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As individuals and populations diverge ecologically, they become exposed to new 

parasites and pathogens with potentially harmful fitness consequences. Populations are 

therefore expected to evolve resistance, possibly at a cost of less resistance to parasites 

rarely encountered parasites. This trade-off in resistance should generate local adaptation 

to parasites in different habitats. In chapter one, I show how local adaptation can 

potentially evolve in response to variation in parasite exposure among eighteen 

ecologically variable  populations of threespine stickleback (Gasterosteus aculeatus). 

Within populations infection appeared to reflect morphology/diet based exposure 

differences among individuals. Among populations, however, these patterns were absent 

or reversed, consistent with the evolution of local adaptation. In chapters two and three I 

set out to test whether variation major histocompatibility (MHC) genes can underly such 

local adaptation in stickleback. MHC genes are important components of vertebrate 

immunity; however, there is little direct empirical support for spatially divergent 

selection driving local adaptation on MHC loci in the wild. In chapter two I tested for the 

action of parasite mediated balancing and divergent selection on on MHC loci using 

naturally infected stickleback in three replicate lake-stream pairs. Despite consistent 

divergence in parasites and MHC alleles, lakes tended to show decreased parasite 

burdens with increased allelic richness (consistent with balancing selection), while 

streams showed some support for divergent selection between lake and stream types. In 

chapter three I use the same lake-stream pairs to investigate how divergent selection 
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could instead be reflected in variation in the effects of individual MHC alleles among 

populations. When comparing parapatric populations experiencing gene flow, MHC 

alleles maintained at relatively high frequency in one population were more likely to be 

associated with reduced, rather than increased, parasite abundances in that population. 

Allopatric populations experiencing no gene flow showed no such general relationship 

between allele frequency and resistance. These results are only consistent with spatially 

divergent selection, and imply that gene flow and environmental heterogeneity can be 

important for maintaining MHC diversity.
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Chapter One: Variation in exposure generates contrasting patterns of phenotype-

dependent parasitism within and among populations of threespine stickleback

Abstract

Variation in infection rate arises from variation in host exposure and susceptibility 

to parasites both within and among populations. Within populations, phenotypes that 

increase exposure risk should covary positively with infection. It might therefore be 

expected that populations with mean phenotypes that increase exposure might also have 

higher rates of infection. However, such positive covariance between exposure and 

infection might be undermined by other factors such as geographic variation in parasite 

abundance or host resistance, negating or reversing in between-population comparisons. I 

studied rates of infection of two parasites among 18 populations of threespine stickleback 

(Gasterosteus aculeatus). As predicted, within populations, trophic morphology covaries 

with infection of two trophically transmitted parasites: individuals with benthic (or 

limnetic) phenotypes were more likely to be infected with a benthic (or limnetic) parasite. 

However, across populations, the relationship between morphology and infection rate 

was absent (limnetic parasite) or reversed (benthic parasite). My results confirm the 

importance of phenotype-dependent exposure, but stress different factors or processes, 

such as the evolution of reduced susceptibility, might shape variation in infection at larger 

spatial scales.  My results confirm the importance of phenotype-dependent exposure, but 

stress different factors or processes, such as the evolution of reduced susceptibility, might 
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shape variation in infection at larger spatial scales. 

Introduction

Both within and among populations, hosts differ in their propensities to become 

infected with parasites (Schmid-Hempel 2011). One way such differences arise is through 

among-host variation in susceptibility to infection. For example, both genetic resistance 

and environmental variation in host condition or immunological state can cause 

differences in susceptibility among hosts (Lazzaro and Little 2009). Hosts may also differ 

in their tolerance of infection, with more tolerant hosts harboring relatively more 

parasites (or surviving longer) than less tolerant ones, despite equal susceptibility (Jokela 

et al. 2000, Roy and Kirchner 2000). Alternatively, hosts can vary substantially in the 

their exposure to parasites in the environment (Keymer and Anderson 1979, Karvonen et 

al. 2004, Hechinger and Lafferty 2005, Poulin 2006). Exposure variation is a potentially 

important driver of infection differences because it acts before other mechanisms in 

determining hosts' likelihood of infection (Holmes 1987, Combes 2001). Thus, 

explaining how exposure rates differ within and among populations can potentially affect 

my understanding of many ecological and evolutionary phenomena involving parasitic 

infection (Anderson and May 1978, Woolhouse et al. 1997, Schmid-Hempel and Ebert 

2003, Thompson 2005, Koskella and Lively 2007, Wood et al. 2007, Lafferty et al. 2008). 

Infection is often positively correlated with features of the environment that 

increase exposure for all individuals within a single population. For parasites with 
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complex (multi-host) life histories, variation in exposure is often determined by the 

abundance of intermediate or terminal hosts. For example, highly acidic lakes serve as 

poor habitats for gastropods, which are the first hosts for many parasites of fish, and thus 

fish parasite communities can differ substantially across pH gradients (Curtis and Rau 

1980, Marcogliese and Cone 1996). Populations can also differ in parasite exposure if 

their respective communities differ in the abundance of terminal host species that spread 

infective stages (Hechinger and Lafferty 2005, Byers et al. 2008), or of suitable alternate 

hosts that serve as transmission agents (Perkins et al. 2006, Johnson and Thieltges 2010, 

Ostfeld and Keesing 2012). Abiotic environmental variation can also directly affect the 

viability of free-living parasite stages, altering rates of exposure for their hosts (Pietrock 

and Marcogliese 2003).

Although exposure variation among individuals within a single population or 

geographic location is often stochastic, individual host phenotypes can also influence 

exposure rate in a number of ways (Lozano 1991, Barber et al. 2000, Hudson et al. 2002, 

Poulin 2006). Most directly, variation in avoidance behavior among individuals may 

generate variation in exposure, such as when exposure is tied directly to feeding behavior 

(Lozano 1991). Parker et al (2010) showed that gypsy moth (Lymantria dispar) larvae 

exhibit heritable variation in their propensity to consume foliage contaminated by 

conspecific cadavers infected with baculovirus. Host organisms may also be able to avoid 

microhabitats where exposure is more likely (Barber et al. 2000). For example, 

stickleback fish (Gasterosteus aculeatus and G. wheatlandii) will adjust their micro-
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habitat preference when their preferred substrates contain ectoparasites (Poulin and 

FitzGerald 1989). Organisms may also be able to avoid infected conspecifics as a way of 

reducing exposure (Barber et al. 2000 p. 200), for example by reducing shoaling or 

grouping behavior, or avoiding infected potential mates (Hillgarth 1996).

Variation in parasite exposure can also occur as an incidental byproduct of 

phenotypic variation resulting from other ecological interactions and processes. For 

example, variation in prey choice can lead directly to variation in exposure to parasites 

transmitted through particular prey or food items (Lozano 1991, Bolnick et al. 2003, Hall 

et al. 2007, Knudsen et al. 2011, Luong et al. 2013). Diet related variation in parasitism 

has been most clearly noted in populations with discrete trophic polymorphisms 

(typically fish in north temperate or sub-arctic lakes) and/or in incipient species pairs in 

Salvelinus spp. (Walker et al. 1988, Frandsen et al. 1989, Dorucu et al. 1995, Knudsen et 

al. 1997, 2004, 2010, 2011, Bertrand et al. 2008) Coregonus spp. (Knudsen et al. 2003, 

Karvonen et al. 2013), Lepomis macrochirus (Wilson et al. 1996), Lake Malawi and Lake 

Victoria cichlids (Blais et al. 2007, Maan et al. 2008), and G. aculeatus (MacColl 2009). 

In these cases, two or more distinct (and often reproductively isolated) ecomorphs or 

species specialize on alternative resources within the same geographic location (i.e. lake). 

As a result the different morphs become infected mostly or exclusively with parasites 

acquired from the corresponding prey items. Phenotypic variation in feeding behavior 

arising from ontogenetic niche shifts (Knudsen et al. 1997, Amundsen et al. 2003) and 

differences in between the sexes in feeding behavior (Reimchen and Nosil 2001, Luong 
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et al. 2013) may also introduce variation in exposure among individuals within a single 

population. 

However, there often exists substantial phenotypic variation between individuals 

in traits such as habitat use or diet choice that is not accounted for by differences in age, 

sex, or by discrete polymorphisms (Bolnick et al. 2003). Even within an age class, sex, or 

morph, individuals vary in behavior and morphology in ways that lead to divergent 

resource use and consequently predictable variation in exposure to parasites among 

individuals (variation I refer to hereafter as phenotype-dependent exposure). In contrast 

to morph- and sex-dependent parasitism, there is limited evidence for individual 

phenotype-dependent exposure and parasite infection in the wild. Johnson et al. (2009) 

showed that within a single population of sea-otters (Enhydra lutris nereis) on the central 

California coast, individuals consuming more marine snails were more likely to be 

infected with the protozoan Toxoplasma gondii. Similarly, using PCR based analyses, 

Luong et al. (2013) showed that white-footed mice (Peromyscus leucopus ) were more 

likely to parasitized by nematodes if they had consumed crickets (the intermediate host) 

in the recent past. However, neither of these studies attempted to link parasite infection 

directly to phenotypic variation. To my knowledge, only one study directly measured 

associations between parasite infection and individual phenotypic variation. Within a 

single sampling zone (littoral) of Arctic Charr (Salvelinus alpinus) individuals with more 

benthic morphology and more benthic prey in stomach contents were more likely to carry 

parasites transmitted through benthic prey (Knudsen et al. 2010). However, the relative 
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contributions of habitat (limnetic versus benthic caught fish) and individual variation 

were not statistically separated, and the study was not replicated across multiple 

populations. 

Although it should be expected that individual variation in host phenotype should 

lead to differences in infection within single populations, it remains unclear how such 

phenotype-dependent exposure should contribute to among-population variation in 

infection. Among population variation in infection is often positively correlated with 

exposure among populations. However, positive correlations between exposure and 

infection are not necessarily the only possible pattern, as eco-evolutionary feedbacks can 

decouple these processes. For instance, populations that specialize on eating an 

intermediate host species might suppress the abundance of that prey, leading to reduced 

encounter rates with any parasites transmitted via the preferred prey. Alternatively, theory 

and intuition suggest that highly exposed populations may evolve more effective 

mechanisms to reduce infection (i.e. by evolving resistance) relative to populations with 

little or no exposure (Jokela et al. 2000, Zuk and Stoehr 2002, Schmid-Hempel and Ebert 

2003). A number of studies have shown that resistance to infection and/or investment in 

immune defense is higher in populations exposed to parasites compared to those that are 

mostly or completely unexposed (Lindström et al. 2004, Kalbe and Kurtz 2006, Bryan-

Walker et al. 2007, Hasu et al. 2009, De Roij et al. 2010, Eizaguirre et al. 2012). For 

example, Bryan-Walker et al. (2007) showed that resistance to infection by trematodes in 

amphipods is higher in populations with high infection than in completely uninfected (no 
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exposure) populations. In many of these cases comparisons were made between exposed 

and unexposed populations, and thus despite increased resistance in exposed populations, 

natural infection levels still correlate positively with exposure across populations.

In contrast, exposure can vary continuously from high to low, such as when host 

populations are on average shifted towards phenotypes that increase or decrease exposure 

risk. In such a situation, it is possible that increased resistance in more highly exposed 

populations could suppress infection to such a degree that natural infection rates could be 

decoupled from, or even covary negatively (rather than positively) with exposure rates. 

Such situations would be analogous to the phenomenon of counter-gradient variation 

(Conover and Schultz 1995). Evidence for such a pattern is lacking, possibly because of 

the difficulty of independently inferring infection and exposure rates across populations. 

Consequently, it is not clear as to whether within-population relationships between 

phenotype and infection can be extrapolated to among population comparisons, or 

whether such relationships might be negated or reversed across larger spatial scales.

In this paper I address two questions using a large sample of a freshwater fish, the 

threespine stickleback (G. aculeatus) from eighteen neighboring populations. First, using 

well-studied associations between stickleback morphology and diet (which affects 

parasite exposure) I ask whether individual morphology correlates predictably with 

infection within populations. Second I ask whether these within-population associations 

between phenotype and infection can be extended across populations, by measuring the 

correlation between population mean phenotype and infection levels across populations. 
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Using trophic morphology as a proxy for exposure allows us to estimate exposure 

independent of infection rates, and to measure the correlation of estimated exposure and 

infection within and across populations. To my knowledge, this is the first such study to 

link phenotype-dependent exposure variation within populations to the expected 

relationship between exposure and infection among populations. My results suggest that, 

although individual phenotype can be an important determinant of infection within 

populations, this relationship does not extend to among-population comparisons. I 

address potential explanations for these results, including the potential for the evolution 

of increased resistance, in the discussion.

Study System

I tested for phenotype-dependent parasitism within and among populations of 

threespine stickleback (Gasterosteus aculeatus). In particular, I focused on infection 

stemming from variation in prey use among individual stickleback. Like many animal 

populations (Bolnick et al. 2003), stickleback in freshwater lakes exhibit substantial 

among-individual variation in diet (Schluter and McPhail 1992, Svanbäck and Bolnick 

2007, Araújo et al. 2008, Bolnick and Paull 2009, Matthews et al. 2010b, Bolnick and 

Araújo 2011). Although stickleback on the whole are generalist predators, within 

populations some individuals tend to consume more benthic macro-invertebrates, 

whereas others consume more limnetic zooplankton, and the degree to which individuals 

specialize on diet subsets is often dependent on degree of intraspecific competition 
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(Bolnick 2004, Svanbäck and Bolnick 2005, 2007, Araújo et al. 2008) and interspecific 

competition (Bolnick et al. 2010). This diet variation parallels but is much more 

continuous than the well known ecological differentiation between sympatric benthic and 

limnetic species pairs of sticklebacks found in a few lakes (Schluter and McPhail 1992, 

Schluter 1993, 1995). The vast majority of lakes contain only a single species of 

stickleback with no discernible genetic or phenotypic subdivision of individuals within 

lakes (Lavin and Mcphail 1985, Schluter 1993, Bolnick and Lau 2008) and neither 

phenotype nor genotype are bimodally distributed nor is there a sign of within-lake 

genetic clusters (Caldera and Bolnick 2008). 

