of genetic variation in the lowlands is a likely
result of long term gene flow in the downstream direction from different tributaries, as well
the exchange between tributaries of the Caroni River (Barson et al. 2009). Barson et al. (2009)
found that upstream sites within the Caroni drainage were in mutation-drift equilibrium
indicating that they were not subject to rapid population turnover. However, the authors
found that the Mid population did show evidence of population decline. This is also consistent
with evidence from a mark-recapture study conducted in the Mid population in 2006, where
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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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selection on the MHC. However, recent evidence suggests that this is not the case. For
example, reduced gyrodactylid loads have been linked with a particular (a-type) MHC allele
both in the wild and under laboratory conditions (Fraser and Neff 2009, 2010). Altogether, the
different lines of evidence suggest that parasite selection alone cannot be responsible for the
high level of MHC diversity in the Up population. Sexual selection and Associative Balancing
Complex (ABC) evolution are therefore more likely to explain the observed level of MHC
diversity in wild guppy populations.

Temporal variation in MHC polymorphism
Theory shows that balancing selection through overdominance selection and NFDS will reduce
MHC genetic divergence (GV) at a spatial scale (Takahata and Nei 1990; Schierup et al. 2000;
Muirhead 2001). However, this thesis shows that balancing selection tends to increase
temporal genetic variation, particularly in an open metapopulation structure because novel
immigrant alleles are likely to replace resident alleles over time (see Table 1 in Spurgin and
Richardson 2010, see also Chapter 5). In the Mid and Low populations, the level of MHC
turnover between 2001 and 2007 is large with only 7 out of 33 (21.2%) MHC alleles being
observed in both the 2001 and 2007 samples (Chapter 4). This pattern was not observed for
the neutral microsatellite genes, which had a significantly lower rate of turnover with 56.5% of
alleles represented in both datasets.
The computer simulation outlined in Chapter 5 showed that the combination of large
fluctuations in census population size, balancing selection through overdominance and
immigration from a large gene pool of MHC alleles could explain the observed level of MHC
turnover. The same demographic scenario could also explain the population genetics of
(neutral) microsatellite genes. The crucial difference between MHC and microsatellite genes is
that balancing selection promotes the invasion of rare immigrant alleles. This effect is further
augmented by rapid population expansion after a population crash. Without fluctuations in
population size, immigrant alleles would enter a population that is already in selection-drift
equilibrium. The probability that a novel (rare) immigrant allele is lost from the population by
chance is considerably higher in a steady-state population than in a population that increases
in size. Indeed, when a rare immigrant allele enters a population after a crash or bottleneck,
overdominant (or NFDS) selection will help it to increase its frequency during subsequent
population expansion.
A comparison of genetic differentiation between the Mid and Low guppy populations in 2001
and 2007, revealed differences in the relative divergence between microsatellite and MHC loci.
In 2001, genetic differentiation was lower for MHC than microsatellite loci, a pattern indicative
of balancing selection through overdominance (or NFDS) (Schierup 1998; Schierup et al. 2000;
Muirhead 2001). In 2007, the pattern had reversed and MHC loci were more diverged than
microsatellite loci. This pattern is indicative of fluctuating selection acting over a spatial scale
(Hedrick et al. 1976; Hedrick 2002). Variation in the mode of selection has been demonstrated
in previous temporal studies (e.g. Charbonnel and Pemberton 2005; Bryja et al. 2007; Fraser et
al. 2010b). It is possible that a spatial differentiation in parasite selection has occurred in 2007
which is consistent with the parasite data.
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Limitations and future directions
In the present study, the MHC class 116 of guppies was quantified using an intensive cloning
and sequencing procedure. Now such a study could be done with more individuals from more
populations using second generation technology. Until recently, the time and cost these sorts
of experiments were prohibitive. However, using a PCR tagging procedure combined with
illumina sequencing of multiple individuals is both time and cost effective. Using this sort of
method, individuals could be PCR'd for exon 2 of the MHC class lie, individually tagged and
then pooled in an illumina run. This new technology also allows wild studies, similar to the one
conducted here, to considerably increase the number of samples and sample sizes without the
relative increase in investment of time and money.
The broad interpretations of the findings of the present study may be somewhat limited in
their application to the wider MHC community. The present study demonstrates the
maintenance of MHC variation in a parasite depauperate site and that temporal MHC variation
may be driven without fluctuating selection. However, this study focused on a limited number
of populations. The reason for the reduced number of populations is twofold. Firstly, the
numbers of populations used in the present study was limited because the investment (cloning
and sequencing) in individual guppies was high. The present study was the first to identify
guppies with more than four MHC class 110 alleles. This cloning effort reduced the number of
samples but increased the reliability of estimates of population genetic differentiation at the
MHC. The importance of estimating as accurately as possible the actual level of MHC variation
within each population was paramount because one of the objectives was to observe reduced
levels of polymorphism in a parasite depauperate site. The second reason that the number of
populations used here was limited was that the present study focussed on the UN, the parasite
depauperate site. This site and those downstream from it were sampled because they
represent a rare opportunity to test the effects of parasite selection within a river system.
Should additional upstream parasite depauperate sites be identified they would make
excellent replicates for the work done in the present study.
Parasitism is implicated as a source of natural selection in the maintenance of polymorphism in
the MHC (Piertney and Oliver 2006). MHC alleles have been identified for resistance (and
susceptibility) to specific parasites in a number of systems (Langefors et al. 2001; Lohm et al.
2002; Penn et al. 2002; Trachtenberg et al. 2003; Harf and Sommer 2005; Fraser and Neff
2009). A number of these studies use host survival within a mesocosm, with parasites, in order
to identify resistant and susceptible alleles (Langefors et al. 2001; Lohm et al. 2002; Fraser and
Neff 2009), or the increased fitness of heterozygous individuals (Penn et al. 2002). While these
studies are useful in indentifying parasites as a source of natural selection on the MHC, they do
not aid our understanding of how host parasite dynamic coevolution maintains MHC
polymorphism in the wild. This is because firstly, there is no history of host and parasite
interaction in the mesocosm and secondly, other factors (sexual selection and ABC evolution)
act in addition to parasite selection in the wild. Studies that observe correlations between
MHC allele frequencies and parasites in the wild (e.g. Fraser and Neff 2010), must explore
these relationships further in order to demonstrate causality (e.g. Fraser and Neff 2009).
Spurious correlations between MHC allele and parasite frequencies may occur where MHC
alleles are taken as biologically significant units where in fact they may be grouped into
supertypes (see e.g. Trachtenberg et al. 2003; Schwensow et al. 2007). In the present study,
parasites are grouped into biologically significant units based on species but this may also be
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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 multiple 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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Conclusion
The research conducted in this thesis challenges two major paradigms in MHC research.
1.

Based on my analysis of a population with unusually-low parasite diversity, is unlikely
that parasite selection can solely explain the evolution of the MHC.

2.

Red Queen Dynamics are often inferred from MHC-parasite data without a causal link.
Here I show using both a computer simulation and empirical data that such Red Queen
Dynamics of the MHC can also be explained by the interaction of the evolutionary
forces, characteristics of highly polymorphic multigene families, and demographic
factors typical of source-sink metapopulations.