Rather than directly assess prey use via gut content analysis, I used a set of 

continuous morphological traits as a proxy for prey use. Multiple morphological traits in 

stickleback are correlated with subtle but significant among-individual variation in the 

relative use of benthic versus limnetic prey, as revealed by studies of stable isotope ratios 

(Snowberg and Bolnick 2008, Matthews et al. 2010b, Bolnick and Araújo 2011) and 

cross-sectional analysis of gut contents (Schluter and McPhail 1992, Svanbäck and 

Bolnick 2007, Araújo et al. 2008, Bolnick and Paull 2009). I hypothesize that among-

individual diet variation should confer different rates of exposure to parasites obtained by 

consuming benthic or limnetic intermediate hosts. I focus on three traits commonly and 

strongly associated with diet within stickleback populations – body size, relative gill 

raker length, and gill raker number – as my phenotypes of interest (Schluter 1993, 

Robinson 2000, Araújo et al. 2008, Bolnick and Lau 2008, Matthews et al. 2010b, 
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Bolnick and Araújo 2011). More benthic diets are typically associated with larger fish 

that have fewer and shorter gill rakers, whereas more limnetic diets are typically 

associated with smaller fish that have longer and more numerous gill rakers. I note that, 

for present purposes, using morphology as a proxy for diet choice is preferable over 

instantaneous diet snapshots because the latter reflect diet only in the previous few hours 

before capture, whereas parasite load will depend on long-term diet history (Reimchen 

and Nosil 2001, Knudsen et al. 2011). 

Although stickleback tend to be infected with a wide variety of trophically 

transmitted parasites (Wootton 1977, Kalbe et al. 2002, De Roij and MacColl 2012), I 

focus on two common helminth parasites of stickleback in my study area: the cestode 

Schistocephalus solidus and a nematode in the genus Eustrongylides. Although it is often 

the case that multiple parasites show correlations with diet (i.e. Knudsen et al. 2010), 

these two parasites have the advantage of being easily identified and counted in 

thousands of fish (when the body cavity is opened), without the need to for laborious 

microscopic examination to obtain accurate counts. Although both parasites use 

stickleback as a second intermediate host to reach a terminal host (predatory birds), S. 

solidus are acquired by stickleback from feeding on infected cyclopoid copepods (a 

limnetic resource) whereas Eustrongylides sp. are acquired from benthic oligochaetes. 

I predicted that more benthic individuals (i.e. larger with relatively shorter and 

less numerous gill rakers) were more likely to be infected with Eustrongylides sp., while 

more limnetic fish (smaller, more numerous and relatively longer gill rakers) would more 
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likely be infected with S. solidus. By extension, I predicted that populations that were on 

average more benthic (limnetic) in phenotype would have higher rates of infection of 

Eustrongylides spp. (S. solidus). Alternatively, the opposite relationship between mean 

phenotype and infection would indicate additional eco-evolutionary processes are 

swamping the role of exposure in generating among-population variation in infection 

rates.

Materials and Methods

Stickleback were collected during the months of June and July in 2005 and 2006 

from 18 lakes on northern Vancouver Island, British Columbia (table 1.1-1.2). The 

sampled lakes are contained within six neighboring watersheds that share a recent 

geological history, and gene flow is limited between neighboring lakes (Caldera and 

Bolnick 2008). Mean sample size was 381 fish per lake. Fish were captured and 

morphologies measured as described in Bolnick and Lau (2008). 

I focused my analysis on three morphological traits that are typically the strongest 

predictors of within-population diet in lake stickleback – body size, gill raker length (of 

the longest gill raker), and gill raker number (Robinson 2000, Araújo et al. 2008, 

Matthews et al. 2010b, Bolnick and Araújo 2011). These traits are unimodally distributed 

within my populations (e.g., the populations are not composed of distinct benthic and 

limnetic morphs, rather individuals vary continuously between benthic-like and limnetic-
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Table 1.1 Summary data for lakes.

Fish Sampled % infected (nematodes) % infected (cestodes) Mean morphology scores

Lake Year Watershed Total Females Males Total Males Females Total Males Females Body size rGRL rGRN

Amor 2005 Amor 101 48 53 21.1 21.7 20.4 18.3 25.0 10.2 -2.33 0.15 0.05

Blackwater 2005 Amor 497 309 188 10.6 9.0 11.7 2.0 1.1 2.6 -0.42 -0.12 0.03

Cecil 2006 Amor 400 176 224 1.8 1.3 2.3 0.8 0.4 1.1 0.20 -0.18 -0.07

Cedar 2005 Amor 243 109 134 10.7 11.2 10.1 3.7 4.5 2.8 -1.19 -0.09 0.09

Comida 2005 Mohun 162 71 91 2.5 1.1 4.2 0.6 1.1 0.0 1.21 -0.02 0.06

Farewell 2005 Amor 300 163 137 2.0 1.5 2.5 3.7 1.5 5.6 0.21 -0.11 0.02

First 2005 Salmon 496 231 265 3.4 1.9 5.2 5.8 5.7 5.6 0.24 -0.07 0.00

Gosling 2006 Campbell 399 244 155 1.5 1.9 1.2 76.3 60.6 86.5 1.24 0.03 -0.01

Gray 2006 Campbell 400 208 192 1.7 2.6 1.0 0.2 0.0 0.5 1.68 0.12 -0.02

Little Mud 2006 Amor 400 289 111 1.0 1.8 0.7 2.5 0.9 3.1 0.45 -0.07 0.03

Little Woss 2005 Woss 300 164 136 2.0 0.7 3.0 19.0 22.1 16.5 1.36 0.08 0.01

McCreight 2005 Amor 500 345 155 21.4 20.6 21.7 0.0 0.0 0.0 -0.57 0.08 -0.05

McNair 2006 Amor 400 127 273 0.3 0.0 0.8 4.5 3.7 6.3 0.65 -0.03 0.08

Mohun 2006 Mohun 399 163 236 2.5 3.9 0.6 5.8 5.6 6.2 0.28 0.08 0.06

Mud 2006 Amor 397 277 120 4.5 4.2 4.7 1.3 1.7 1.1 1.30 -0.02 0.05

Roberts 2005 Amor 530 274 256 7.1 5.5 8.8 0.0 0.0 0.0 -0.74 -0.05 -0.05

Roberts 2006 Amor 400 212 188 21.5 18.1 24.5 0.0 0.0 0.0 -1.55 -0.10 -0.06

Second 2006 Salmon 399 172 227 1.5 1.8 1.2 2.3 3.1 1.2 -1.84 0.17 -0.03

Snow 2005 Pye 476 286 190 1.3 1.6 1.0 0.2 0.0 0.3 -0.18 0.17 -0.04

Note: Mean body sizes for each are the average score on the first principal component of morphological variation (see Methods and 

Materials). rGRL = relative gill raker length (millimeters). rGRN = relative gill raker number. Larger relative values indicate fish had, 

on average, longer and more numerous gill rakers controlling for body-size variation. 
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Table 1.2. Lake geography data.
Nematode Cestode

Lake UTM.E UTM.N N % infected % infected
Amor 315802 5559362 3.14 21.6 0.145 101 0.219 0.343 0.190 0.219
Blackwater 315381 5562979 0.37 5.8 0.064 497 0.108 0.164 0.020 0.022
Cecil 320873 5546684 0.12 2.0 0.059 400 0.018 0.018 0.008 0.013
Cedar 316686 5564457 0.37 6.7 0.055 243 0.108 0.133 0.037 0.046
Comida 319363 5557757 0.18 3.0 0.061 162 0.025 0.025 0.006 0.006
Farewell 314987 5564638 0.21 3.4 0.062 300 0.017 0.027 0.034 0.051
First -289231 5552714 0.08 1.5 0.055 496 0.031 0.040 0.057 0.105
Gosling 314231 5546982 0.73 6.6 0.110 399 0.015 0.020 0.766 2.426
Gray 318053 5564548 0.55 5.2 0.105 400 0.018 0.020 0.003 0.003
Little Mud 316386 5567169 0.05 1.0 0.048 400 0.010 0.013 0.025 0.033
Little Woss -329426 5561258 0.09 2.1 0.043 300 0.020 0.027 0.192 0.236
McCreight 312181 5578601 2.65 12.7 0.209 500 0.213 0.316 0.000 0.000
McNair 322190 5555314 0.19 3.3 0.058 400 0.003 0.003 0.045 0.045
Mohun 317676 5562558 5.74 31.2 0.184 399 0.025 0.025 0.059 0.247
Mud 318586 5567980 0.38 4.8 0.080 397 0.046 0.056 0.013 0.020
Roberts (2005) 317873 5567062 1.62 8.4 0.194 530 0.069 0.088 0.000 0.000
Roberts (2006) 317873 5567062 1.62 8.4 0.194 400 0.214 0.327 0.000 0.000
Second -288662 5554550 0.06 1.3 0.045 399 0.015 0.015 0.023 0.025
Snow 315338 5576619 0.03 1.3 0.023 476 0.013 0.013 0.002 0.002

Surface Area 
(km2)

Perimeter 
(km)

SP 
(km2/km)

mean 
abundance

mean 
abundance

Note: UTM stands for Universal Transverse Mercator coordinates. All lakes are contained within zone U10, expect for two lakes 
whose coordinates have been converted to zone U10 (negative UTM.E indicates lake is located in zone U9). SP = surface 
area/perimeter. Lake surface area and lake perimeter estimates were estimated from satellite photo captures from Google Earth 
(Google 2009) using the program tpsDig (Rohlf 2010). Mean abundance was calculated as the average number of parasites per fish, 
including unparasitized fish. The percentage of fish infected (prevalence) has been reproduced from table 1.1 to facilitate comparison 
with mean abundance.
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like extremes). I size-standardized both gill raker length and gill raker number using the 

method advocated by Berner (2011). After pooling all samples, a principal components 

analysis was performed on all log-transformed morphological traits. All traits (except gill 

raker number which is uncorrelated with size) loaded positively on the first principal 

component axis (accounting for 63% of total variation). The principal component scores 

on this first axis were used as my measure of individual body size. Both gill raker length 

and gill raker number (all samples pooled) were subsequently regressed on body size to 

obtain residuals representing size-standardized morphological traits (hereafter relative gill 

raker length or rGRL and relative gill raker number or rGRN). Standardizing variables 

within each lake produced highly similar results (data not shown). Body size, relative gill 

raker number, and gill raker length were scaled to have a mean of zero and unit variance 

before further analysis.

Each fish was dissected and the numbers of S. solidus and Eustrongylides sp. were 

recorded. Sex was determined by inspecting gonads. For each lake, the prevalence 

(proportion of infected fish) and mean parasite abundance (average number of parasites 

per fish) were calculated (table 1.1-1.2). I estimated the correlation in prevalence of the 

two parasites across lakes using standard Pearson regressions of both the raw and logit-

transformed prevalence data (lakes with zero prevalence were removed from the logit 

transformed data set). I used chi-squared tests within each lake population to determine 

whether co-infection with the two parasite species occurred at lesser or greater rates than 

expected by chance, and I corrected for multiple tests using the method advocated by 
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Hochberg (1988). 

Statistical analyses: Does individual phenotype covary with individual infection status? I 

used generalized linear mixed models (GLMMs) to model infection as a function of 

individual morphology and sex. Both the probability of infection (binomial data) and the 

number (abundance) of parasites per fish (count data) were initially used as response 

variables. Because my results were similar with both measures, and because the majority 

of parasitized fish were parasitized with only one of either parasite, I report only the 

results for the probability of infection. Nematode and cestode infection were analyzed 

separately. I used logit link functions in all models. 

Following Zuur et al. (2011), I first identified the optimal random effects 

structures for my GLMMs. I included each morphological variable (body size, relative 

gill raker length, relative gill raker number), sex, and the interaction between sex and 

each morphological variable as potential fixed effects (7 total). A lake intercept term 

accounting for variation in the probability of infection among lakes was included as a 

random effect in all models. Both year of collection and watershed were originally 

considered as potential random effects, but preliminary analyses indicated that they did 

not improve model fit and these effects were left out of all subsequent model 

comparisons (table 1.3). I also initially included additional random slope terms for each 

morphological trait and for sex to account for potential variation in these effects among 

lakes (as could occur, for example, if morphology or sex is more tightly correlated with
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Table 1.3. AIC comparison of random effects structures of GLMMs predicting infection 

of either parasite (yes/no) with and without year and watershed random effects. 

Parasite  Included random effects k AIC ΔAIC

Nematode:

Lake 9 2720.6 0.0 0.50

Lake + Year 10 2722.2 1.6 0.23

Lake + Watershed 10 2722.6 2.0 0.18

Lake + Year + Watershed 11 2723.9 3.3 0.09

Year + Watershed 10 2919.2 198.6 0.00

Watershed 9 2963.9 243.3 0.00

Year 9 3075.5 354.9 0.00

Cestode:

Lake 9 1976.3 0.0 0.53

Lake + Year 10 1978.3 2.0 0.20

Lake + Watershed 10 1978.3 2.0 0.20

Lake + Year + Watershed 11 1980.3 4.0 0.07

Year + Watershed 10 2661.3 684.9 0.00

Watershed 9 2663.3 686.9 0.00

Year 9 3465.8 354.9 0.00

Akaike 
weight

Note: Each model included a random lake effect as well all seven fixed effects (see 

Materials and Methods). For each model, k gives the total number of estimated 

parameters (including fixed effects and random effects' covariances). ΔAIC gives the 

difference in AIC between the given model and the best fitting model. Akaike weight 

gives the weight of evidence that the focal model is the best model, given all the models 

being compared (Burnham and Anderson 2003). For both parasites, adding the effects of 

year and/or watershed did not substantially improve the fit of the model.
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diet in some populations than in others). These terms are analogous to fixed-effects 

interaction terms between lake and morphology, except that only the variance introduced 

by the interactions is estimated and accounted for. The overall random effects structure 

that produced the lowest AIC value among compared structures was considered optimal 

and was used subsequently to estimate the fixed effects (Zuur et al. 2011). If random 

effects structures included correlations among random effects (i.e. between lake intercept 

and the effect of body size), these correlations were tested for inclusion in the model by 

removing the estimated correlation and testing the nested models using log-likelihood 

ratio tests.

To determine which fixed effects (morphology, sex, and their interactions) should 

be included in each model, I used a step down approach to remove fixed interaction terms 

with the smallest Wald z-values. Nested models were compared using log-likelihood ratio 

tests. I opted to retain all non-interaction fixed effects in the reported models in order to 

compare the magnitude and direction of the estimated fixed effects to my a priori 

predictions for each trait. All GLMMs were fit using maximum likelihood as 

implemented in the package lme4 (Bates et al. 2011) in the statistical programming 

environment R (R Core Team 2012).

In addition to removing non-significant interaction terms, I also used a parametric 

bootstrap approach to calculate P-values for each fixed effect retained in the final models. 

Specifically, I simulated infection levels for each lake by drawing random samples from a 

binomial distribution parameterized using the prevalence calculated for each lake. I then 
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refitted the simulated data set to the optimal GLMM determined above. I ran 1000 

bootstrap simulations per model. Two-tailed P-values for each fixed effect were 

calculated by comparing my effects size estimates to the simulated null distribution. 

Analyses using Bayesian Markov Chain Monte Carlo (MCMC) methods using the 

package MCMCglmm (Hadfield 2010) produced very similar results (not shown). P-

values calculated from bootstraps and log-likelihood ratio tests were in agreement about 

which fixed effects were statistically significant. 

How does population mean phenotype covary with parasite prevalence? I used GLMs 

with quasibinomial error structure and logit links to predict the proportion of fish 

parasitized (prevalence) as linear and quadratic functions of the mean of each 

morphological trait for each lake. Roberts Lake was treated as a single large collection 

across both years, which in effect averages the results for the two years, albeit with a 

large sample size. Models were fit using the glm function in the base stats package in R. 

Because I was interested in whether the within-population associations between 

phenotype and infection would be recapitulated among populations, I tested whether or 

not the estimated among-population effect of each of morphological variable (from the 

GLMs) was significantly different than the corresponding among-individual effect (from 

GLMMs) using Welch's t-test (i.e. for samples with unequal variances). 

Results

Overall rates of parasitism
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Nematode prevalence ranged from 0.3 to 21.5% of fish per lake (table 1.1). 

Cestode prevalence ranged from 0 to 76.3%, although all but one lake had less than 20% 

prevalence (table 1.1). The outlier (Gosling Lake) has sustained this high prevalence of 

Schistocephalus for over a decade (Bolnick, pers. obs.). There was no correlation in the 

prevalence of nematodes and cestodes across lakes using raw prevalences (r = -0.08. P = 

0.76) or logit transformed prevalences (r = 0.13, P = 0.64). One of 19 lakes contained 

more co-infected fish than expected by chance, (Mohun Lake, χ2 = 6.83, P = 0.009) while 

one other lake had significantly fewer fish co-infected than expected (Amor Lake,  χ2 = 

5.44, P = 0.019). Neither of these tests were significant when controlling for multiple 

comparisons. Thus, infection with one parasite had no measurable association with the 

probability of infection with the other parasite within lakes, and I do not account for joint 

infection in the subsequent analyses.

Nematodes: Does individual phenotype correlate with infection status? 

For all results, regression coefficients are the estimated change in log-odds of 

infection per unit of the corresponding phenotype. Overall, larger fish (a benthic trait) 

were more likely to be infected with benthic-derived nematodes (βsize = 0.16, P < 0.001, 

figure 1.1A). This trend is consistent with my model prediction of a positive correlation 

between individual phenotype and infection rate. Neither relative gill raker length or 

number were significantly associated with the probability of nematode infection among 

individuals overall (βrGRL = 0.63, P = 0.66; βrGRN = -0.73, P = 0.34, figure 1.1B – 1.1C). 
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Controlling for the effects of morphology, females were on average 1% more likely to 

have a nematode than males (βsex = -0.32, P < 0.001).

The optimal model included a term for variation in the effect of relative gill raker 

length among lakes (σ2rGRL = 2.82, table 1.4), indicating that the effect of relative gill 

raker length on the probability of nematode infection varied substantially among lakes 

(figure 1.1B). The variation in the relative gill raker length effect among lakes was 

strongly negatively correlated with the intercept term (i.e. the prevalence of nematodes) 

for each lake (r = - 0.84, χ2 = 4.31, P = 0.028). This negative correlation indicates that, in 

lakes with a higher rates of nematode infection, shorter-rakered fish (more benthic) were 

increasingly more likely to parasitized with benthic nematodes (dotted lines, figure 1.1B). 

However, because in many lakes nematode prevalence was near zero, the overall effect 

relative gill-raker length across lakes was negligible and not significantly different than 

zero. That is, a biologically real effect of morphology within some lakes is obscured in 

the overall model by among-lake heterogeneity in morphology-dependent infection.

Nematodes: Does population mean phenotype covary with prevalence?

The correlation between individual morphology and nematode infection status
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Figure 1.1 Fitted model results for nematodes. (A-C) Relationships between the probability of nematode infection and phenotypes 
among individuals. Each phenotype was scaled to unit variance prior to analysis. Solid lines indicate the estimated regression 
parameter from the binomial GLMM, which indicates the overall relationship between morphology and infection accounting for lake 
to lake differences. The gray dotted lines in each panel indicate the same estimated regression coefficient within each lake 
individually. (D-F) Relationships predicting nematode prevalence as a function of mean phenotypes, with each point representing 
values from a single lake. Mean phenotypes in panels D-F correspond to the same phenotypes in panels A-C, respectively. Single 
factor regressions are plotted for each morphological variable, however, p-values refer to the significance of the partial regression 
coefficients (not shown).
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Table 1.4. Full AIC comparison of random effects structures for generalized linear mixed 

models predicting the probability of nematode infection among individuals. 

 Random effects included in model k AIC ΔAIC

 Lake + rGRL 11 2717.6 0.0 0.61

 Lake + Size + rGRL 14 2720.6 3.8 0.13

 Lake 9 2721.4 4.0 0.09

 Lake + rGRL + Sex 14 2722.8 5.1 0.04

 Lake + rGRL + rGRN 14 2723.0 5.4 0.04

 Lake + Size 11 2723.1 6.2 0.04

 Lake + rGRN 11 2724.2 7.6 0.02

 Lake + Sex 11 2724.4 7.7 0.02

 Lake + Size + rGRL + Sex 18 2728.3 10.8 0.00

 Lake + Size + rGRL + rGRN 18 2728.5 11.0 0.00

 Lake + Size + Sex 14 2728.7 11.6 0.00

 Lake + Size +rGRN 14 2728.7 11.8 0.00

 Lake + rGRL + rGRN + Sex 18 2729.8 12.1 0.00

 Lake + rGRN + Ses 14 2730.3 13.1 0.00

 Lake + Size + rGRN + Sex 18 2735.6 18.8 0.00

 Lake + Size + rGRL + rGRN + Sex 23 2737.6 20.0 0.00

Akaike 
weight

Note: Random effects structures have been been ordered from lowest to highest AIC 

value. Each model included all seven fixed effects (see Materials and Methods). When a 

given random effect is included in the model, the variance among lakes in the 

corresponding fixed effect is estimated and accounted for (i.e. it is not assumed to be 

zero). See table 1.3 for column heading interpretations. Size = body size. rGRL = relative 

gill raker length. rGRN = relative gill raker number.  
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does not extrapolate to among-population comparisons. Paradoxically, the benthic 

nematode was more prevalent in morphologically more limnetic populations. Nematode 

prevalence was significantly higher in lakes with smaller (more limnetic) fish (βsize = 

-0.56, P = 0.03, figure 1.1D) and marginally significantly higher in lakes with relatively 

longer-rakered fish (βrGRL = 3.75, P = 0.08, figure 1.1E). Relative gill raker number 

showed no relationship with nematode infection among lakes (βrGRN =  0.86, P = 0.87,  

figure 1.1F). No quadratic effects of mean morphology on prevalence were found (γsize = 

-0.16, P = 0.53; γrGRL = 20.1, P = 0.44; γrGRN = 18.0, P = 0.91).

The effects of body size and relative gill raker length on the probability of 

nematode infection were significantly different between individual and population scales 

(i.e. comparing overall effects from figure 1.1A vs. figure 1.1D; size: t = 12.9, df = 17, P 

< 0.0001, rGRL: t = 6.7,  df = 17, P < 0.00001), but not so for relative gill raker number 

(rGRN: t = 1.35, df = 17, P = 0.10). Thus, the observed increases in the probability of 

infection with both larger size and shorter gill rakers among individuals were not 

recapitulated when comparing infection levels to the mean values of these two traits 

among lakes. No such difference was indicated for gill raker number.

Cestodes: Does individual phenotype correlate with cestode infection status? 

As with nematodes, cestode trends were consistent with my model prediction of a 

positive correlation between morphology and infection. More limnetic fish (smaller and 

longer gill rakers) were more likely to be parasitized (βsize = -0.16, P <0.001; βrGRL = 
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1.32, P < 0.001; βrGRN: β = -1.48, P = 0.13, figure 1.2A-C). Controlling for individual 

differences in morphology, males were no more or less likely to be parasitized than 

females (βsex = 0.03, P = 0.97). However, females showed a significantly larger increase 

in infection probability with smaller body size than males (βsize*sex = 0.11, P < 0.001). 

Refitting the model to each sex separately revealed that the predicted body size effect was 

significant in females (βsize = -0.17, P < 0.001) but not in males (βsize = -0.02, P = 0.69).

The optimal model also included variation in the random sex effect (σ2sex = 0.39, 

table 1.5), indicating that there was substantial variation in the effect of sex on cestode 

infection across lakes. This variation was negatively correlated with lake intercept term (r 

= -0.63, χ2 =12.7, P = 0.0004), indicating that in lakes with higher cestode infection, 

females had increasingly larger probabilities of being infected relative to males. 

However, this result was dependent on the inclusion of Gosling Lake (which had both the 

highest cestode prevalence by far and also the greatest disparity between male and female 

infection rates, table 1.1). Excluding this lake, a refit model did not support the inclusion 

of the random sex effect, indicating there was no heterogeneity in relative probabilities of 

male and female infection among lakes.

Does population mean phenotype covary with cestode prevalence? 

Despite significant within population associations, neither body size, rGRL, nor 

rGRN were significantly correlated with overall cestode prevalence (βsize = 1.07, P = 

0.20, βrGRL = 1.11, P = 0.88, βrGRN = -4.29, P = 0.79, figure 1.2D-F). No significant 
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quadratic effects of mean morphology on prevalence were found (γsize = 0.24, P = 0.69, 

γrGRL = -227.4, P = 0.28, γrGRN = -647.5, P = 0.20). The estimated individual level and 

population level slopes were significantly different only for body size (body size: t = 6.5, 

df = 17, P6 < 0.0001; rGRL: t = 0.12,  df = 17, P  = 0.45; rGRN: t = 0.78, df = 17, P = 

0.24). Thus, the observed significant decrease in the probability of infection with 

increased size among individuals was not recapitulated when comparing infection levels 

to mean body size among lakes. In contrast, gill raker traits effects among populations 

were commensurate with gill raker effects within populations.

Discussion

 It is intuitive that individual phenotypes conferring increased exposure to a 

parasite should be correlated with infection, even in populations without discrete 

phenotypic polymorphisms. However, there is no guarantee that populations generally 

contain enough phenotypic variation to generate measurable correlations. I showed, 

across 18 populations of stickleback, that the probability of infection with the benthic 

nematode Eustrongylides sp. increased for fish with more benthic phenotypes, while, 

contrastingly, the probability of infection with Schistocephalus solidus (acquired by 

eating limnetic prey) increased in fish with more limnetic phenotypes. This was true 

despite the fact that all fish were caught in the same habitat in each lake, and show 

absolutely no evidence of discrete polymorphism within any populations (e.g, no distinct 

benthic or limnetic morphs within any population). These results mirror findings from
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Figure 1.2 Fitted model results for cestodes. (A-C) Relationships between the probability of cestode infection and phenotypes among 
individuals. Solid lines indicate the estimated regression parameter from the binomial GLMM, which indicates the overall relationship 
between morphology and infection accounting for lake to lake differences. The gray dotted lines in each panel indicate the same 
estimated regression coefficient within each lake individually. (D-F) Relationships predicting cestode prevalence as a function of mean 
phenotype, with each point representing values from a single lake. Mean phenotypes in panels D-F correspond to the same phenotypes 
in panels A-C, respectively. Single factor regressions are plotted for each morphological variable, however, p-values refer to the 
significance of the partial regression coefficients (not shown).
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Table 1.5. Full AIC comparison of random effects structures for generalized linear mixed 

models predicting the probability of cestode infection among individuals. 

 Random effects included in model k AIC ΔAIC

 Lake + Sex 11 1968.8 0.0 0.47

 Lake + rGRN + Sex 14 1970.4 1.6 0.21

 Lake + rGRL + Sex 14 1971.7 2.9 0.11

 Lake + Size + Sex 14 1971.8 3.0 0.10

 Lake + rGRL + rGRN + Sex 18 1974.5 5.7 0.03

 Lake + rGRL 11 1975.4 6.6 0.02

 Lake + rGRN 11 1975.9 7.1 0.01

 Lake 9 1976.3 7.6 0.01

 Lake + rGRL + rGRN 14 1976.8 8.0 0.01

 Lake +  rGRN + Sex 18 1977.0 8.2 0.01

 Lake + Size + rGRL 14 1977.6 8.8 0.00

 Lake + Size + rGRL + Sex 18 1978.5 9.7 0.00

 Lake + Size + rGRN 14 1980.9 12.1 0.00

 Lake + Size + rGRL + rGRN 18 1984.9 16.1 0.00

Akaike 
weight

Note: Each model included all seven fixed effects (see Materials and Methods). 

Additional random effects are variances in the fixed effects (i.e. slopes) for each term 

among lakes. See table 1.3 for column heading interpretations. Size = body size. rGRL = 

relative gill raker length. rGRN = relative gill raker number. 
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single or paired populations in species showing discrete resource use polymorphisms 

(Bertrand et al. 2008, Knudsen et al. 2008, 2011, MacColl 2009, Karvonen et al. 2013) 

and studies of morphologically undifferentiated populations of stickleback and other 

species where heterogeneities in diet related exposure have been attributed to spatial, 

behavioral, sexual differences, and/or individual differences (Reimchen and Nosil 2001, 

Yohannes et al. 2008, Johnson et al. 2009, Parker et al. 2010, Luong et al. 2013). My 

results represent one of only a few studies to test for effects of individual foraging 

differences on infection rates, and the first to show that these effects hold across many 

populations concurrently. My results also imply that variation in in exposure, and thus 

infection, among individuals is a likely common ecological consequence of individual 

specialization.

Although my predictions for stickleback are based on diet mediated exposure, 

host ontogeny and life-history effects could play roles in generating the within population 

patterns of infection I see here. Older (and thus larger) fish could have more parasites 

simply by being exposed over a longer period of time, or by eating more food, than 

younger fish (Poulin 2000). Neither hypothesis could explain why smaller fish showed a 

higher probability of being infected with cestodes, nor why populations with smaller 

mean size had more nematodes. Alternatively, a lower probability of cestode infection in 

larger fish could potentially be explained by die off of heavily infected hosts (Crofton 

1971). However, both rGRL and rGRN are body-size independent and also show the 

trends predicted by morphology-diet correlations for cestodes, indicating the body size 
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trends also likely result from the same diet-parasite correlations. 

Given that individual infection was correlated with trophic phenotype, I was able 

to empirically evaluate whether the same correlations were observed across populations 

using mean phenotypes. I found that among-population variation in prevalence was 

generally not affected by phenotype in the same direction as predicted from among 

individual differences. In the case of the nematode parasite, both mean body size and 

mean relative gill raker length were negatively associated with nematode prevalence 

among lakes (figure 1.1D, 1.1E), indicating that phenotypically more limnetic 

populations had higher rates of benthic nematode infection. For cestodes, infection did 

not vary positively or negatively with population mean phenotype, despite the fact that 

individual level infection very clearly showed that more limnetic individuals were more 

likely to be infected. Overall, the within population trends were not recapitulated among 

populations. There are a number of possible explanations for this counter-gradient 

pattern.