Both conclusions warrant future studies on other selective forces acting on the MHC, in
particular sexual selection and ABC evolution.
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Appendix
Appendix 1. Genetic differentiation - macro check
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Figure 1. Genetic differentiation calculated between Up and Mid populations for each of 13
neutral microsatellite loci. Observed and median GST (5-95% Cl) are calculated by bootrapping
(with replacement) over individuals using 1000 replicates. In addition the validity of the
bootstrap method is confirmed with the addition of GST using the method of Nei (1987) within
FSTAT version 2.9.3 (Goudet 1995, 2001).
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Appendix 2. Microsatellite allele counts per locus (2007)
Pret-32
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120
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Allele size
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Figure 2. Counts of alleles for 11 out of 13 microsatellite loci (Pret32, G82, G289, G211, Pret77, Pr39, Hull70-2, Pret-69, Pr92, Hull9-l and Pret-46)of guppies in the Upper Naranjo (Up: n
= 47) and Mid Naranjo (n = 45), regions of the Aripo River. Two loci are not included because
they are fixed for the same allele. Genetic differentiation between these populations is low
(G'Sj = 0.066) but significantly greater than zero. Figure continued over.
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Figure 3. Counts of alleles of 13 microsatellite loci (Pret32, G82, G289, G211, Pret-77, Pr39,
Hull70-2, Pret-69, Pr92, Hull9-l, G72, G350 and Pret-46) from guppies in the Mid Naranjo (Mid:
n = 45) and Lower Aripo (Low: n = 45) regions of the Aripo River (G'ST = 0.232). Figure
continued over.

99

Hull 70-2

Pret-69

Mid
1 Low

•• Mid
1——1 Low

242

222

120

130

140

150

160

Allele size

Allele size

Pr92

Hull 9-1

I Mid
] Low

170

180

190

••Mid
I——I Low

2°
O

161

161

171

Allele size

Allele size

G350

80 • [

I Mid
] Low

I——1 Low

604020 0 -20
4060
«0100 --

Allele size

Pret-46

I Mid
] Low

_

20 •

§
0

0

186

206

Allele size

100

Appendix 3. Results controlled for cloning effort - 12 clones per
individual
Allelic richness (A) and genetic differentiation (G'ST) estimates were based on all clones
available per individual. However, 12 was the minimum number of clones sequenced per
individual. The cloning effort in the Up and Mid populations was approximately equal (number
of clones per population: Up = 342, Mid = 336) but the cloning effort in the Low population
was reduced (number of clones per population: Low = 288). Here I use the same bootstrapping
protocol (see Chapter 3) except cloning effort is capped at a maximum of 12 clones per
individual. This did not significantly affect MHC allelic richness (A) or genetic differentiation
(G'ST) (compare Fig. 7 and Fig. 8 in Chapter 3) of populations (Randomisation test: A, Up P =
0.297, Mid P = 0.159, Low P = 0.238; G'ST, Up-Mid P = 0.446, Mid-Low P = 0.525, Up-Low P =
0.481).
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Figure 4. Allelic richness (A, 5-95% Cl) of the MHC and microsatellite DNA variation in the
Upper Naranjo, Mid Naranjo and Lower Aripo guppy populations. The mean A for the MHC was
calculated based on an estimated 3 loci. The 95% confidence intervals are calculated by
bootstrapping over individuals. An attempt was made to control for cloning effort and
therefore 12 clones per individual was used. There was no significant difference between
methods utilising all clones per individual and limiting to 12 clones per individual (see text and
Fig. 7 in MHC chapter)
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Figure 5. Pairwise comparisons among the Up, Mid and Low populations were made for
genetic differentiation (G'ST, with 5-95% Cl) of MHC and 13 microsatellite loci by bootstrapping
over individuals. The dotted line passes from 0 to 1 and represents the expectation where
divergence of neutral variation and MHC is equally partitioned between these loci. Here an
attempt was made to control for MHC cloning effort and therefore 12 clones per individual
was used. There was no significant difference between methods utilising all clones per
individual and those limiting to 12 clones per individual (see text and Fig. 8 in MHC chapter)
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Appendix 4. Genetic differentiation, GST against G'ST
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Figure 6. G5r against G'5rl3 loci. Genetic differentiation (Gsr and GVvvith 5-95% Cl) of neutral
variation calculated by bootstrapping over individuals. Note that because GST values can only
be less than the average within population homozygosity (Hedrick 2005b), the most
polymorphic loci (see Table 1. Chapter 2) don't have representative G5T values. These loci have
G'ST values representative of the polymorphism.
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Appendix 5. PCR bias and gene duplication
PCR amplification bias is expected to be more common where multiple templates (alleles/loci)
are amplified using degenerate primers. A positive correlation between the proportion of
clones of an allele (within an individual) and the number of individuals found to have that
allele can be taken as evidence of PCR bias. The rationale for this is that alleles that are
preferentially amplified will make up a higher proportion of clones within an individual in
which they are present and therefore, are more likely to be observed in individuals compared
to other alleles. However, this finding can also indicate a locus fixed for a polymorphism that
has been duplicated. Here I demonstrate the positive correlation between the proportion of
individuals with a given allele and the mean proportion of clones that allele is represented
within. Guppies of the Mid and Low populations of the Aripo River were cloned and sequenced
for their MHC diversity (see Chapter 3 Materials & Methods). One guppy was excluded from
the analysis because it contained a single allele confirmed using an MHC allele outside the
current dataset.
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Figure 7. Regression of the proportion of individuals with a copy of a given allele against the
mean proportion of clones (within an individual) containing that allele. There is a strong
positive relationship between observing an allele in many individuals and the proportion of
clones containing that allele (Regression: R2=0.342; Fl,26=13.53; p=0.001). Relationship is
indicative of favourable amplification of particular alleles or the fixation of alleles at particular
loci.
The positive relationship between the proportion of individuals with an allele and the number
of clones containing that allele is indicative of both PCR amplification bias and fixation of
alleles at duplicated loci (Fig. 7). Interestingly, the observation that individuals possess an
intermediate number of MHC alleles (Fig. 8) is also consistent with both variation in locus
number with fixation of alleles at multiple loci and, preferential amplification of alleles during
PCR. PCR bias should be considered before MHC optimality in such cases where allele number
indicates locus variation between individual. This is especially true when one set of primers is
used at multiple loci.
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Figure 8. Observed numbers of alleles per individual reveals that two alleles is the most
common number of alleles per individual. Only individuals from the Up Mid and Low
populations for which 18 clones were sampled are included. Variation in the number of alleles
per individual is consistent with both a variation in the number of loci per individual and
reduced observation of alleles that are unfavourably amplified during PCR.

105

Appendix 6. Estimation of the number of Caroni MHC alleles using
the Michaelis-Menten rate equation.
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Number of individuals sequenced
Figure 9. Exploration curve using a Michaelis-Menten equation to estimate the maximum
number of MHC alleles present in the Caroni Drainage (Colwell and Coddington 1994). The
two-parameter hyperbola, S(lnd.) = (Smax lnd.)/(B + Ind.) was fitted using the observed MHC
allele frequencies in the Caroni Drainage based on data from van Oosterhout et al. (2006),
Fraser & Neff (2009), Fraser et al. (2010) and Chapter 3. The equation with the best fit and
R2=0.9999 is S(ind.) = 84.9lnd./(77.7 + Ind.). This suggests there is an asymptotic maximum
of
84.9 unique MHC sequences present in the Caroni.
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Appendix 7. MHC and microsatellite allele counts in 2001 and 2007
Allele counts of 2001 and 2007 populations of the Mid
(n 2001 =21 ;n 2007=20)
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Figure 10. MHC class US and microsatellite allele counts of the Mid and Low populations
compared across years (2001 - 2007). MHC alleles correspond to those given by Network (see
Fig. 1 Chapter 3). Note that counts of each allele are obtained from different numbers of
individuals. Figure continued over.
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Appendix 8. Approximating the number ofMHC alleles per individual