First, although my lakes are relatively similar overall, it is possible that baseline 

(i.e. non phenotype-dependent) exposure could vary among populations. Such variation 

in exposure could arise because of variation in the density of intermediate hosts within 

populations, the rate at which those intermediate hosts are infected, and the rate at which 

infected hosts are consumed by stickleback. Zooplankton (and specifically copepod) 

abundance co-varies with lake geomorphology such that larger, deeper lakes have higher 

zooplankton densities than smaller shallower lakes (table 1.6, 1.7). Such lakes also 

29



generally have morphologically more limnetic stickleback (Berner et al. 2010). If 

anything these observations should reinforce the prediction that large, deep lakes with 

limnetic populations should be more heavily infected with the limnetic S. solidus – a 

pattern rejected by the data presented here. Moreover, neither total zooplankton density 

nor copepod density correlates significantly with the prevalence of either parasite across 

lakes (table 1.8). Variation in the density of the first intermediate host of nematodes 

(oligochaetes) in my system is currently unknown, although I can propose no plausible 

explanation for why there would be a negative covariance between oligochaete density 

and benthic morphology in stickleback across populations. In one other large study of 

parasite abundance among neighboring lakes of three-spine stickleback in Scotland, De 

Roij and MacColl (2012) found no effect of lake geomorphology or of 4 physiochemical 

variables on the abundance of any parasite species among lakes, suggesting these features 

may not be important determinants of parasitism in stickleback among neighboring lake 

populations. Similarly, I do not currently know whether infection rates among first 

intermediate hosts could be driving the observed variation in prevalence among lakes. 

Infection rates in intermediate hosts are typically uniformly very low in freshwater 

invertebrate hosts (Marcogliese 1995, Knudsen et al. 2001), and fish likely accumulate 

parasites by eating very large quantities of very sparsely parasitized prey (Marcogliese 

1995). It is possible that the terminal hosts for my parasites prefer lakes with a certain 

mean phenotype of fish, preferentially depositing infectious stages in those lakes 

(Hechinger and Lafferty 2005). Given that both parasites investigated here are
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Table 1.6. Zooplankton densities in counts per liter. 

Note: Zooplankton samples were collected in the summer of 2009. All sampling was completed between May 29 and June 7. Of the 
18 lakes originally sampled in 2005-2006, only 13 were subsequently sampled for zooplankton. I used a plankton net 20cm in 
diameter with 100 mm mesh size. A single 1 meter long tow was performed at a depth of 5 meters, except in three of the lakes. Cedar 
Lake was sampled at a depth of 3 meters, while Farewell and McCreight lakes were sampled at depths of 8.5 and 7.5 meters 
respectively. Each tow sampled 31.4 liters of lake water. Samples were bagged, stored at -20ºC, and transported to Austin, TX for 
analysis. When densities were high, full samples were divided into subsamples (5-11 subsamples depending on species and lake). 
Counts were then converted to counts per liter for analysis. Relative cyclopoid (rCyc) densities were calculated as the residuals from a 
linear regression of log(cyclopoid density) on log(total zooplankton density). Dap = Daphnia sp.; Bos = Bosmina sp.; Sca = 
Scapholeberis sp.; Hol = Holopedium sp.; Pol= Polyphemus sp.; Lep = Leptodora sp.; Cer = Ceriodaphnia sp.; Mac = Macrothricidae 
sp.; Dia = Diaphanosoma brachiurum; Nau = Nauplii; Cyc = cyclopoids; Cal = calanoids; L.cal = large calanoids; Her = herpactocoid; 
Chi = chironomid larvae; WM = watermites; Cha = Chaoborus; rCyc = relative cyclopoid density; Total = total zooplankton density
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Lake Dap Bos Sca Hol Pol Lep Cer Mac Dia Nau Cyc Cal L.cal Har Chi WM Cha rCyc Total 

Amor 0.00 1.82 0.00 0.40 0.10 0.00 0.00 0.00 0.00 3.85 0.70 0.56 0.00 0.00 0.00 0.02 0.00 -0.85 7.44

Blackwater 0.09 0.32 0.00 0.16 0.00 0.00 0.00 0.00 0.06 0.49 2.15 0.28 0.00 0.00 0.00 0.01 0.00 0.77 3.55

Cecil 2.73 0.40 0.00 2.50 0.00 0.00 0.00 0.00 0.63 0.27 1.22 6.02 0.10 0.00 0.00 0.03 0.00 -0.72 13.90

Cedar 0.06 0.05 0.00 0.01 0.08 0.01 0.00 0.00 0.00 0.31 2.16 4.36 0.00 0.00 0.01 0.00 0.00 0.31 7.07

Comida 0.04 0.99 0.00 0.16 0.01 0.00 0.00 0.00 0.05 1.74 6.24 0.65 0.00 0.00 0.00 0.00 0.00 1.14 9.89

Farewell 1.29 2.13 0.00 0.07 0.02 0.00 0.00 0.00 0.08 0.78 2.55 0.04 0.00 0.00 0.00 0.02 0.00 0.48 6.97

Gosling 0.03 1.59 0.00 0.08 0.01 0.01 0.00 0.00 0.00 23.14 5.10 24.01 0.00 0.00 0.00 0.00 0.00 -0.22 53.96

Gray 0.16 0.33 0.01 0.02 0.00 0.00 0.00 0.00 0.03 0.14 0.51 0.51 0.00 0.00 0.00 0.00 0.00 -0.17 1.70

Little Mud 3.22 0.26 0.00 6.25 0.11 0.00 0.00 0.00 0.40 0.31 0.71 2.59 0.13 0.00 0.00 0.00 0.00 -1.27 14.00

McCreight 0.42 2.31 0.00 0.05 0.00 0.02 0.00 0.00 0.22 9.30 34.14 8.52 0.00 0.00 0.00 0.00 0.00 1.67 54.98

McNair 0.87 0.61 0.00 12.57 0.00 0.00 0.00 0.00 1.20 0.31 3.62 2.14 0.00 0.00 0.00 0.00 0.00 0.07 21.31

Mohun 10.83 0.51 0.13 18.47 1.15 0.00 0.00 0.00 1.40 1.53 4.20 18.22 0.00 0.00 0.00 0.00 0.00 -0.44 56.43

Mud 3.29 1.66 0.00 7.39 0.11 0.04 0.00 0.00 0.00 0.10 1.53 6.27 0.00 0.00 0.00 0.00 0.00 -0.76 20.38



Table 1.7. Regression models predicting zooplankton density (counts per liter) as a 

function of lake geomorphology. 

zooplankton density β SE t P-value
total 0.52 1.79 0.54 3.32 0.007
cyclopoid 0.46 1.19 0.37 3.23 0.008

relative cyclopoid 0.09 0.57 0.53 1.07 0.308

r2

Note: The natural log of the ratio of surface area to perimeter for each lake (lnSP) was 

used as the independent variable  for each of the three regression models. High values of 

SP are indicative of more limnetic lakes and low values with more benthic lakes (Bolnick 

and Lau 2008), and therefore positive β values above indicate greater zooplankton 

densities in lakes with relatively more limnetic habitat. Total zooplankton density and 

cyclopoid density models have log links and quasipoisson error structures to account for 

overdispersion. Densities were rounded to the nearest whole number. Relative cyclopoid 

density was modeled with a standard linear regression of cyclopoid density on total 

zooplankton density. Reported r2 values for the total zooplankton and cyclopoid density 

are (1 - residual deviance/null deviance).
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Table 1.8. Generalized linear models (GLMs) predicting lake parasite prevalence as a 

function of total zooplankton density, cyclopoid density, and relative cyclopoid density 

(counts per liter). 

Parasite Predictors β SE t P-value

Nematode:

total 0.06 0.27 0.35 0.77 0.46

cyclopoid 0.07 0.25 0.31 0.80 0.44

relative cyclopoid 0.02 0.19 0.42 0.44 0.67

Cestode:

total 0.00 0.04 0.56 0.08 0.94

cyclopoid 0.02 0.25 0.59 0.43 0.68

relative cyclopoid 0.27 -1.71 1.16 -1.48 0.17

r2

Note: Positive β values indicate higher prevalence in lakes with greater zooplankton 

densities. All models have logit links and quasibinomial error structure. Total and 

cyclopoid density were log transformed before fitting the models. r2 values are (1 - 

residual deviance/null deviance). Cestode prevalence predicted by total zooplankton 

density was significant (P < 0.05) before removal of an extreme outlier (Gosling Lake) 

from the analysis. Relative cyclopoid density was calculated as the residuals from a linear 

regression of cyclopoid density on total density.
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 transmitted by piscivorous birds, this factor alone would likely not explain why the 

twoparasites show different trends among populations. Moreover, in 15 years of work on 

these lakes, I have observed no differences in piscivorous bird abundance among these 

lakes (Bolnick pers. obs.)

It has been suggested that hosts could be selected to actively avoid parasitized 

prey (Lozano 1991, but see Lafferty 1992). The evolution of such behavior in highly 

exposed populations could be classified as an evolved “resistance” trait, broadly speaking 

(Schmid-Hempel and Ebert 2003), and thus account for the among population trend in 

my data (i.e. lower infection in more exposed populations). However, evidence for such 

behavioral variation is lacking, including studies done in stickleback tested with infected 

and uninfected copepods (Wedekind and Milinski 1996, Barber et al. 2000). It may be the 

case that the energetic rewards of certain prey outweigh either the costs of evolving 

effective discrimination behaviors or the potential fitness effects of being infected 

(Lafferty 1992). Taken all together, the likelihood that baseline exposure rates for the 

benthically derived nematodes are negatively correlated with more benthic mean 

morphologies across populations seems unlikely, although I cannot rule this possibility 

out at present.

One intriguing alternative, alluded to in the introduction, is that populations that 

are highly exposed to each parasite would evolve enough resistance (or reduced 

susceptibility) to substantially reduce overall infection levels when compared to 

populations with lower exposure where selection pressures may not be as strong (Jokela 
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et al. 2000, Zuk and Stoehr 2002, Schmid-Hempel and Ebert 2003, Hasu et al. 2009). 

How this could lead to the countergradient trends in my nematode data (or any 

comparable data set) is illustrated in figure 1.3. To start, phenotypically benthic 

individuals are more exposed to nematodes than limnetic individuals due to greater 

consumption of benthic prey. This leads to a positive correlation between individual 

phenotype and infection levels (figure 1.3, solid lines within population curves on all 

three panels) and also to the same positive correlation between population mean 

phenotype and population mean infection levels (figure 1.3A, large solid line). Over time, 

high exposure leads to the evolution of reduced susceptibility to nematodes in more 

benthic populations, allowing fish in those populations to prevent nematode infection and 

leading to a decreased infection levels (indicated by downward arrows in figure 1.3B). In 

contrast, limnetic populations, lacking resistance, would have higher infection levels 

despite relatively lower exposure. Over time, this process would lead to negative 

correlation between mean phenotype and infection rate among populations, consistent 

with my data (solid line, figure 1.33C). Moreover, despite the evolution of resistance at 

the population level, individuals within populations should still show positive 

correlations between phenotype and load (indicated by shorter solid lines confined within 

the populations curves in figure 1.3), which was also confirmed by my data. This 

hypothesis could also explain the flat relationship between mean morphology and cestode 

prevalence among lakes, if the evolution of decreased susceptibility is just strong enough 

to counter-balance variation in exposure (a straight line, rather negatively sloped line, in
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Figure 1.3. An illustration of how evolved 

resistance in response to high exposure can 

account of the among population trends in 

my data (and other comparable data). On the 

x-axis is an arbitrary phenotypic measure that 

correlates positively with exposure to a given 

parasite (e.g. morphology). The y-axis 

indicates some measure of infection (i.e. 

prevalence or abundance). In all panels, the 

curved lines indicate the phenotypic 

distributions of three hypothetical 

populations with phenotypic means indicated 

by the vertical dotted lines. Infection levels 

for each population are indicated by the solid 

black dots in each panel. (A) Before any 

evolution, more benthic populations have 

both higher exposure and higher levels of 

infection than do more limnetic populations. 

(B) Over time, high rates of exposure lead to 

the evolution of resistance in more benthic 

populations (indicated by downward arrows), 

decreasing infection levels more in benthic 

populations relative to limnetic populations. 

(C) The final result is a negative correlation 

between population mean phenotype and 

infection level. 
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figure 1.3C). The applicability of this hypothesis to my data assumes that resistance 

covaries with exposure (and thus morphology) at the among population, but not the 

among individual level. Across populations isolated by low gene flow, correlated 

selection for resource use and resistance readily builds up this covariance. Within 

populations such correlations are less likely. There is some potential for linkage 

disequilibrium to build between the genes controlling both resistance and phenotype 

within populations if resistance is costly, because unexposed individuals would not be 

selected to bear potential costs of resistance (Sheldon and Verhulst 1996). Such LD could 

be enhanced by non-random mating among individuals with similar morphologies or diet 

preferences (Snowberg and Bolnick 2008). However, of the populations I sampled, only 

one is known to be out of Hardy-Weinberg equilibrium at putatively neutral microsatellite 

markers spaced throughout the genome (Caldera and Bolnick 2008), indicative of random 

mating. Two other populations in the study area (not sampled here) show weak 

assortative mating by diet (Snowberg and Bolnick 2008, 2012). Most importantly, any 

strong linkage between resistance and phenotype within populations should obscure the 

predicted direct relationship between phenotype and exposure, a pattern contradicted by 

my empirical results.

A number of lines of additional evidence suggest that evolved resistance could 

account for the among population pattern I found here. First, there is ample evidence 

from both lab and field studies that stickleback populations have evolved resistance to 

commonly encountered parasites when compared to populations in habitats where the 
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same parasites are uncommon or absent (Kalbe and Kurtz 2006, Scharsack et al. 2007a, 

De Roij et al. 2010, Eizaguirre et al. 2012). Kalbe and Kurtz (2006) showed that lake 

ecotypes of stickleback that are naturally highly exposed to Diplostomum sp. trematodes 

in the wild show greater resistance to experimental infection with Diplostomum 

compared to river ecotypes, which are rarely or never naturally exposed. De Roij et al. 

(2010) showed a similar, but non-significant, trend in stickleback using the parasite 

Gyrodactylus. Using reciprocal transplants, Scharsack et al. (2007a) showed that lab 

reared F2 river ecotypes transplanted into lake enclosures had significantly greater 

parasite burden than did lake ecotypes transplanted into the same lake habitat, suggesting 

some degree evolved resistance in the ecotypes to the parasites present the two habitats. 

Additionally reciprocal transplants performed between a lake in my study (Roberts) and 

its outlet stream show a similar pattern of local adaptation, with stickleback becoming 

more infected with parasites in the contrasting environment to which they are not 

naturally exposed than do native fish (Stutz, unpublished data).

Second, immunological studies, particularly from the three-spine 

stickleback/Schistocephalus system suggest possible defense mechanisms by which 

stickleback could decrease infection success of Schistocephalus (Barber and Scharsack 

2010), and potentially other parasites such as nematodes which infect stickleback in a 

similar manner. These include increased enzymatic or digestive activity in the intestinal 

track (Hammerschmidt and Kurtz 2007) and early recognition and up-regulation of 

monocytes upon exposure to cercariae (Barber et al. 2001, Scharsack et al. 2007b). The 
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adaptive immune system has also been shown to play a role in stickleback adaptation to 

parasites in the wild. In a reciprocal transplant of lab reared fish, Eizaguirre et al. (2012) 

showed that certain major histocompatibility genotypes (important for parasite 

recognition) common in river ecotypes were associated with increased resistance for a 

dominant river parasite (Gyrodactylus sp.). In contrast, lake ecotypes, which are not 

naturally exposed to the parasite, did not carry the same alleles and suffered increased 

rates of Gyrodactylus infection. These studies suggest that exposure variation between 

different habitats has led to local adaptation of stickleback populations with respect to 

commonly encountered parasites, and that both innate and acquired immunity can 

potentially underlie differences in parasite resistance. Both innate and acquired immunity 

could also potentially confer distinct immunological responses to nematodes and 

cestodes, though the potential for cross-immunity is currently unknown.

A third line of evidence for evolved resistance in response to high exposure comes 

directly from my data. Although at the individual level the probability of infection was 

positively correlated with morphology, the strength of the correlation was not uniform 

among lakes. Instead, benthic fish were more likely to be infected with nematodes (the 

benthic parasite) in overall more limnetic populations (compare figure 1.1A and 1.1D). 

This trend can be clarified by noting that even within populations where the mean 

morphology is shifted towards the limnetic end of the spectrum, some individuals remain 

comparatively benthic. As my data indicates, it is this minority of relatively exposed 

benthic individuals, in otherwise limnetic-shifted populations, that become highly 
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parasitized by nematodes. This result is consistent with the evolved resistance hypothesis, 

which predicts that while individual fish in benthic populations should be 

immunologically well adapted to frequently-encountered benthic parasites, fish in 

limnetic populations will not, and consequently relatively more highly exposed 

individuals in limnetic populations will also be more highly infected. In other words, a 

mismatch between the population's immunological adaptations and the diet of a small 

minority of individuals could lead to the within lake correlations between morphology 

and infection I see in the data. 

In conclusion, I presented data from eighteen populations of threespine 

stickleback and showed that infection was positively correlated with morphologies that 

increase exposure within populations. This is consistent with previous work showing 

similar correlations in populations with discrete trophic polymorphisms, but the first to 

show that individual phenotypic differences reliably predict infection across multiple, 

phenotypically unimodal and ecologically undifferentiated populations. However, the 

data indicated that phenotype-dependent exposure differences between populations are 

not driving trends in infection at the population level. A number of possible mechanisms 

could potentially account for the observed variation in infection among populations, 

including variation in exposure independent of host phenotype. The data (especially from 

nematodes) are also consistent with a prediction of evolved resistance in response to high 

exposure, as studies suggest is the case for stickleback populations living in other discrete 

habitats where exposure differences are very pronounced. My study points the way 
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towards future work integrating the ecological factors that determine exposure and 

infection within and among populations.
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Chapter Two: Balancing and divergent selection simultaneously contribute to MHC 

polymorphism within and divergence between lake and stream stickleback

Abstract

MHC genes encode important components of the vertebrate immune system and 

are typically one of the most polymorphic gene families in vertebrates. Although two 

mechanisms of parasite-mediated selection have been proposed to account for this 

elevated diversity – balancing selection and divergent or fluctuating selection – the latter 

has received little direct empirical support in wild populations. I sampled three replicate 

pairs of parapatric lake and stream populations of threespine stickleback (Gasterosteus 

aculeatus, 6 populations total) that exhibit ecologically driven genotypic and 

morphological divergence despite ongoing gene flow. I showed that these populations are 

also strongly divergent in both their parasite communities and MHC genotypes. I then 

tested unique predictions arising from each mode of selection on MHC (balancing or 

divergent). I found that lake populations show weak but ubiquitous effects of balancing 

selection in the form of reduced overall parasite loads with increasing MHC diversity. In 

streams, the signals were more mixed, although fish with lake-like genotypes had higher 

loads in at least one stream, indicative of balancing selection. My study shows that the 

mode and strength of selection on MHC can be quite variable among populations even 

within a given host species and small geographic area. 
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Introduction

Parasites and pathogens have long been thought to be important drivers of 

intraspecific genetic diversity (Haldane 1949, Hamilton and Zuk 1982). This is certainly 

true for major histocompatibility (MHC) genes in vertebrates, which retain extremely 

high levels of genetic variation in natural populations (Takahata and Nei 1990, Satta et al. 

1993, Meyer and Thomson 2001, Hess and Edwards 2002, Wegner et al. 2003b). This 

variation is usually attributed to the crucial role of certain MHC genes which encode 

proteins that allow the initiation of adaptive immune responses by presenting parasite 

antigens (typically short peptide sequences) to immune effector cells. This ability to 

present antigens is directly dependent on variable sections of MHC genes known as 

polymorphic binding regions (PBRs), with specific PBR variants being able to recognize 

and bind only a small number of unique antigens (Doherty and Zinkernagel 1975, Jiang 

and Boder 2010). Consequently, increased diversity at MHC genes is expected to confer 

an increased the ability to resist infection by a wider variety of parasites. Such parasite 

mediated selection is generally considered the primary evolutionary force maintaining 

MHC diversity in the wild (reviewed in Penn and Potts 1999, Bernatchez and Landry 

2003, Piertney and Oliver 2005, Spurgin and Richardson 2010), although MHC genes 

may also evolve in response to non-parasite mediated forces such as non-random mate 

choice (Penn and Potts 1999, Milinski 2006), autoimmunity (Apanius et al. 1997), and 

mutation accumulation (Van Oosterhout 2009). Explaining the maintenance of MHC 

diversity in natural populations is of wide interest, both as a general illustration of 

43



evolutionary processes that promote polymorphism, and also because many MHC 

variants have important health effects in humans (Hill et al. 1991, Thursz et al. 1995, 

Godot et al. 2000, Fernando et al. 2008).

Balancing selection is thought to be the primary form of parasite mediated 

selection on MHC genes, and is hypothesized to arise from either of both of two non-

mutually exclusive selective mechanisms: heterozygote advantage (Doherty and 

Zinkernagel 1975) and negative frequency dependence (Slade and McCallum 1992). The 

co-dominant expression of MHC alleles at a given MHC locus leads directly to 

heterozygote advantage, because heterozygote individuals with two alleles is able to 

recognize more parasite antigens than a homozygous individual (figure. 2.1). Theory 

indicates that heterozygote advantage can result in the retention of multiple MHC allelic 

variants within populations (Takahata and Nei 1990). Moreover, heterozygote advantage 

should be strongest in systems where hosts face more diverse parasite threats 

(McClelland et al. 2003), and may have led to the evolution of multiple functional copies 

of MHC genes in many organisms  (Hess and Edwards 2002, Reusch et al. 2004).

Negative frequency dependent selection is thought to give rise to cyclical 

coevolution of host MHC alleles and parasite antigens, whereby parasites evolve antigens 

to avoid recognition by common MHC alleles (see figure. 2.2; Bodmer 1972, Takahata 

and Nei 1990, Slade and McCallum 1992). For example, viruses serially passaged 

through genetically identical mice rapidly evolve increased virulence against those mice 

strains. However when tested against genomically identical strains carrying alternative 
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Figure 2.1. Predictions of the effect of heterozygote advantage on parasite burden for (A) 

a single MHC locus and (B) for multiple MHC loci. (A) In this example, a single MHC 

locus has two alleles (A and B). The heterozygote is predicted to have lower parasite 

burdens (and presumably therefore higher fitness) than either of the homozygote types. 

(B) The extension of heterozygote advantage across multiple loci leads to the prediction 

that individuals with greater overall MHC diversity across all loci will have lower 

parasite burdens (and higher fitness) than individuals with less diversity. Diversity could 

be measured as number of different alleles, or some measure sequence level diversity 

among alleles. The general prediction made in (B) of negative association if heterozygote 

advantage is acting is the one tested in this study.
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Figure 2.2. Predictions of the effect of negative frequency dependence on parasite burden 
for (A) a single MHC locus and (B) for multiple MHC loci. (A) In this example, time 
steps 1-3 are illustrated in the top two panels, while time steps 4-6 are illustrated in the 
bottom two panels. Allele frequency changes are illustrated in the left two panels, while 
the corresponding parasite burdens during those time steps are illustrated in the right two 
panels. At time step 1, individuals carrying at least one red allele at will have lower 
parasite burdens than individuals without it. This causes an increase in the red allele over 
time steps 1-3, during which the red allele retains a selective advantage. At the time 
indicated by the dotted line, the parasite to which the red allele provides resistance 
evolves a new antigen sequence, at which point the red allele is no longer selectively 
advantageous. However, at time step 4, the green allele which recognizes the new 
antigen, is introduced into the population (or already exists). The green allele, like the red 
allele previously, confers resistance to the parasite and thus individuals carrying the green 
allele will have lower parasite burdens. Thus, over time steps 4-6, the red allele decreases 
in frequency while the green allele increases. As this process happens repeatedly for 
multiple parasites, alleles can potentially be retained at the locus if they are not lost to 
drift (Takahata and Nei 1990). (B) The multi-locus analogue to negative-frequency 
dependence at a single locus is again multi-locus allelic diversity, typically measured as 
the number of alleles. Individuals with more alleles overall are more likely to carry 
alleles that currently confer resistance (whether the alleles are common or rare, but 
especially when they are rare). Note that the prediction in (B) above is the same as the 
prediction from figure 2.1, and I do not distinguish between the two modes of selection 
for the purposes of this study.

46



MHC genotypes, they do not display the increased virulence (Kubinak et al. 2012). Such 

results lend strong support to the prediction that rare MHC alleles—capable of 

recognizing the newly evolved parasite antigens—may be favored by selection and 

become common, only to lose their efficacy as parasites antigens change yet again. The 

rare alleles may be old variants still segregating in the population, or new alleles arising 

from mutation, migration, or recombination (Slade and McCallum 1992). Like 

heterozygote advantage, negative frequency dependent selection can, in theory, maintain 

multiple allelic variants at a single MHC locus within populations indefinitely (Takahata 

and Nei 1990). Statistical associations (positive and negative) between specific MHC 

alleles and the intensity of parasite infection in natural populations are often taken as 

indirect evidence for the occurrence of negative-frequency dependent selection 

(Bonneaud et al. 2006, Tollenaere et al. 2008, Dionne et al. 2009, Oliver et al. 2009, 

Eizaguirre et al. 2012, but see Spurgin and Richardson 2010 for a critique of this 

approach). 

As an alternative to the two mechanisms of balancing selection described above, 

spatially divergent selection may also, in principle, contribute to the maintenance of 

MHC variation (Hedrick 2002, 2006). Spatially divergent selection is driven by 

environmental variation that results in exposure to different parasites in different 

locations and therefore selection for different MHC alleles at different locations (figure 

2.3). One fundamental difference between spatially divergent selection and the two 

mechanisms of balancing selection is that divergent selection between populations, unlike
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Figure 2.3. Predictions of the effect of divergent selection on parasite burden for (A) a 

single MHC locus and (B) for multiple MHC loci. (A) In this example expected parasite 

burdens are given for two different habitats. In habitat A, the red allele provides 

resistance to a parasite found only in habitat A, but not habitat B, whereas in habitat B, 

the blue allele provides resistance to a parasite found only in habitat B. Without gene 

flow between habitats (and evolutionary response in the parasite), each allele would 

eventually fix in the two habitats. (B) When gene flow occurs between habitats, 

individuals with genotypes with more home like alleles (i.e. more alleles like the red 

allele in habitat A or the blue allele in habitat B) are predicted to have lower parasite 

burdens than individuals who have genotypes more characteristic of the opposing habitat. 

The prediction in (B) is the prediction tested in this study.
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balancing selection, cannot maintain genetic variation unless populations in different 

habitats experience enough gene flow to overcome directional selection (Levene 1953). 

The possibility of divergent selection at MHC loci between populations has led to 

growing speculation that MHC/parasite interactions could be potential drivers of 

population divergence and speciation (Dixon et al. 1996, Blais et al. 2007, Eizaguirre et 

al. 2009, Karvonen and Seehausen 2012). This interest is motivated in part by previous 

work showing that (i) MHC allelic diversity often correlates with environmental variation 

among populations (Wegner et al. 2003b, Blais et al. 2007, Dionne et al. 2007, Evans and 

Neff 2009, Matthews et al. 2010a, Eizaguirre et al. 2011, McCairns et al. 2011), (ii) 

genetic differentiation among populations is often (although not always) greater at MHC 

than at neutral genetic markers (Miller et al. 2001, Bernatchez and Landry 2003, Aguilar 

et al. 2004, Ekblom et al. 2007, for counter-examples see Alcaide et al. 2008, Biedrzycka 

and Radwan 2008, Loiseau et al. 2009, Fraser et al. 2009), and (iii) specific MHC alleles 

confer resistance to parasites in some populations but not others (Bonneaud et al. 2006, 

Dionne et al. 2009, Eizaguirre et al. 2012, but see Spurgin and Richardson 2010). 

Furthermore, there is growing interest in detecting divergent selection at MHC genes 

because of their role in influencing mate choice in many organisms (Penn and Potts 

1999), and thus their potential role as “magic traits” in ecologically driven speciation 

(Blais et al. 2007, Eizaguirre et al. 2009, MacColl 2009, Karvonen and Seehausen 2012).

Unfortunately, none of the studies available to date provide unambiguous 

evidence for divergent selection on MHC (Spurgin and Richardson 2010). There are two 
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main issues barriers to finding direct empirical evidence for divergent selection at MHC. 

The first is that different forms of selection might result in the same empirical patterns, 

especially in non-temporally replicated data (see table 1 in Spurgin and Richardson 

2010).  For example, as noted previously, multiple studies have found MHC alleles that 

suppress a specific parasite in one population but not another, an observation that could 

be attributed to asynchronous coevolutionary cycles among populations (Bonneaud et al. 

2006), to divergent selection (Eizaguirre et al. 2012), or potentially both (Dionne et al. 

2009). Another major barrier to detecting divergent selection is that both balancing and 

divergent selection may be occurring simultaneously. Another major barrier to detecting 

divergent selection is that both balancing and divergent selection may be occurring 

simultaneously, thereby obscuring the signal of each mechanism individually. 