•
o

Simuated
Observed

5-

T3

I0>

o> 3
o

1 -

Simulated No. of clones sampled per individual
Figure 11. A re-sampling technique used to ascertain the number of clones per individual to
sample to best match the observed number of alleles per individual. Bootstrapping over alleles
reveals that selecting just two alleles per individual is the most similar way of achieving the
median from the observed data.
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Figure 12. Observed numbers of alleles per individual reveals that two alleles is the most
common number of per individual. Only individuals from the Up Mid and Low populations for
which 18 clones were sampled are included. Variation in the number of alleles per individual is
consistent with both a variation in the number of loci per individual and reduced observation
of alleles that are unfavourably amplified during PCR.
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Appendix 9. Reconciling

G'ST estimates based on

6

and

13

For the temporal analysis, I used the same loci that have been used in the previous study, the
original 6 loci. This allows for a like-with-like comparison in a nested analysis. In response to
the examiner's comments, I now added a new analysis that employed a resampling technique
of all 13 loci from 2007 or from a subset of the original 6 loci, used in the previous study. I tried
three variations of resampling techniques. The first was sampling over individuals (Ind). This
technique involved sampling all loci (6 or 13) from each individual. The second technique
sampled alleles from within each locus (Allele) and each locus was sampled separately. The
third technique involved sampling alleles from within loci (Alleles technique) but sorting each
locus separately before getting 5-95 % Cl for G'ST (Sort Allele technique). This has the effect of
increasing the Cl because each locus is sorted separately and then the mean G'ST is calculated
across loci.

Results
The 'Ind' and 'Allele' resampling techniques have little effect on G'57 and as expected, the 'Sort
Allele' technique increases the Cl of the 'Allele' technique. However, the use of the original 6
loci used in a previous study significantly increases the GV (Fig. 13). These 6 loci have, on
average, 1.4 more alleles per locus than the remaining seven loci (Table 1). This could explain
why they produce a higher G'5r (Fig. 12).
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Figure 13. Microsatellite G'ST calculated between the Mid and Low populations of guppies
(sampled 2007) using three sampling regimes, Ind, Allele, and Sort Allele. Each regime has
been repeated for both the original 6 and all 13 loci. G'ST calculated using the original 6 loci is
significantly greater than that calculated using all 13.
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Table 1. Allelic richness of 13 microsatellite loci from guppies of the Up, Mid and Low
populations, Trinidad (sampled 2007). The additional 7 loci are highlighted in grey and the
original 6 loci sampled in a previous study are highlighted in green. The original 6 loci are on
average 1.4 times more polymorphic than the other 7 loci, which could explain the increased
G'ST between populations when assessing these loci alone.
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Figure 12. G'ST of Mid and Low guppy populations (sampled 2007) for each of 13 loci, a dotted
line separates 7 of 13 loci used in later studies (Additional 7, left) and 6 of 13 loci used in
previous studies (Original 6, right).

Conclusion
The higher level of polymorphism of the original 6 loci elevated the G'ST estimate. The
assignment bias may be explained by the fact that the original 6 loci were selected to analyse
differences between the Mid and Low, whereas the later 7 loci were selected to study
polymorphism over a much wider geographic scale. In order to avoid bias, I have included the
analysis with the original 6 loci only, as this avoids the complication caused by the comparison
of different subsets of loci.
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Appendix 10
Table 2. Microsatellite allele frequencies at each of six loci from the Mid Naranjo and Lower
Aripo Guppy populations from 2001 and 2007.

Size

Pret77 Frequency
Mid
Low
2001
2001

162

0.00

166

1.00

168

0.00

178

0.00

0.10
0.03

180

0.00

0.00

0.02
0.84

Pret69 Frequency
Size

Med
2007
0.00

Low
2007
0.02

0.93
0.07

0.91
0.02

0.00

0.00

0.00

0.04

120
122

0.00
0.00
0.00

Pr39 Frequency

114
116
118

Low
2007
0.00
0.42

Mid
2001
0.00
0.55

Low
2001
0.02
0.50

Med
2007
0.00

0.45
0.00

0.31

0.42

0.00
0.02

0.00

0.33
0.04

0.00
0.00

0.00
0.00

0.00
0.00

0.04

0.49

159

0.00

0.00

0.00

0.02

126
128

161

0.00

0.05

0.02

163

0.00

0.30

134
136

0.00
0.00

165
167

0.00
0.00

0.19
0.04

0.07
0.02

0.07
0.27
0.16
0.04

169

1.00

0.35

0.82

148
152
156

0.00
0.00
0.00

171

0.00

0.02

172

0.00

173

0.00

0.02

0.00
0.00

0.07

175
181

0.00
0.00

0.04
0.00

0.00
0.00

0.02
0.02

176
180
186

0.00
0.00
0.00

183

0.00

0.00

0.07

0.02

185

0.00

0.00

0.00

0.02

152
154

0.00
0.98

0.02
0.48

0.00
0.84

0.00
0.29

0.00
0.24

0.02

156

0.29

0.16

0.58

158

0.02
0.00

0.05

0.00

0.04
0.02

0.00

0.00
0.00

0.00
0.00
0.00

0.02

0.00

0.29
0.00

Hull70-2 Frequency

0.02
0.00
0.00
0.02
0.07
0.02
0.02
0.00
0.00
0.02
0.00

0.00
0.00
0.04
0.00
0.04
0.00
0.00
0.00

0.02
0.00
0.04
0.00
0.02
0.00
0.04
0.00
0.02

Pr92 Frequency

190

0.00

0.00

202

0.18

0.02

206
210

0.09

0.04

0.00

0.02
0.00

0.00
0.00

0.02

0.02

160
164

218

0.00

0.07

0.02

0.02

166

0.00

0.02

0.00

0.00

222

0.00
0.00

0.00
0.00

0.07
0.09

168

230

0.07
0.17

0.00
0.00

0.02
0.12

0.00
0.00

0.02
0.02

234

0.00

0.04
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0.00

0.00
0.05

0.00
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0.16
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0.00

0.10

0.04

0.09
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0.00

0.03

0.00

0.00

160

0.95

0.05

0.78

0.04
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0.00

0.14

0.07
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0.02

0.00

0.04

0.02

0.68

0.16

0.02
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0.00
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0.05
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Appendix 11
Figure 13 (see over). Nucleotide MHC class \\B sequences of Poedlia reticulata. Identity with
the ffPore 101 sequence is indicated by dots, unavailability of information by a dash (first base
in codon 1), The number above the sequence indicates codon positions.
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Abstract

Gyrodactylids are ubiquitous fish parasites and yet, with the notable exception of Gyrodactylus Solaris, few studies have reported the
effect of these parasites on host survival in natural populations. Here, we assess the impact of the parasite load of gyrodactylids (G. turnbulli and G. bullatarudis) on the survival and migration of guppies (Poecilia reticulata) in their natural habitat of the Aripo River in Trin
idad. The recapture rate of males declined by 19% with every additional parasite, a remarkably high figure given that the parasite load in
this study ranged from zero to 20 worms. In addition, with an increased number of parasites, males were more prone to be recovered
downstream. In contrast, no effect of parasitism was observed in females. The mean parasite load sharply declined after a series of flush
ing events during heavy seasonal downpours. The parasite load varied significantly between fish depending on their location in the river,
and the size of the fish explained variation in parasite load between individuals. The present study indicates that tropical gyrodactylid
parasites can play an important role in the ecology of natural fish populations, causing intense bouts of natural selection in guppies
during heavy rains in the wet season.
© 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Evolution; Ecology; Mark-recapture; Fitness; MHC; Natural selection

1. Introduction
Parasites play a major role in the ecology and evolution
of their host species (Haldane, 1949; Hamilton and Zuk,
1982), but relatively few studies have analysed the impact
of parasitism on the survival probability of infected indi
viduals in natural populations (e.g. Brown et al., 1995;
Brown and Brown, 2004; Coonan et al., 2005; Forrester
and Finley, 2006; Hawlena et al., 2006; Telfer et al.,
* Corresponding author. Tel.: +44 (0) 1482 465505; fax: +44 (0) 1482
465458.
E-mail address: c.van-oosterhout@hull.ac.uk (C. van Oosterhout).
1 Present address: School of Biosciences, University of Bristol, Bristol,
BS8 1UG, UK.

2002). Mark-recapture analyses are commonly employed
to estimate mortality of the host species (e.g. Forrester
and Finley, 2006), which provides important data to infer
fitness costs and estimate parasite-mediated selection. This
is particularly important because the infection status of
hosts (i.e. their parasite load) may not translate to a true
fitness measure as infected hosts could simply survive and
cope with their parasites (e.g. Dale et al., 1996). Quantify
ing the long-term effects of parasites on host's fitness and
assessing spatial and temporal variation in parasite preva
lence are essential to our understanding of how natural
selection operates in wild populations.
The guppy (Poecilia reticulata) is an important ecologi
cal and evolutionary model organism that has been used
extensively to study adaptive evolution in response to

0020-7519/S30.00 © 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. Al] rights reserved.
doi:10.1016/j.ijpara.2006.12.016
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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 aha (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 Oosterhout et al., 2003a; Cable
and van Oosterhout, 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 histocompatibility 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 effective pop
ulation size (JVe) 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 Oosterhout 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 MidNaranjo tributary on 21 May 2006 (see Supplementary
Figs. S1-S3). 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 rimes.
Due to the relatively fast currents, up to 3.5 ms~' 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™ 5 g per 100 L and Polyaqua™
12.5 ml 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. 670m (when including Pool 6). During sampling
and resampling, pools and intervening riffles were visited
repeatedly throughout the day until no more guppies were
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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 Pool 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
^-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(,/Vt + 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 covariates, 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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additional parasite), holding all other factors and covariates constant (Sokal and Rolf, 1995).
A logit analysis was also used to test whether the decline
in recapture rate over time differed between the sexes. In
this model, the dependent variable was whether a guppy
was recaptured or not recaptured (coded as T and '0',
respectively). The last sample in which a guppy was
observed 'Resample' (original capture coded as '0', and
first, second and third recaptures coded as T, '2' and '3')
was used as a covariate and crossed with 'Sex' as the factor.
The 'Resample' x 'Sex' interaction tests whether the maxi
mum-likelihood estimates of the slopes differed between
the sexes, i.e. whether males and females differed in the
decline of recapture rate over time.
An ordinal logistic regression was used to test the asso
ciation between migration-direction (i.e. upstream migra
tion =+1, static or no movement — 0 and downstream
migration = -1) and predictor variables. As before, in this
model 'SL' and 'Parasite load' were covariates and 'Sex'
was used as the factor. The 'Pool' did not explain differenc
es in migration direction and was omitted from the analy
sis. Due to significant interactions between 'Sex' and 'SL',
and 'Sex' and 'Parasite load', the models were also calculat
ed separately for males and females.
All statistical analyses were performed using Minitab
12.1.
3. Results

Table 1 shows that males were not significantly more
mobile than females (males: 29 stationary and 36 mobile;
females: 29 stationary and 17 mobile; x2 = 3.666, df= 1,
P = 0.056). However, compared with females, males were
more likely to migrate upstream rather than migrate down
stream or remain in the same pool (#2 = 3.96, df = 1;
p= 0.047). Despite heavy rains and spate conditions at
the start of the wet season, there was no overall tendency
for fish to be recovered downstream (Binomial test for
females: P = 0.072, and for males: P = 0.434). The sex
ratio in the original sample of marked and released guppies
(109 males and 82 females) was significantly male-biased
(Binomial test: P = 0.030).
Significant spatial variation existed in guppy parasite
load between pools (see Table 2), with mean infection
intensity (±SEM) ranging from 1.18 (±0.46) in Pool 2 to
5.31 (±0.93) in Pool 3. No significant differences were
detected between males and females when 'SL' was used

Table 2

General linear model with the (Ln-transformed) number of parasites as
response variable and 'Pool' as random factor, and standard length 'SL'
nested within 'Sex' as covariate
Source

df

MS

F

P

Pool
SL (Sex)
Sex
Error

3
2
1
184

19.100
9.139
6.010
2.080

8.85
4.39
2.89

<0.001
0.014
0.091

Total

190

as a covariate nested within 'Sex'. However, 'SL' explained
significant variation in 'Parasite load' of males, with larger
individuals carrying a higher parasite load (T=2.31;
P = 0.022, see Table 3). For females there was also a posi
tive relationship between 'Parasite load' and 'SL', but this
was not statistically significant (7=1.90; P = 0.059, see
Table 3).
Significant differences existed in parasite load between
temporal samples of all captured fish (i.e. marked and
unmarked guppies) (Kruskal-Wallis test: H = 78.46;
Table 3
Regression analyses of parasite load on standard length for the female and
male guppies, separately
Term

Coef

SD

Constant
Females
Males

-2.3282
0.05849
0.21192

0.9005
0.03084
0.09187

-2.59
1.90
2.31

0.010
0.059
0.022

Original sample (21/05/2006)
Second sample (OS/06/2006)
Third sample (26/06/2006)

Table 1
Migration and recapture of female and male Poecilia reticulata
Males

Migration

Females

Downstream

Static
Not re-caught

12
5
29
36

19
17
29
44

Total released

82

109

Upstream

Fig. 1. Temporal variation in parasite load (number of gyrodactylid
worms per guppy) in the Naranjo Tributary in the transition from the dry
season (original sample collected on 21 May 2006) to the wet season
(samples collected on 5 and 26 June 2006).
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df=2; P< 0.001). Fig. 1 shows that the number of
parasites detected in the later samples was considerably
reduced compared with that of early samples. Also, the
experimental group of marked guppies appeared to have
lost parasites over time. In the original sample of marked
guppies collected in the dry season, 145 out of 191 fish
(75.9%) were infected with gyrodactylids. This number
decreased to 21 out of 84 guppies (25.0%) in the third
recapture (wet season) (%2 = 18.271; df = 1; P< 0.001).
Parasite load of marked and unmarked guppies did not
differ significantly in the first resampling (Kruskal-Wallis
tests: //= 1.36; df = 1; P = 0.245, n.s.) and third resam
pling (#=0.02; df=l; P = 0.884, n.s.) events. These
results suggest that temporal differences in parasite load
are not an artefact caused by the sampling of guppies,
the marking procedure or stress associated with handling,
but rather that the reduction in parasite numbers was a
natural phenomenon, possibly associated with heavy rains
in the wet season.
Binary logistic regression (logit) analysis with recapture
rate (recaptured or not) as the response variable showed
that there was a significant 'Sex' x 'Parasite load' interac
tion (Z = 2.86; P = 0.004), indicating that the effect of par
asites on recapture rate differs between the sexes. The
analysis was therefore performed separately on males and
females. In females, neither 'SL' (Z=-0.12; P = 0.904)
nor 'Parasite load' (Z = 1.66; P = 0.096) explained signifi
cant variation in the recapture rate, and similarly, 'SL' of
males did not explain variation in recapture rate either
(Z=0.87; P = 0.383). However, the number of parasites
significantly reduced the recapture rate of males (mean
(±SEM) b = -0.214( ±0.088); Z=-2.44; P = 0.015)
(Fig. 2). The negative coefficient from the logit analysis
[mean Odds ratio = 0.81 (95% CI: 0.68-0.96)] indicates