Consequently there is great interest in finding unique predictions that could be used to 

empirically test for and distinguish between balancing and divergent selection.

One such diagnostic test involves the relationship between immigrant genotypes 

and fitness. Both forms of balancing selection are expected to favor alleles introduced by 

gene flow between neighboring populations, either because immigrant alleles are likely to 

be rare relative to locally common alleles, or because hybrid individuals may be more 

heterozygous at MHC than native individuals in either population (Schierup et al. 2000, 

Muirhead 2001). In contrast, divergent selection is expected to have the opposite effect, 

favoring local alleles that recognize local parasites and selecting against alleles from 

other populations. Unfortunately, if balancing and divergent selection act simultaneously 
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they may cancel each other’s effects on immigrant alleles, reducing the power of this 

approach. 

One way overcome these barriers is to reciprocally transplant individuals between 

populations (Rauch et al. 2006, Evans et al. 2010, Eizaguirre et al. 2012), or to 

experimentally infect individuals in a common garden setting. However, it is often not 

feasible to perform replicated transplant experiments with sufficient power (i.e. numbers 

of individuals) to detect potentially weak (though meaningful) selective effects, 

particularly given the low frequency of many alleles within populations. Nonetheless, 

some of the best evidence for divergent selection operating in contrasting habitats comes 

from a reciprocal transplant study in lake and stream populations of  three-spine 

stickleback (Eizaguirre et al. 2012). These authors found that, while stream but not lake 

genotypes tended to carry specific alleles that reduced the abundance a common stream 

parasite, potentially consistent with divergent selection, lake MHC haplotypes were 

associated with lower parasite diversity in both habitats, which, because lake fish had 

greater MHC, is more consistent with globally acting balancing selection.

One possible alternative to reciprocal transplants is to study the effects of MHC 

on parasites in contact or 'hybrid' zones, where diverging populations share enough 

migrants to mix MHC genotypes among individuals at the transition between habitats, 

and yet maintain distinct and potentially locally adapted gene pools. In these areas, one 

can use metrics directly applicable to testing for divergent selection, such as whether or 

not individuals carry alleles specific to one population or mixture of alleles characteristic 
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of both populations. In essence, this approach uses natural dispersal and admixture 

between populations in place of experimental transplants, and the contrasting habitats in 

place of experimental infections.

Here, I exploit an alternative to reciprocal transplants, by studying the effects of 

MHC on parasites in contact or 'hybrid' zones, where diverging populations share enough 

migrants to mix MHC genotypes among individuals at the transition between habitats, 

and yet maintain distinct and potentially locally adapted gene pools. In these areas, one 

can use metrics directly applicable to testing for divergent selection, such as whether or 

not individuals carry alleles specific to one population or mixture of alleles characteristic 

of both populations. In essence, this approach uses natural dispersal and admixture 

between populations in place of experimental transplants, and the contrasting habitats in 

place of experimental infections.

Specifically, I test for the simultaneous effect of balancing and divergent selection 

in replicate contact zones of three-spine stickleback (Gasterosteus aculeatus) from three 

lakes and their corresponding outlet streams (lake-stream pairs ) on Vancouver island. I 

first show two prerequisites for establishing the possibility of divergent selection: 1) lake 

and stream populations within pairs have contrasting macro-parasite communities, 

consistent with previous studies of allopatric lake and stream populations of stickleback  

(Kalbe et al. 2002, Wegner et al. 2003b, Eizaguirre et al. 2011), and 2) lake and stream 

populations maintain distinctive MHC gene pools despite previously established, ongoing 

gene flow between populations. I then used a multiple regression approach to 
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simultaneously ask whether MHC diversity (as a test of balancing selection, figure. 2.1-

2.2) or MHC habitat specificity (whether individual genotypes were more lake-like or 

stream-like as a test of divergent selection, figure 2.3) were associated with increased or 

decreased parasite diversity or parasite load in each habitat. Despite strong differentiation 

among all three replicate lake and stream pairs in both parasite communities and MHC 

genotypes, I found that the strength and mode of the of selection (balancing vs. divergent) 

varied across the three population pairs and habitats, and in some cases depended on the 

particular metrics of parasite infection and/or MHC diversity used to test for signatures of 

selection.

Methods

Study System

 Fish—and three-spine stickleback in particular—have become useful and 

versatile tools for investigating parasite mediated selection on MHC genes (typically 

MHC class II) in the wild (Dixon et al. 1996; Miller et al. 2001; Bernatchez and Landry 

2003; Wegner et al. 2003; Kurtz et al. 2004; Blais et al. 2007; Dionne et al. 2009; Evans 

and Neff 2009; Kalbe et al. 2009; Eizaguirre et al. 2010, 2012; Matthews et al. 2010; 

McCairns et al. 2011. Stickleback have at least 4 functional MHC class II copies in their 

genome (Sato et al. 1998, Reusch et al. 2004), and retain high levels of diversity within 

and across loci in all studied populations (Wegner et al. 2003b, Matthews et al. 2010a, 

Eizaguirre et al. 2011, McCairns et al. 2011). Evidence for heterozygote advantage, in the 
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form of both maximal and optimal intermediate heterozygosity, has been found in 

multiple studies (Wegner et al. 2003b, 2006, Kalbe et al. 2009, McCairns et al. 2011, 

Eizaguirre et al. 2012). 

In addition to variation at MHC genes, spatial variation in parasite communities is 

also a common feature among stickleback populations (Reimchen 1982, Wegner et al. 

2003b, MacColl 2009, McCairns et al. 2011, De Roij and MacColl 2012). This is likely 

due to the variety of freshwater habitats they inhabit (Bell and Foster 1994) and the large 

degree of intra and interspecific trophic polymorphism stickleback exhibit (McKinnon 

and Rundle 2002), including adaptation to freshwater versus saltwater habitats (McCairns 

et al. 2011), lake versus stream habitats (Wegner et al. 2006), and also benthic versus 

limnetic habitats within the same lakes (Matthews et al. 2010a). 

Here, I focus on parapatric pairs of lake and stream stickleback (inhabiting outlet 

streams) on Vancouver Island, CA. These parapatric pairs have served as model systems 

for studying replicate instances of ecologically driven divergent selection (Hendry et al. 

2002, 2009, 2011, Berner et al. 2008, 2009, Kaeuffer et al. 2011, Roesti et al. 2012). 

Genetic divergence between adjacent lake and stream populations is maintained in the 

face of ongoing gene flow (Berner et al. 2009, Hendry et al. 2009, Roesti et al. 2012), and 

no physical barriers prevent movement between lake and stream habitats (Berner et al. 

2009). Differences in the abiotic (water depth and flow) and biotic (prey availability, 

predators) environments have driven the repeated evolution of habitat specific 

morphologies (Hendry et al. 2002, Moore et al. 2007, Berner et al. 2008, 2011), and it is 
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likely that both biotic and abiotic variation between lake and stream populations has 

resulted in differences in their parasite communities as well (Wegner et al. 2003b, 

Eizaguirre et al. 2011). 

Several previous studies in different lake and stream populations of stickleback 

have demonstrated divergence in both parasite communities and MHC genotypes (Kalbe 

et al. 2002, Wegner et al. 2003b, Eizaguirre et al. 2011). However, evidence for divergent 

selection on MHC from reciprocal transplants has been mixed. Despite some evidence of 

local adaptation to parasites generally, Rauch et al (2006) found no effect of MHC 

genotype (lake or stream) in reciprocally transplanted F2s, although this may be 

attributable to the short amount of time fish were exposed to parasites. More recently, 

Eizaguirre et al. (2012) showed that in transplanted F2 fish, fish with lake MHC 

haplotypes had lower parasite loads in both habitats (which the authors attribute to lake 

fish having a greater diversity of MHC alleles), whereas stream fish had genotypes that 

were particularly effective against a common stream parasite present in both habitats.  

However, these previous studies have examined allopatric lake and stream populations in 

Europe where these ecotypes are genetically divergent (stream ecotypes cluster together 

separately from lake ecotypes, Reusch et al. 2001), experience little if any gene flow 

(Reusch et al. 2001, Eizaguirre et al. 2011, 2012), and the habitats are highly impacted by 

human activity. Here, I examine replicate divergence between parapatric lake and stream 

populations that evolved in situ, are genetically clustered by watershed rather than by 

habitat, and experience ongoing gene flow creating a small transition zone between lake 
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and stream fish within the outlet streams (Berner et al. 2008, 2009). These transition 

zones, which are absent in the lake and stream systems studied in Europe, provides an 

opportunity for teasing apart the effects of balancing versus divergent selection.

Fish collection

I collected threespine stickleback from three lakes (Roberts Lake, Farewell Lake, 

Comida Lake) and their respective outlet streams on northern Vancouver Island, BC 

(table 2.1). As with most freshwater populations in the region, these lakes and streams 

were colonized by marine stickleback less than 12,000 years ago after the most recent 

period of glaciation (Bell and Foster 1994, Clague and James 2002). Two of the lake-

stream pairs (Roberts and Farewell) reside in separate branches of the Amor de Cosmos 

watershed, while the third (Comida) resides in the Mohun watershed. Although Roberts 

and Farewell do not represent completely independent colonizations from marine 

sources, neutral genetic markers show strong genetic structuring within the Amor de 

Cosmos watershed, with strong divergence between the two watershed branches (Caldera 

and Bolnick 2008). I thus treat each lake-stream pair as distinct instances of divergence 

between lake and stream populations.

Fish were collected using minnow traps in both habitats. Minnow traps were 

coarsely gauged to ensure that only adult fish (i.e. no young of the year) would be caught. 

Stream fish were caught at regular intervals (50 – 100 m) downstream from the lake, 

starting at 100 meters and continuing until 1000 – 1500 m downstream (table 2.1). These 
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Table 2.1. Sample sizes and sampling locations.

Pair Year Lake 100 150 200 250 300 400 500 1000 1500

Comida 2009 51 13 10 18 19 13 12 13 18 18

Farewell 2007 98 12 - 39 - 41 36 35 47 -

Roberts 2007 116 30 - 30 30 27 19 13 29 61

Lake 
UTM 

Stream 
UTM

319336E, 
5558447N

 319901E, 
5556463N

314926E, 
5564416N

314004E, 
5564614N

318053E, 
5566856N

316975E, 
5567731N

Notes: UTM coordinates are given for sampling locations within the lake and the furthest 

stream site. All UT coordinates are zone 10U. Total lake sample is given under “Lake”, 

while stream sample sizes are given at individual sampling distances. (-) indicates that no 

fish were sampled at this distance for the given stream.

sampling distances correspond to the range over which morphological, genetic, and 

dietary markers transition from lake-like to stream-like, albeit at different rates in 

different lake-stream pairs  (Berner et al. 2009). At each sampling location, traps were 

placed haphazardly along the edge of the stream within 5 meters upstream and 

downstream of the sampling site. Sample sizes per stream site ranged from 1 to 50 fish 

(Table 2.1). Upon capture all fish were euthanized with a lethal dose of MS-222. Caudal 

fin clips were taken from each fish and stored in 90% ethanol for later DNA extraction. 

All fish were preserved in 10% neutral buffered formalin.

Parasite Identification

During dissection, each fish was exhaustively screened for all macroparasites 
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visible under a standard dissection microscope. This included scans of the outer body 

(skin and visible sub-dermal tissues, and bony armor structures), buccal cavity and gills, 

interior body cavity including all organs (liver, swim bladder, gonads), the interior of the 

intestinal tract (stomach and intestine), and the eyes (interior and exterior). Only the gills 

on the right side of the fish were scanned for parasites, as the common gill parasites 

(Ergasilus sp. and Glochidia) were often at very high abundances. All parasites were 

identified to the lowest possible taxonomic unit. Morphologically distinguishable 

parasites of the same genus, which could not be assigned to a particular species, were 

given separate species number designations.. Note that formaldehyde preservation 

precludes using molecular bar-coding (where possible) to identify parasite species more 

finely. Diagnostically distinct parasites are described here using the lowest taxonomic 

group to which I could confidently assign them. For each fish I counted the total number 

of each parasite taxon found within the fish (parasite abundance). 

MHC genotyping

DNA was extracted from whole fin clips using Wizard Genomic DNA Purification 

Kits (Promega #A1120), following the protocols indicated by the manufacturer for 

animal tissue extraction. Samples were quantified using Quant-iT PicoGreen kits 

(Invitrogen P11496 ) following manufacturer protocol. I used PCR to amplify a section of 

the second exon of MHC class IIβ that includes the peptide binding region and is known 

to be extremely diverse in stickleback (Sato et al. 1998, Wegner et al. 2003b, Reusch et 
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al. 2004, Kurtz et al. 2004). Using the publicly available reference genome assembly for 

stickleback (Jones et al. 2012), I designed forward and reverse primers that were 

conserved across MHC class IIβ loci and that covered a substantial portion of exon 2. 

Because of sequence conservation among duplicated MHC class IIβ loci (Kurtz et al. 

2004, Lenz et al. 2009a), my primers amplify all class IIβ loci simultaneously. My 

forward primer sequence (5'-TGTCTTTAACTCCACGGAGC3') sits 23 base-pairs 

downstream from the start of the exon, while my reverse primer sequence (5'-

CTCTGACTCACCGGACTTAG3') spans the exon2/intron2 boundary. Note that these 

primer sequences are very similar to those developed independently by Lenz et al. 

(2009a) for amplifying stickleback MHC class IIβ exon 2 sequences intended for 

Reference Strand-mediated Conformation Analyses (RSCA). 

PCR reactions were performed in 50ul total volume containing 25 ng of extracted 

DNA, 10uL of 10X (-MgCl
2
) PCR buffer (Invitrogen), 300μmol of MgCl

2
 10μmol 

dNTPs, 20μmol each of forward and reverse primers, and 1 unit of Platinum Taq DNA 

Polymerase (Invitrogen). The PCR program used for all samples was: initialize at 94°C 

for 120 seconds, 25 cycles of denature at 94°C (30 seconds), anneal at 57°C (30 seconds), 

and extension at 72°C (60 seconds), and final elongation at 72°C for 240 seconds. After 

PCR, samples were cleaned using Agencourt AMPure XP PCR purification (Beckman 

Coulter) according to the manufacturers instructions. Samples were sequenced at the 

University of Texas Genome Sequencing and Analysis Facility on a Roche/454 FLX 

sequencer.