that recapture declined with increased numbers of para
sites. Infected males were 81% as likely to be recaptured
compared with males with one less parasite. In other
words, recapture rate declined by 19% with every addition
al parasite.
A logit analysis showed that the recapture rate of males
declined faster over resampling events than that of females
(Z = 2.08; P= 0.038; Odds ratio =1.47 (95% CI: 1.022.10). Of the marked females, 46.3%, 48.8% and 28.0%
were recaptured in the first, second and third resampling
events, which compare with 39.4%, 40.4% and 16.5%,
respectively, of marked males recaptured in the same
periods.
An ordinal logistic regression was performed with
migration direction (i.e. upstream, stationary or down
stream movement) as response variable. This showed there
was a significant 'Sex' x 'SL' interaction (Z = —2.36;
P = 0.018), indicating that migration direction differed
depending on the gender and size of the guppy. Therefore,
this analysis was also performed separately for males and
females. Neither 'SL' (Z = 0.34; P = 0.734) nor the number
of parasites (Z = 0.28; P = 0.782) affected the migration
direction or tendency of females. In contrast, with an
increased number of parasites, males were more prone to
be recovered downstream [Z=-2.28; P = 0.022; Odds
ratio = 0.73 (95% CI: 0.56-0.96)] (Fig. 3). Also, the size
of males affected the direction of migration, with larger
males going upstream and smaller males going downstream
[Z = 2.67; /> = 0.008; Odds ratio =1.59 (95% CI: 1.132.24)] (Fig. 4).
In contrast to the male-biased sex ratio in the original
sample of all guppies, the sex ratio of a sample of
unmarked guppies collected in Pools 0-5 on 26 June 2006
(third resampling event, wet season) showed a significant

615 -

01

Downstream
Not recaptured

Recaptured

Males

Fig. 2. Number of gyrodactylid worms on male guppies that were either
recaptured or not recaptured. The dots represent outliers, the bars the
lower and upper limits, and the box represents the first and third quartile
value with the median.

Static

Upstream

Migration direction

Fig. 3. The number of gyrodactylid parasites of male guppies in relation
to the direction of migration (downstream, static in the same pool, or
upstream). The dots represent outliers; the bars, the lower and upper
limits; and the box represents the first and third quartile value with the
median.
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22 -

ffl

18

16

1

Static

Upstream

Migration direction

Fig. 4. The standard length (in mm) of male guppies in relation to the
direction of migration (downstream, static in the same pool or upstream).
The dots represent outliers; the bars, the lower and upper limits; and the
box represents the first and third quartile value with the median.

female-biased sex ratio (189 males and 227 females;
Binomial probability: P = 0.0348).
4. Discussion
The parasite load of gyrodactylids affected the recapture
rate of males but not females. The recapture rate of males
declined by 19% with every additional parasite, a remark
ably high figure given that natural parasite loads ranged
from zero to 20 worms in the current study, and up to
100 parasites in a previous study (van Oosterhout et al.,
2006b). Compared with the dry season samples, we
observed a significant reduction in parasite load in the
wet season samples of both marked and unmarked fish.
These observations suggest that individual male guppies
with high parasite burden were selectively removed from
the population during heavy downpours, which reduced
the mean parasite load in the population.
The handling of fish during marking resulted in a
direct loss of parasites, but we did not observe differenc
es in the parasite burden of marked and unmarked gup
pies when resampling. It is furthermore conceivable that
males were more prone to stress-induced mortality after
marking, which could explain the low recapture rate of
marked males. However, we found a significant femalebiased sex ratio of unmarked guppies in the later wet
season samples which suggests that irrespective of mark
ing, strong selection acts on males during the transition
from the dry to the wet season. Guppies that were not
recaptured possibly survived and simply moved outside
the sampled area. However, Croft et al. (2003) recorded
movements up to 184m for males and up to 60m for
females. Given that our research area exceeded the max
imum migration rate estimated by Croft et al. (2003),
and that we found no marked individuals in a large sam
ple of guppies 500m downstream from the focal site, we

are confident that only a few individuals voluntarily
moved outside the sampling area. Furthermore, in anoth
er poeciliid, involuntary flushing during floods resulted in
the death of most fish (Chapman and Kramer, 1991; see
Introduction). In addition, even if the fish that were
flushed downstream managed to survive, they were
removed from the study population as fast flowing rapids
would have hindered upstream migration. Hence, from
an evolutionary perspective, these fish effectively died as
they would have been unable to reproduce in this
population.
A recent analysis of MHC variation in the same guppy
population suggested that strong selection has been acting
on these immunological genes (van Oosterhout et al.,
2006b). The present study corroborates this suggestion
and indicates that gyrodactylid parasites can be a formida
ble selective force in this population. The question remains,
however, whether the MHC genotype of guppies is associ
ated with resistance to gyrodactylid infections and/or asso
ciated infections, particularly bacteria and fungi (Bakke
et al., 2006).
Besides the effects of parasitism, male size also affected
migration, with larger individuals tending to move
upstream. Larger males are able to move upstream, possi
bly due to their better ability to resist flushing compared
with smaller males. Males were also more likely to migrate
upstream than females, but the overall migration tendency
did not differ significantly between the sexes. Croft et al.
(2003) examined the movement patterns of guppies in the
Arima River and in the Northern Mountain Range of Trin
idad, and they too found a positive relationship between
distance moved and SL. Furthermore, they found male-bi
ased movement, consistent with sexual asymmetry in
reproductive investment (Croft et al., 2003).
The current study shows, however, that although males
had a significantly higher tendency to migrate upstream
than females, no significant male bias migration was
detected. Possibly, heavy rainfall resulted in (involuntary)
downstream migration or flushing. For example, Chap
man and Kramer (1991) found that male and juvenile
P. gilli were more likely to disperse downstream after
floods, and Grether et al. (2001) showed that guppy biomass decreased by between 22% and 92% after floods in
the wet season in Trinidad. Such flushing events could
have offset any attempts by male guppies to migrate
upstream, and may also have inflated the apparent migra
tion rate of females. Indeed, females showed a marginally
significant downstream migration, which suggests that dis
persal was involuntary and mediated by flushing events,
assuming that females have a low tendency to move
(Croft et al., 2003). It has been suggested that upstream
movement allows riverine populations to maintain posi
tions within a stream (Kaya, 1991). We suggest that nat
ural selection favours upstream migration, and that
selection is particularly strong for males as, due to their
smaller size, they are more prone to flushing during
downpours.
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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. 1), 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; Reznick et al., 1990), but top-down control of guppies by Riv
ulus 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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Abstract PCR and sequencing artefacts can seriously bias
population genetic analyses, particularly of populations
with low genetic variation such as endangered vertebrate
populations. Here, we estimate the error rates, discuss their
population genetics implications, and propose a simple
detection method that helps to reduce the risk of accepting
such errors. We study the major histocompatibility complex
(MHC) class EB of guppies, Poecilia reticulata and find
that PCR base misincorporations inflate the apparent
sequence diversity. When analysing neutral genes, such bias
can inflate estimates of effective population size. Previously
suggested protocols for identifying genuine alleles are
unlikely to exclude all sequencing errors, or they ignore
genuine sequence diversity. We present a novel and statis
tically robust method that reduces the likelihood of
accepting PCR artefacts as genuine alleles, and which
minimises the necessity of repeated genotyping. Our
method identifies sequences that are unlikely to be a PCR
artefact, and which need to be independently confirmed
through additional PCR of the same template DNA. The
proposed methods are recommended particularly for pop
ulation genetic studies that involve multi-template DNA
and in studies on genes with low genetic diversity.
Keywords Major histocompatibility complex •
MHC • Mutation rate • Null alleles • PCR •
Sequencing errors • Population genetic analysis
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Introduction
The generation of sequence artefacts during PCR is an
insufficiently recognised problem in conservation genetic
studies. PCR error rate is not negligible, with approxi
mately 10% of all sequences containing one or more PCR
errors when amplifying a typical 250 bp sequence
(Keohavong and Thilly 1989; Kobayashi et al. 1999). PCR
and sequence artefacts increase apparent gene diversity and
thereby inflate estimates of the effective population size
(JVC). Assuming an infinite allele model (IAM), the effec
tive population size for neutral genes can be estimated as
We = HJ[4U(l - //„)], where U is the mutation rate of the
amplified sequence, and //e the heterozygosity. Given a
PCR error rate of 10%, this would lead to an overestimation of Nf. of between 20 and 50% for a polymorphic locus
with 0.1 < //e < 0.5. The overestimation of the effective
population size is most severe for loci with low gene
diversity, and hence, PCR errors can significantly affect
conservation genetic studies of small populations.
Studies involving multi-template PCR, such as those on
the major histocompatibility complex (MHC) multigene
family, use various protocols to minimise PCR error. These
include minimising the number of PCR cycles (Zylstra
et al. 1998) and reamplification of a diluted initial PCR
product, a "reconditioning PCR" (Thompson et al. 2002).
Separate amplifications with different primer pairs are used
to identify potential null alleles (van Oosterhout et al.
2006b) and sequences are confirmed when observed in two
or more samples. However, confirmation of sequences is
not always obtained by reamplifying the same template
DNA, as was suggested by Lukas et al. (2004).
Here we use cloned copies of exon 2 of MHC class II
DAB alleles amplified from guppy (Poecilia reticulata)
cDNA to quantify the rate of PCR misincorporations. We
YJ Springer

131

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 Oosterhout 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 \i\ 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 ul 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 Ml3 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 misincorporation was 1.85 x 10~5 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

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:
\N-(k-i)

in which k is the number of PCR errors, N is the total
number of bases in the sequence and e 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 (a'), 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 10~5 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 (a' = 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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prior knowledge of the PCR error rate is an advantage,
researchers could use the average PCR error rate for the
analysed gene in the proposed formula.
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CHAPTER 25

Evolutionary genetics and molecular ecology of the Major
Histocompatibility Complex (MHC) genes of poeciliids
M. M CMULLAN AND C. VAN OOSTERHOUT
25.1 Introduction
The Major Histocompatibility Complex (MHC) is a large multigene family present in all
jawed vertebrates (see Klein et al. 2000). It has a central role in immunocompetence and is
implicated in mate choice and sexual selection (Apanius et al. 1997; Edwards & Hedrick 1998;
Hughes & Yeager 1998; Penn & Potts 1999; Bernatchez & Landry 2003; Wegner et al. 2004;
Sommer 2005). The histocompatibility genes were first studied in relation to transplantation
compatibility in humans and mice (Dausset 1958) and then received attention in conservation
biology with work on the cheetah (O'Brien et al. 1985). The MHC is implicated with the
detection of invading pathogens by recognition of small protein fragments known as peptides,
or antigen.
The number of genes required to recognize antigens varies enormously between
species. For instance, there are over 200 MHC loci (including pseudogenes) within the human
MHC (the HUMAN LEUKOCYTE ANTIGEN or HLA (Glossary)) (The-MHC-sequencing-consortium 1999;
Shiina et al. 2004) and just 19 within the chicken MHC (B locus) (Kelley et al. 2005). The
number of MHC loci 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
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by various multigene models, including the ACCORDION MODEL OF MHC EVOLUTION (Klein et at.
1993), the BIRTH-AND-DEATH MODEL and CONCERTED EVOLUTION (see review by Nei & Rooney 2005).
The MHC is characterized by extraordinary levels of polymorphism, as is illustrated for
example 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 within and among populations (Wegner et al. 2003a; van Oosterhout et
al. 2006b; Dionne et al. 2007), as well as between different MHC genes (Robinson et al. 2003)
(IMGT/HLA Database, 2008). The highest level of polymorphism is observed within a specific
region of the MHC known as the PEPTIDE BINDING REGION (PBR) (Hughes & Yeager 1998). This
region is responsible for the specificity of the MHC molecule to bind particular peptides from
different sources of antigens, including bacteria, viruses and micro- and macroparasites
(Bjorkman et al. 1987b; Stern et al. 1994)
Parasitism and host defense against pathogens is generally considered the primary
mode of selection maintaining polymorphism at the MHC. The abundance and composition of
pathogens within populations is a proposed mechanism maintaining specific MHC alleles, and
much of the work on this subject has focused on humans (Shiina et al. 2004) and mice (Penn &
Potts 1999). Here, we focus on poeciliids, where the MHC has only recently been unraveled, as
well as on other teleosts, such as other Cyprinodontiformes, Gasterosteiformes and
Salmoniformes.
In addition to natural selection by parasites, sexual selection may also play a role in
maintaining MHC polymorphism (see Rios-Cardenas & Morris, Chapter 17, and Evans &
Pilastro, Chapter 18). Sexual selection for "GOOD GENES" or increased genetic diversity has been
shown to maintain MHC polymorphism in many species (Milinski 2006). Furthermore, the
variation at the MHC may be an important signal used in mate choice, with individuals showing
preference for genetically compatible mating partners which may for example help to avoid
inbreeding (Penn & Potts 1999; reviewed by Milinski 2006).
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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 Complex (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 cuss I and MHC CLASS II 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 III region contains a group
of genes genetically and evolutionary unrelated to class I or class II, although some of these
genes have immune function, particularly in the innate immune response (Klein & Sato 1998).
MHC class I and class II 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 II molecules differ in the type of antigens they present. Class I
molecules are expressed on the surface of all nucleated somatic cells and present peptides
originating from within the cell, such as viral peptides. Class II 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 djds ratio is one commonly used method (Ford 2002; Garrigan & Hedrick 2003). The
d N/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 d N/ds ratio will be below unity (d N/ds<l). However, in gene regions where
evolutionary change is favorable, positive selection is predicted to maintain nonsynonymous
mutations, resulting in an elevated d N/ds ratio (d N/ds>l). 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 a 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 d N/ds ratio (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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to be able to recognize twice as many pathogens as homozygous individuals, and therefore
have a superior immune response and higher fitness (Doherty & Zinkernagel 1975). Landry et
al. (2001) demonstrated selection for increased proportions of Atlantic salmon offspring
heterozygous at the MHC class II 6 locus. Similarly, Arkush et al. (2002) demonstrated
increased survival of heterozygous MHC class II 8 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 defense (Spielman et al. 2004; Hale & Briskie
2007; van Oosterhout et al. 2007b). Penn (2002) performed a meta-analysis and found no clear
evidence of MHC heterozygote advantage. Evidence is accumulating that an optimal, rather
than a maximal heterozygosity might be providing the highest resistance (see Nowak et al.
1992; Wegner et al. 2003b; Milinski 2006), which begs the question how MHC polymorphism
in populations is then maintained.