59



Raw sequence reads were processed using a novel protocol to account for 454 

sequencing error and correctly identify true allele sequences for each individual (see 

Chapter 3 supplemental methods and Thesis appendix A for full details). My protocol is 

similar to approaches taken by Babik et al. (2009) and Galan et al. (2010), in that it relies 

on the assumption that true allele sequences will be more common relative to derived 

sequences containing sequencing errors, but also accounts for the fact that erroneous 

sequences will be phylogenetically clustered around the true allele sequence. Briefly, my 

protocol uses a quasi-Dirichlet process to iteratively cluster similar sequence reads into 

groups at increasing levels of sequence similarity, and uses pre-set heuristics to determine 

when single clusters are likely to represent all sequences derived from a single true allelic 

variant present in the original sample. The most common sequence variant in each cluster 

is then taken as a original true allelic sequence. Using this method, I can positively 

identify the presence, number, sequence, and relative abundance of unique allelic variants 

within each individual fish. Allelic sequences for each individual were aligned to the 

cloned sequences in Sato et al. (1998) in order to ascertain phase, and then translated into 

amino acid sequences for further analysis (hereafter alleles). Accuracy of my 

bioinformatic pipeline was confirmed by Sanger sequencing of cloned PCR product from 

a subset of individual fish. My method is in principle capable of determining the relative 

abundance of alleles within a given individual, based on sequence read depth variation 

among alleles within an individual. However, I here focus on allele presence or absence 

because MHC is typically thought to have co-dominant effects on parasites (Doherty and 
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Zinkernagel 1975). Finally, I calculated allele prevalence at each sampling location as the 

proportion of individual fish carrying each allele.

Divergence in parasites and MHC genotypes between lakes and streams

I used a discriminate correspondence analyses (DCA, Perrière et al. 1996) on 

unstandardized parasite abundances within each pair to classify each fish as lake-like of 

stream-like based on its parasites. DCA performs a similar function to standard linear 

discriminate analysis in that it identifies the single axis in multivariate trait-space 

(parasite abundances) that best discriminates two predetermined groups (in my case lakes 

and streams). Unlike linear discriminate analysis, DCA is appropriate for multivariate 

count (as opposed to continuous) data. Where necessary, I reversed the sign of the 

resulting DCA scores within populations so that a positive scores indicate fish with 

parasites more typical of their own population (more “native”), and negative scores of the 

adjoining population (more “foreign”, e.g., stream-like parasites in lake fish). I used the 

percentage of fish in each pair assigned to the correct habitat as a measure of how distinct 

the parasite communities were between populations. In order to generate p-values of 

assignment probabilities, I permuted fish among habitats within each pair and re-

calculated assignments to generate null distributions for assignment probabilities. 10,000 

replicates were used to calculate p-values.

  To test whether the lakes and streams had divergent MHC gene pools, I again 

used DCA to identify the axis of variation that best differentiates lake and stream fish 

61



based on MHC genotypes, within each lake-stream pair. As with parasites, positive 

(negative) scores indicated fish with more native (foreign) MHC genotypes, and 

population divergence was measured by assignment success using DCA with 10,000 

permutations to assess significance.

Multi-locus metrics for testing hypotheses of selection on MHC

The expectations under balancing and directional selection are typically expressed 

in terms of a single MHC locus. However, like many vertebrates, stickleback have 

multiple MHC loci that cannot be amplified and analyzed separately  (Lenz et al. 2009a). 

This has led researchers to use alternative metrics of multi-locus MHC diversity to test 

predictions generated by balancing selection (reviewed in Spurgin and Richardson 2010). 

The extension of single locus predictions to multi-locus predictions is illustrated in 

figures 2.1-2.3, and outlined below.

A useful multi-locus analogue to heterozygote advantage is multi-locus allelic 

diversity—that is, individuals with greater MHC diversity across all loci are expected to 

have lower parasite loads, on average, than individuals with less MHC diversity. In this 

study I use two common metrics of MHC diversity as predictors of parasite burden: 1) 

the total number of different alleles (hereafter allelic richness) and 2) the average 

pairwise p-distance between all alleles carried by an individual (hereafter allelic 

dissimilarity). P-distance is calculated as the percentage of amino acid residues that are 

different between two alleles (all alleles were the same length). Two alleles that are 
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identical at every residue would receive a dissimilarity score of 0, while two alleles 

completely different at every residue would receive a score of 1. I included allelic 

dissimilarity to test an offshoot hypothesis of heterozygote advantage known as the 

divergent allele hypothesis, which predicts that similar MHC alleles will not differ much 

in their antigen binding properties, and thus individuals with greater sequence diversity 

across MHC loci may be able to recognize a wider variety of parasite antigens (Wakeland 

et al. 1990). Both metrics are predicted to covary negatively with parasite burden if 

heterozygote advantage/divergent allele advantage is occurring (Fig. 2.1-2.2) —that is, 

individuals with greater allelic richness or average allelic distance are expected to have 

lower parasite burdens (however those burdens are measured, see below).

Unlike with heterozygote advantage, models of frequency-dependence do not 

make straightforward predictions about how genetic diversity affects parasite load. 

Insofar as (i) MHC alleles act co-dominantly to eliminate parasites, and (ii) at least one 

allele, rare or common, is expected to reduce parasite burdens at any given time (figure 

2.2), then it follows that individuals with greater allelic richness are more likely to carry 

any such alleles, especially, but not only, when they are rare (i.e. arising due to recent 

mutation, recombination, or migration). Consequently, increased allelic richness is again 

expected to reduce parasite burden (figure 2.2). This expectation is the same multi-locus 

prediction generated by heterozygote advantage. Because my purpose here is not to 

differentiate the two forms of balancing selection, but to compare balancing selection 

with divergent selection, I take any observed negative association between allelic 
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diversity and parasite burden as an indicator of balancing selection generally. However, I 

remain agnostic as to the exact mechanism of balancing selection involved in generating 

the observed pattern in this study.

To test for divergent selection, I used the scores from my DCA based on MHC 

genotypes described previously. I refer to the scores on this axis as MHC habitat 

specificity, as the scores indicate whether individuals are more native or foreign with 

respect to MHC genotypes within each lake and stream. If divergent selection is 

occurring, I predicted that individuals with more native MHC genotypes (positive DCA 

scores) would have lower parasite burdens than individuals with more foreign genotypes. 

That is, I predicted a negative association between MHC habitat specificity and parasite 

burden (figure 2.3). 

Testing for signatures of balancing or divergent selection on MHC

I used a multiple regression approach to simultaneously test for balancing and 

divergent selection in each lake and stream population using the three metrics outlined 

above (allelic richness, allelic distance, and MHC habitat specificity). I used two different 

metrics of parasite burden as response variables in separate multiple regressions: 1) 

parasite species richness, calculated as the total number of parasite taxa found on each 

fish, irrespective of parasite abundance and 2) standardized parasite load. To calculate a 

standardized parasite load for a given individual, the abundance of each parasite carried 

by that individual was divided by the maximum abundance found for that parasite across 
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all individuals. I then summed these max-standardized abundances across each parasite 

found on the given fish to produce a standardized parasite load for that fish. This load 

metric takes into account the fact that some parasite taxa tend to be present at much 

higher mean abundances than other parasites and would thus dominate raw total 

abundance measurements.

For each multiple regression model, I used the three MHC metrics outlined above 

as my primary predictor variables of interest. In addition, I also included a number of 

covariates, including sex, body size, and trophic morphology (see Appendix for 

calculations of the latter two metrics). Significant positive correlations between body size 

and parasite abundance can occur because older (and thus larger) individuals have more 

time to accumulate parasites, because larger fish eat more prey (and thus more infected 

prey), and because larger individuals provide more space for parasite establishment 

(Poulin 2000). Body size independent trophic morphology has also been shown influence 

the probability of infection with trophically transmitted parasites via differences in 

parasite exposure (Chapter 1), and it was included to avoid confounding the effects of 

parasite exposure and MHC. However, I do not further analyze the effects of morphology 

in this study. In addition to the three main effects and covariates, I also initially included 

interactions between sex and all three main effects in all models. In stream populations, 

sampling distance was also included as a fixed cofactor to account for any spatial 

autocorrelation between predictor and response variables. Interactions between distance 

and each main effect were also included to account for potential variation in the effects at 
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different sites downstream. All continuous predictor variables were standardized to have 

a mean of zero and unit variance in order to directly compare the magnitude of estimated 

effect sizes.

I used generalized linear models with Poisson error structures to model parasite 

species richness. Because standardized load had a continuous but positive and highly 

right skewed distribution, I transformed standardized load to have a distribution of (0,1) 

by dividing by the maximum load, enabling the use of GLMs with gamma error 

structures.  After initially fitting full models, I removed all non-significant interaction 

terms using log-likelihood ratio tests. To estimate the fixed effects, I used a multi-model 

averaging approach to calculate model weighted effect sizes of each of my main effects 

(Burnham and Anderson 2003), using the R package MuMin (Barton 2013). This 

approach to effect size estimation incorporates both uncertainty in the effect size estimate 

and uncertainty in the model that best fits the data. 95% and 90% confidence intervals 

incorporating both sources of uncertainty were also calculated for each effect size 

estimate, also using the MuMIn package. I used the strength and direction of these effect 

size estimates for allelic diversity, allelic distance, and MHC habitat specificity on taxon 

richness richness and parasite load as indicators of the presence and relative strengths of 

balancing and divergent selection in my populations.

Optimality selection—or selection for an intermediate number of MHC alleles—

has been found in some stickleback populations by inclusion of quadratic allelic richness 

effects in regression models (Wegner et al. 2003a, Kalbe et al. 2009, freshwater in 
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McCairns et al. 2011). I initially included quadratic terms for allelic richness in all 

models, but found no significant or nearly significant quadratic effects on parasite 

richness or load, nor any consistent quadratic effects within or between habitats (data not 

shown), and thus these effects are not discussed further.

In addition to performing multiple regressions within each lake and stream 

population separately, I also combined all lake and all stream populations within single 

multiple regressions and performed a similar parameter estimation as above. I initially 

included interactions between all main effects and lake/stream pair (i.e. Roberts, 

Farewell, and Comida). In cases where these models indicating no significant interaction 

between pairs, habitats were combined across all three pairs to obtain estimates for each 

main effect in each habitat were estimated. 

Finally, my tests for selection operate on an assumption (made quite often) that 

high parasite diversity and/or loads represent fitness costs, and can therefore be used as a 

proxy for selection on MHC. A number of the parasites found in my population have been 

shown to reduce fitness or fitness proxies in stickleback and other fish (Schistocephalus 

solidus: Arme and Owen 1967, Eustrongyloides sp.: Paperna 1974, Glochidia: Karna and 

Millemann 1978, Diplostomum sp: Owen et al. 1993, Blackspot: Blais et al. 2004). 

Multiple macro-parasites have been associated with activated immune systems during 

experimental infection in stickleback (Scharsack et al. 2004, Wegner et al. 2006, Kurtz et 

al. 2006), which suggests that stickleback have evolved to reduce the impacts of parasites 

through immunological response. Additionally, MHC diversity has also been shown to 
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interact with environmentally induced stress to impact parasite burden and survival in the 

wild (Wegner et al. 2008).  It may be the case that not every parasite has demonstrable 

fitness costs on hosts, or that parasites only exert fitness costs at extremely high 

abundances. Although parasites may not decrease fitness equally, it seems reasonable to 

assume that individuals with higher overall parasite diversity or load will experience 

reduced fitness (Wegner et al. 2008).

Results

Differences in parasites and MHC genotypes between lakes and streams

Overall, I found 34 different macroparasite taxa across the three pairs, although 

not all taxa were found in each pair (table 2.2). Parasite communities differed between 

lake and stream habitats sufficiently that majority fish within each pair could be correctly 

assigned to their native habitat based on parasite abundances (Roberts 83%; Farewell 

85%; Comida 87%; all P < 0.001,).  

I identified 564 unique amino acid sequences across the three pairs. The 

percentage of individuals carrying a given allele in each population ranged from less than 

1% up to 94%. Somewhat surprisingly, more than 69% of alleles within each pair were 

unique to that pair (i.e. private alleles, table 2.3). The percentage of alleles unique to each 

habitat within pairs was also quite high (20% - 51%, table 2.3). The overall percentage of 

fish correctly assigned within each pair was  large  and significant for each pair (Roberts 

92%; Farewell 93%; Comida 95%, all P < 0.001), thus demonstrating that lake and
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Table 2.2 Parasite mean abundances
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Comida Farewell Roberts
Taxon Lake Stream Lake Stream Lake Stream
Trematoda:

0.14 - 0.07 - 2.58 2.38
0.27 0.71 - 0.03 0.01 0.03
0.06 - - 0.02 0.03 0.04

Crepidostomum 5.59 0.39 4.84 0.06 0.26 0.02
Diplostomum indistinctum 9.43 0.65 - - - -
Diplostomum gasterostei 0.02 - 4.34 0.29 0.02 -

0.41 7.28 0.95 0.46 - -
Cestoda:

- - - - 0.19 0.05
0.33 0.01 0.02 - 0.41 0.62

Schistocephalus solidus 0.06 0.02 0.16 0.11 - -
Cestode1 - - - - 0.04 0.05
Cestode2 0.06 - - - 0.07 0.03
Cestode3 0.02 0.01 - - 0.13 0.1
Cestode4 0.06 0.07 0.02 - 1.21 -
Cestode5 - - - - 0.02 0.01
Cestode6 - - - - 0.02 -

Nematoda:
- 0.22 0.02 0.09 0.02 0.06

0.1 0.42 0.59 0.33 1.43 0.83
- - - - 0.01 -

0.02 0.04 0.07 0.1 0.02 0.05
Nematode2 - - - - 0.01 0.01
Nematode3 - - - 0.01 0.03 0.01
Nematode4 - 0.01 - 0.01 0.21 0.07
Nematode5 - - - - 0.01 -
Nematode6 - 0.01 0.02 0.01 0.04 0.04
Nematode7 - - - 0.03 0.01 0.02
Nematode8 - - - - 0.02 0.01

Acanthocephala:
- - - - 0.02 0.01

0.45 0.07 0.09 0.14 0.07 0.03
Other:

Glugea anomala - - 0.02 0.13 - 0.26
2.04 1.45 2.1 0.2 4.93 0.02

Glochidia 7.98 0.2 - - 0.44 -
Unidentified spine cysts - - 3.3 - - -
Unidenfied helminth - - 0.31 0.12 - -

Neascus sp. (Blackspot)
Bunodera sp.
Bunoderina sp.

Apatemon sp.

Proteocephalus sp1
Proteocephalus sp2

Anisakis sp.
Capillaria sp.
Cystidicola sp.
Eustrongylides sp.

Acanthocephanus sp.
Neoechinorhyncus sp.

Ergasilus sp.



Table 2.3 Total number and number of private MHC alleles (unique amino acid 

sequences) found within each pair and habitat.

# of alleles # of private alleles
Population pair habitat pair habitat
Comida Lake 127 76 100 20
Comida Stream - 86 - 51
Farewell Lake 190 124 132 46
Farewell Stream - 130 - 57
Roberts Lake 244 130 195 60
Roberts Stream - 183 - 89

stream fish showed substantial divergence in MHC, with a small percentage of fish 

within each habitat more closely resembling fish from the alternative habitat.