2. Negative frequency dependent selection: Negative frequency dependent selection is another
model of balancing selection that can maintain polymorphisms in populations (Clarke & Kirby
1966; Kojima 1971). Whereas overdominant selection acts on MHC genotypes, the model of
frequency dependent selection assumes that each MHC allele recognizes particular parasites.
Langefors et al. (2001) infected 4800 Salmo so/or with a bacterium (Aeromonos salmonicida)
and identified MHC alleles associated with either high resistance or susceptibility. This shows
that besides selection on heterozygous genotypes, parasite selection can also act on single
MHC alleles, which may result in a dynamic revolutionary arms race between the host
immune system and parasite virulence genes (Lively & Dybdahl 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
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(Slade & 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 & 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 to avoid 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). We know of no long term study
demonstrating this cyclical pattern of MHC allele frequencies in fish (but for studies on other
vertebrates, see Westerdahl et al. 2004). However, given the rapid generation time of
poeciliids and the recent advances made by studies on their MHC and parasites, future studies
on these fish offer promising insights into host-parasite coevolution and RED QUEEN dynamics
(Bell 1982; Penn & Potts 1999).

3. Spatial or temporal variable selection: Spatial and/or temporal heterogeneity in selection
pressure also can result in a balanced polymorphism at the MHC (Hedrick 2002). A study of the
MHC class I variation over nine years of great reed 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, also consistent
with frequency dependent selection (see also Charbonnel & Pemberton 2005). A parasite of
the Trinidadian guppy has also been implicated with temporal fluctuation in MHC allele
frequency. Miller et al. (2001) sampled MHC polymorphism in 31 populations of sorkeye
salmon (Oncorhynchus nerka) within a river basin. They found evidence of balancing selection
acting on the MHC in some but not all populations. The authors were able to separate
population demography to rule out population bottlenecks in low MHC diversity populations,
showing that the patterns of allele frequencies in some populations were more consistent with
directional selection (Landry & Bernatchez 2001).
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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 various 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 MHChomozygous 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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avenue of research is offered by the comparison of MHC evolution in a pair of closely-related
poeciliids, one species being entirely clonal and the other sexually reproducing (see section
25.5.1 and Schlupp & Riesch, Chapter 5).

There is increasing evidence that the outcome of sperm competition can depend on
interactions between male and female genotypes (see Rios-Cardenas & Morris, Chapter 17,
and Evans & Pilastro, Chapter 18). Studies on organisms other than poeciliids suggest that
MHC may be implicated in non-random fertilization (see Simmons 2005 for review ). However,
these studies typically score paternity on newborn or adult offspring, making it difficult to
disentangle the effect of sperm selection from differential embryo mortality. The only study
which directly measured fertilization success in a fish (Arctic charr, Salvelinus alpinus) failed to
find any effect of MHC genotype on fertilization success in a non-competitive situation
(Skarstein et al. 2005).

25.5 Poeciliid MHC

The class I and II genes of the teleosts MHC are unlinked and thought to reside on
separate chromosomes, an arrangement that is markedly different from that of tetrapods
(Sato et al. 2000; Stet et al. 2003; Dixon 2008). Free recombination between class I and II MHC
regions in teleost fish is believed to be a derived characteristic as the class 1 and II genes in
cartilaginous fishes, the oldest class of extant vertebrates, is linked (Ohta et al. 2000). Class III
genes are split over several different chromosomes in teleost (Flajnik et al. 1999; Sambrook et
al. 2002). The occurrence of separate linkage groups may have important implications for the
evolution of teleost MHC, as with free recombination, selection can operate independently on
the different gene classes. This suggests that teleost MHC is more versatile, and perhaps less
prone to accumulate mutations by GENETIC HITCHHIKING. Relatively little work has been done on
MHC class I and III in poeciliids (but see Sato et al. 1995; Sato et al. 2000; Schaschi et al. 2008),
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possibly because class I genes are involved in the antigen presentation of more elusive
intracellular parasites such as viruses. However, Figueroa et al. (2001) conduct a
comprehensive survey of the MHC class I of 22 swordtail fishes. Sequences were found to fall
within one of two ancient lineages and the pattern of sequence similarity was consistent with
the birth-and-death theory of multigene evolution (Nei & Rooney 2005). In this chapter we will
focus on research on MHC class II loci, in particular DAB, DXB genes and introns (Box 2).

25.5.1 Poeciliid MHC DAB genes

The MHC multigene family and its large number of genes necessitate a clear
classification of alleles and genes. Here, we follow the nomenclature first proposed by Klein et
al. (1990). The DAB loci in poeciliids (and many other fish species) are possibly the best studied
genes. DAB specifies the region of the MHC, in which D is an abbreviation of Duo, in reference
to class II, is A represents the family of genes and 8 specifies the (3 heterodimer (class II 6). The
species from which the MHC sequence was amplified is denoted by abbreviation of genus and
species names, for example, Mhc-Pore specifies that the MHC sequence was obtained from the
organism Poecilia reticuloi

(see Klein et al. 1990).

Sato et al. (1995) first described the MHC of the guppy using ornamental stocks and
inbred wild fish to define the class I and class II regions of the MHC. The authors found very
low variability at both classes of genes and predicted that guppies possess one MHC class II
gene and one or two MHC class I genes, van Oosterhout et al. (2006a) confirmed this finding,
showing that ornamental guppy lines possessed between one and three MHC class II B alleles.
However, they detected up to four alleles in individual wild-caught guppies, which implies
there are at least two DAB genes. Within populations, the authors detected 15 to 16 MHC
alleles, demonstrating these wild guppy populations had a much higher level of MHC
polymorphism than ornamental guppy stocks. The disparity in allelic richness between wild
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and ornamental fish could not be explained by fixation of alleles by inbreeding in captivity, nor
by the presence of non-amplified sequences (i.e. null alleles). Rather, van Oosterhout et al.
(2006a) suggested that during many generations in captivity, multigene evolution may have
played an important role shaping the organization and polymorphism of the MHC. In the
ornamental lines, GENE CONVERSION may have fixed the same allele at duplicated MHC DAB
genes. (For the role of gene conversion in teleost MHC, see e.g. Reusch et al. 2004; Reusch &
Langefors 2005). van Oosterhout et al. (2006a) furthermore hypothesized that a reduced level
of parasitism during >100 generations in captivity may have reduced the number of duplicated
DAB genes in the ornamental strains, a hypothesis consistent with the accordion model of
MHC evolution (see Klein et al. 1993).
The MHC has also been well-studied in two other poeciliids, the Gila topminnow
(Poeciliopsis o. occidentals) and the 'aqui topminnow (P. o. sonoriensis). Work by Hedrick et
al. represents one of the first examples for the use of MHC variation in conservation of an
endangered species (Hedrick & Parker 1998; Hedrick et al. 2001a; Hedrick et al. 2001b), (see
section 25.6.3).
Schaschl et al. (2008) have analyzed the MHC class I and class II B diversity of two closely
related mollies. The

mazon molly (Poeciliaformosa' is a clonal all-female Poeciliid that lives in

sympatry with the sexually reproducing

ilfin molly (Poecilia latipinna) (see also Schlupp &

Riesch, Chapter 5). Both neutral genetic and MHC class I and II diversity of the asexual molly
were lower in comparison to its sexual counterpart, although it still maintained a considerable
level of MHC diversity. The Red Queen hypothesis suggests that the asexual molly should be
unable to provide a "moving target" against rapidly evolving pathogens, as (meiotic)
recombination cannot provide novel gene combinations in clonally reproducing organisms.
However, previous research showed no difference in parasite prevalence between both
sympatric species (Tobler & Schlupp 2005; Tobler et al. 2005). Comparison of MHC diversity
between the asexually and sexually reproducing species offers a unique opportunity to
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disentangle the relative roles of parasites and sexual selection in the maintenance of MHC
polymorphism.

2JL5.2 Poeciliid MHC DXB eene

In 1998, McConnell et al. (1998b) reported a novel MHC class II 6-like gene in
Xiphophorus mocu/oti

and x. helleri. This gene was labeled 0X8 as its family designation

remains unknown (McConnell et al. 1998b). This locus is unlinked to the DAB locus and is
expressed in X. maculatus, x multilineatus and X. pygmaeus (McConnell et al. 1998a; Roney et
al. 2004). Genomic copies of this gene have also been identified in X. helleri and P. reticulata,
with features consistent with functional genes (McConnell et al. 1998a; McConnell et al.
1998b). Xima-DXB and Pore-DXB are thought to be orthologous, sharing 98% sequence
similarity in exon 3 (i.e. Xima-DXB*01 and Pore-DXB*01). DXB has a sequence similarity of only
61-63% in exon 3 with DAB alleles, and both genes are hypothesized to be the result of an
ancient gene duplication event. However, unlike DAB, the DXB genes show very little
polymorphism and a weak signal of positive selection (Summers et al. 2008).
The exon-intron structure of the DXB is similar to that of amphibian, chicken and
human class 116 structure, which suggests that a DXS-like lineage is phylogenetically related to
tetrapod MHC class II B genes (McConnell et al. 1998a; McConnell et al. 1998b). Interestingly,
Roney et al. (2004) identified two alternative splice patterns of the DXB gene (as well as one
truncated version from a sample of X. multilineatus and X. pygmaeus). Alternative splicing is
the transcription of only certain exons within a gene, and this allows a single gene to encode
many distinct proteins (reviewed by Stetefeld & Ruegg 2005; Artamonova & Gelfand 2007).
Alternative splicing may be an important feature of the MHC, potentially increasing its
versatility, and in one human nonclassical class II chain molecule (HLA-DM) four alternative
splice patterns have been detected (Modrek et al. 2001). Gene expression and population
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genetics of the DXB genes in poeciliids has received relatively little attention. However, the
interactions between DXB gene products and other MHC class II molecules (see Ting &
Trowsdale 2002; Danchin et al. 2004), and the relative conservation of this gene across
phylogenetically distinct taxa suggest it plays an important role in MHC evolution and its
functioning (Jensen et al. 2008). As recently highlighted by Summers et al (2008), research on
fish, and in particular poeciliids, may help to unravel the enigmatic role of (nonclassical) MHC
genes in other vertebrates.

The genomic organization of Poeciliid MHC is relatively simple, and is more similar to
that of salmonids than that of many other important evolutionary and ecological model
species. Salmonids are believed to contain just one DAB locus (Langefors et al. 1998; Langefors
et al. 2000; Landry & Bernatchez 2001; Stet et al. 2002), which makes detecting putative
associations between resistance and MHC alleles or genotypes easier than for species with
many duplicated MHC genes. For example, the three-spined stickleback is thought to have four
DB gene loci (Gaac-DAB, -DBB, -DCB & -DOB) (Reusch & Langefors 2005), while cichlids may
have up to 17 loci (Malaga-Trillo et al. 1998). Consequently, in these species associations
between resistance and MHC can only be detected when analyzing multilocus genotypes.
Although several studies aimed to find the evolutionary or ecological cause for the high and
variable number of DB loci, PCR amplifying alleles of a large number of loci is a technically
challenging task. Indeed, the relative simplicity of Poeciliid MHC makes this family an excellent
model for future immunological, parasitological and evolutionary studies. Furthermore, the
apparent difference in genomic organization between ornamental and wild guppies makes this
an interesting species to examine the role of different models of multigene evolution.

25.6 Poeciliid MHC, molecular evolution and ecology

25.6.1 Parasite selection and MHC in poeciliids
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In natural populations, all genetic variation is effected by mutation and random
genetic drift. In addition to these evolutionary forces, MHC genes are also affected by selection
(Ford 2002; Garrigan & Hedrick 2003). To study the effects of selection, researchers tend to
compare the genetic variation at MHC loci to that of neutral genetic markers (e.g.
microsatellites). The signal of natural selection should be detectable only in the MHC, while
population demographic forces (such as genetic drift, migration and mutation) will be evident
at both neutral and immunogenetic loci. This allows one to disentangle these demographic
effects from the effects of selection on the MHC (van Oosterhout et al. 2006b).
van Oosterhout et al. (2006) assessed MHC class II B diversity in two wild populations
of guppies, whilst also recording differences in parasite fauna. Populations inhabited the upper
(Ne = 100) and lower (Ne = 2400) regions of the Aripo River in Trinidad. Both sites are
characterized by a distinctly different parasite fauna (see Cable, Chapter 8), more specifically,
Gyrodactylus burdens of individual fish were markedly different between sites (van Oosterhout
et al. 2006b). The upland population, with higher Gyrodactylus loads was shown to maintain
high levels of MHC diversity despite the effects of random genetic drift on this small
population. Using computer simulations that incorporated the demographic estimates based
on microsatellite variation, the authors estimated selection coefficients of S>0.2 acting on the
MHC in the most parasitized population.
In a subsequent study, van Oosterhout et al. (2007a) estimated the potential for
parasite selection directly, using a mark-recapture experiment in the same Aripo guppy
population in Trinidad. They marked almost 200 guppies and counted their gyrodactylid
parasite load. Although individuals with a relatively high parasite burden were recaptured with
a significantly reduced rate, the selection coefficient was lower (S<0.14) than that required to
explain the MHC variation observed in the previous study (van Oosterhout et al. 2006b). This
suggests that other selective forces are operating on the MHC, such as sexual selection
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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 model 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 (Poedliopsis o. ocddentalis). They examined four watersheds in the USA, and
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found no MHC variation in the most severely bottlenecked population. Because the studied
populations differed significantly in their MHC divergence, the authors suggested further
research was warranted to establish whether the watersheds should be considered for
independent conservation and management. In a subsequent study, Hedrick et al. (ZOOlb)
used both microsatellites and MHC to study the conservation genetics of the endangered
Sonoran topminnow. The Sonoran topminnow (Poeciliopsis occidentalis) consisted of two
putative subspecies, the Gila topminnow (Poeciliopsis o. occidentalis) and the Yaqui
topminnow (P. o. sonoriensis). The authors used both sets of highly polymorphic markers to
recommend that both species should be recognized as species (rather than subspecies), and
identified as different evolutionarily significant units (ESUs) and management units (MUs).
Hedrick et al. (2001a) also showed that gene diversity of the MHC plays a potentially important
role in immunocompetence in Gila topminnows, showing that fish with homozygote MHC
genotypes were marginally more susceptible to gyrodactylid parasite infections than
heterozygous individuals. However, Giese & Hedrick (2003) did not find an association
between MHC genotype and resistance to a bacterial infection in the Gila topminnow.

25.7 Concluding remarks

Studies on Poeciliid MHC may unravel some of the most enigmatic questions in
evolutionary biology, including the roles of parasite driven selection and sexual selection in
adaptive evolution. Poeciliid fishes are particularly well-suited models to examine those
questions, given their often (relative) simple MHC organization, well-known parasite faunas
and their tractability in behavioral and field experiments. For example, contrasting the
mother/embryo interactions between poeciliids with superfetation versus those with
ovoviviparity may serve as a model for studying the role of MHC in embryo survival and MHCmediated prenatal selection in newborns. Research on MHC in poeciliids is furthermore
important for conservation biology, not only because these fish are excellent models to
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examine captive breeding programs, but also because several Poeciliid species are vulnerable
or endangered themselves.
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Glossary
ACCORDION MODEL OF MHC EVOLUTION: 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
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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 co. 105 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 CLASS I 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 II 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 I and class II 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-ANDDEATH 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 Recognition 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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Boxl
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 MHCdisease 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 small, 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), chimps (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 Salome 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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