Effects of allelic richness 

Overall, the effects of allelic richness on both parasite metrics were weak but 

supportive of balancing selection in both habitats, although the effects were generally 

stronger on load than on richness (shaded area, figure 2.4A). In particular, increased 

allelic richness was associated with lower parasite load in all three lakes and all three 

stream sites, although only the 90% confidence interval for the estimate in Comida Lake 

did not overlap zero (β = -0.18, 90% CI: (-0.35, -0.002), figure 2.5). Of the four estimates 

made by combining data across pairs (i.e. lakes and streams combined), only the 90% CI 

for the effects on load in lakes did not overlap zero (β = -0.09, 90% CI: (-0.20, -0.003)).
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Figure 2.4. Estimated effect sizes of (A) 

allelic richness, (B) allelic dissimilarity and 

(C) MHC habitat specificity on parasite taxon 

richness and and parasite load. Bars represent 

model-averaged 95% confidence intervals for 

each estimated effect. Completely filled points 

indicate effects whose 95% CI does not 

overlap zero; partially filled points indicate 

effects whose 90% CI overlaps zero. In (A) 

and (B) the shaded area of each panel indicates 

estimates that are consistent with  balancing 

selection. In (C) the shaded indicates estimates 

consistent with divergent selection. In cases 

where there was a significant interaction 

between allelic richness and sex, the estimates 

for each sex have been provided separately. 

Combined estimates (all three lakes or streams 

combined) are listed under “Meta”. If there 

was a significant interaction between the pair 

(i.e. Roberts, Comida, Farewell) and the effect 

of interest in the Meta models, the estimates 

for each pair are provided separately.
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Figure 2.5. Relationship between allelic richness and standardized parasite load in 

Comida Lake. Stickleback with greater allelic richness (i.e. more MHC alleles) had lower 

parasite loads in Comida Lake, consistent with balancing selection. Points represent 

values for individual fish. Black line indicates least-squares regression. The effect size 

estimate and 90% confidence interval are shown. 
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However, given that six of six populations showed the expected negative effect was also 

significant (binomial test, P = 0.031), balancing selection may be a weak but general 

force acting to increase allelic richness overall within habitats. 

Effects of allelic dissimilarity 

Somewhat surprisingly, given the results of allelic richness above, the effects of 

MHC allelic dissimilarity were generally not consistent with divergent allele hypothesis 

of balancing selection (figure 2.4B). The effects of dissimilarity on taxon richness 

showed no repeated trend among lakes or streams. The effects of dissimilarity on parasite 

load were similarly uninformative in lakes. However, the effect of dissimilarity on load 

was strongly positive in both Roberts Stream  (β = 0.20, 95% CI: (0.04, 0.36), figure 2.6), 

and for stream males overall (β = 0.22, 95% CI: (0.06, 0.38)). The effect of stream 

females overall was also positive but the 95% CI overlapped with zero. This effects 

indicate that in streams (mostly in males), fish with greater MHC dissimilarity actually 

had higher parasite loads than did fish with less dissimilarity, which is the opposite of the 

prediction generated by the divergent allele hypothesis. 

Effects of MHC habitat specificity

The effects of MHC habitat specificity on both parasite richness and load were 

inconsistent across pairs and habitats (figure 2.4C). In lakes, taxon richness and parasite 
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Figure 2.6. Relationship between allelic dissimilarity and standardized parasite load in 

Roberts Stream. Stickleback with greater allelic dissimilarity (i.e. higher average pairwise 

p-distance among MHC alleles) had higher parasite loads in Roberts Stream, inconsistent 

with balancing selection. Points represent values for individual fish. Black line indicates 

the least-squares regression. The effect size estimate and 95% confidence interval are 

shown.
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load were greater in more native genotypes in one and two lakes respectively. Counter to 

the prediction of divergent selection (figure 2.3), the strongest effect, and the only one 

whose 95% confidence interval did not include zero, was in Farewell Lake (β = 0.14, 

95% CI: (0.01, 0.26), figure 2.7A), in which more lake like-fish had greater taxon 

richness than more stream-like fish. The interaction between pair and habitat specificity 

on taxon richness was significant, indicating the three lakes showed significant variation 

in the effect habitat specificity (figure 2.4C).

The effects of habitat specificity in streams were different than in lakes. The 

results were generally consistent between both taxon richness and load, although they 

were typically stronger for load. Two of three stream sites showed negative associations 

between habitat specificity and parasite load, of which the 95% confidence interval of 

one (Comida Stream) did not overlap with zero (β = -0.17, 95% CI: (-0.32, -0.01), figure 

2.7B). Thus, more stream-like individuals had lower parasite loads than did more lake 

like individuals in Comida stream, consistent with the action of divergent selection in 

Comida Stream (figure 2.3). The combined effect in streams on load was also negative, 

consistent with divergent selection, albeit the 95% CI overlapped zero (β = -0.05, 95% 

CI: (-0.15, 0.05)).

Discussion

Understanding the causes of extreme diversity at MHC loci has been a long-

standing goal of evolutionary biologists. Of the two proposed mechanisms of parasite 
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Figure 2.7. Relationship between MHC habitat specificity and taxon richness in Farewell 

Lake, and between MHC habitat specificity and standardized parasite load in Comida 

Stream. (A) Stickleback with more lake like MHC genotypes had higher parasite loads in 

Farewell Lake, inconsistent with the divergent selection hypothesis. (B) In contrast, 

stickleback in Comida Stream had lower parasite loads with more stream-like genotypes, 

consistent with divergent selection. Points represent values for individual fish. Black lines 

indicates the least-squares regression. The effect size estimates and 95% confidence 

intervals are shown. 
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mediated selection predicted to contribute to MHC diversity—balancing selection and

divergent selection—the later has received little direct empirical support. Furthermore, 

few studies have concurrently tested for both evolutionary processes acting on MHC. My 

goal in this study was to take advantage of natural dispersal and gene flow between 

diverging lake-stream populations of three-spine stickleback, to simultaneously test for 

distinctive signatures of both divergent selection and balancing selection on MHC loci 

driven by divergent macroparasite community. Despite finding that lakes and streams 

were significantly divergent in parasite communities and MHC gene pools, the analyses 

presented here reveal complex and variable patterns consistent with different forms of 

selection in different populations. In lake populations, I found support for weak but 

persistent balancing selection, but no direct evidence for divergent selection. In stream 

populations the evidence for both forms of selection was mixed, with both the strength 

and mode of selection depending on the pair and the MHC and parasite metrics used. I 

found some evidence for divergent selection acting at least one stream, relative to its lake 

neighbors. I discuss further the results for the two habitats separately below.

Selection in lakes

Balancing selection should favor individuals with an increased allelic richness, 

both because these individuals are expected to recognize a wider variety of parasite 

antigens and possibly because they are more likely to carry rare and or/new (via 

mutation, migration, and recombination) allelic variants (Doherty and Zinkernagel 1975, 
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Spurgin and Richardson 2010). Balancing selection is also predicted to favor individuals 

with more functionally diverse alleles, under the expectation that greater variation in 

amino acid sequence within MHC binding regions will increase the number of antigens 

individuals are able to recognize (Wakeland et al. 1990). Within my lake populations, I 

found very weak but consistent evidence that fish with more MHC alleles had lower 

parasite burdens, as expected under balancing selection. These results are consistent with 

studies in other freshwater stickleback populations and in other study organisms (Kurtz et 

al. 2004, Evans and Neff 2009, Kalbe et al. 2009, Radwan et al. 2010, McCairns et al. 

2011, Eizaguirre et al. 2012), where increased diversity is associated with lower parasite 

loads and/or parasite diversity. The effects of allelic dissimilarity were near zero and 

inconsistent in direction, which is similar to previous findings in saltwater and freshwater 

stickleback populations (McCairns et al. 2011).

The effects of MHC habitat specificity did not support the divergent allele 

hypothesis. In fact, in Farewell Lake, fish with lake-like MHC genotypes tended to have 

higher taxon richness than did more stream-like fish. As noted previously, coevolution 

between parasites and hosts within a population can result in parasite evasion of common 

alleles, favoring new and rare alleles (including those introduced by gene flow). 

Consequently, under balancing selection, rare immigrant alleles may be better at 

recognizing parasites than common home-like alleles (Schierup et al. 2000), which may 

explain why stream fish appear to acquire fewer parasites in the lake than do lake fish. If 

this were the case, it would further support the evidence from allelic richness that 
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balancing selection is contributing to the maintenance of MHC diversity in my lake 

populations. My data also contrasts with results from the reciprocal transplant performed 

by Eizaguirre et al. (2012), who showed using F2 crosses that transplanted stickleback 

carrying stream MHC genotypes had more (rather than less) diverse parasites in lakes 

than did lake fish (as measured by Shannon diversity). To my knowledge my study 

presents the first direct empirical evidence that away-like genotypes actually confer 

overall reduced rates of parasitism compared to home-like alleles.

Selection in streams

Patterns of selection within stream sites were more variable and much less 

supportive of balancing selection than in lakes. The effects of allelic richness on parasite 

species richness and load were not significant in any stream, although the effect on 

parasite load was at least consistently in the predicted direction in all three streams. More 

striking, and completely counter to predictions based on the divergent allele hypothesis of 

balancing selection (and my results from lakes), increased allelic dissimilarity had a 

strong detrimental effects on parasite species richness in one of three streams, and on 

male fish overall. These results run counter to previous studies showing no relationship 

between allelic dissimilarity in stickleback (McCairns et al. 2011) and collared 

flycatchers (Radwan et al. 2012), and a protective effect of increased dissimilarity in 

Galapagos sea lions (Lenz et al. 2013). The potential causes of my results are not 

obvious. One possibility is that stream fish with more dissimilar alleles may be carrying 
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immigrant alleles from the lake, and thus suffering greater parasite loads because they are 

less locally adapted.  However, dissimilarity is significantly positively correlated with 

habitat specificity in Roberts Stream (r = 0.25, P = 0.0005) such that more stream like 

fish have higher average dissimilarity, but not in Comida or Farewell Lake (r = -0.03 and 

r = 0.07). Given that my effect size estimates are partial regression coefficients, it appears 

that the harmful effect of increased dissimilarity in streams may be in addition to any 

effects of whether individuals were more stream-like or lake-like.

Tests of divergent selection in streams using allele habitat specificity were also 

mixed. Divergent selection should cause a negative association between parasite load and 

how home-like an allele is (lower loads in home-like alleles). In streams, I observed this 

result in one of three streams for taxon richness and in two streams for parasite load, 

although the combined effects showed weak negative correlations overall. Only in 

Comida Stream did the confidence interval not include zero, which is somewhat 

surprising, given that all streams were significantly divergent from their lake neighbors, 

in both parasite species and MHC. Taxon richness and loads were slightly higher 

throughout Comida Stream compared to Roberts and Farewell (figure 2.8), so the ability 

to detect divergent selection in the latter two streams may be compromised by overall 

lower rates of parasitism or fewer parasite species. Parasite loads in streams are lower 

than lakes at sites in northern Germany, and evidence there suggests that divergent 

selection in streams manifests as strong resistance to only one or a few parasite species, 

rather than to parasite load overall (Eizaguirre et al. 2012). It is possible, therefore, that
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Figure 2.8.  Changes in mean taxon richness and mean standardized load moving from 

lakes downstream within each pair. Points are the mean values at each distance. Bars 

show +/- 2 standard errors. 

 stronger evidence for divergent selection may come from testing the effects of individual 

MHC alleles on individual parasite taxa rather than on aggregate metrics like taxon 

richness and load. 

Interactions between sex and MHC

Sex was sometimes also an important factor determining the effects of MHC on 

parasites. In particular there was a significant interaction between sex and allelic richness 

on parasite taxon richness in Roberts Lake. Females showed the expected decrease (under 
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balancing selection) in taxon richness with increased allelic richness, while males showed 

the opposite trend; however, both effect size estimates overlapped with zero. The other 

major sex effect I found was the interaction between average distance and sex in stream 

fish overall mentioned above, where males showed a substantially larger effect positive 

effect of average dissimilarity on parasite load than did females (figure 2.4B).

Sex differences in the strength and direction of effects of MHC diversity may be 

mediated through sexual dimorphism in feeding behavior (Reimchen and Nosil 2001). 

One possibility is that one sex may encounter different parasites via eating different prey 

types, altering the effectiveness of MHC alleles to provide resistance in the two sexes. 

There is also some evidence that male specific hormones in vertebrates including fish 

may be immunosuppressive (Poulin 1996, Kurtz et al. 2007), although it is unclear why 

immunosupression would interact with average dissimilarity to result in increased 

parasite loads in stream males. Clearly, more work separating the ecological, 

immunological, and physiological differences in the sexes is needed to clarify these 

results.

Conclusions

MHC variation is expected to be maintained by, among other forces, two general 

types of parasite mediated selection—balancing and divergent selection. I tested for both 

types of selection in neighboring lake-stream pairs of threespine stickleback. I found 

evidence for weak but general balancing selection favoring increased MHC diversity in 
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lakes, and evidence for divergent selection in at least one stream population. Despite 

these general trends, there was substantial variation in the strength and direction of 

effects of MHC on parasitism among populations. That this was the case even though my 

populations inhabit similar habitats, face many of the same parasites, were sampled 

concurrently, and existing in the same small geographical area. Given this close 

replication between my pairs, if and how selection operates on MHC loci appears quite 

variable and may depend on other , non-obvious characteristics specific to each 

population. My results underscore the inconsistency of findings from studies in recent 

years, which sometimes find evidence for (and sometimes do not) heterozygote 

advantage, negative frequency dependent selection, spatial variation, divergent selection, 

and optimality selection across a wide range of organisms (Bernatchez and Landry 2003, 

Eizaguirre and Lenz 2010, Spurgin and Richardson 2010). Although MHC genes remain 

of substantial interest for evolutionary biologists, conservation biologists, and 

immunologists, general knowledge about the mechanisms maintaining MHC diversity in 

the wild are likely to come only from multiple studies of across many organisms in a 

variety of ecological and parasitological scenarios.  
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Supplementary methods

Before dissection, each fish was blotted dry and weighed to the nearest 0.01g. For 

each fish, I measured standard length, closed gape width, gill raker number, and gill raker 

length following Bolnick and Lau (2008). Anterior body depth was measured as in Berner 

et al. (2008). Where individuals were missing data on particular traits, I used probabilistic 

principal components implemented in the R package MultiDimBio (Scarpino et al. 2012) 

to impute missing data (<2.5% of individuals in Comida and Farewell; body depth data 

was missing for 11% of Roberts fish). Separate data imputations were used within each 

population where data was absent. Log-transformed morphological trait values including 

imputed data were used in all subsequent calculations.

Morphological traits were size standardized following the procedure in Berner et 

al. (2008). After pooling all samples, a principal components analysis was performed on 

all morphological traits, and the scores on the first principal component (accounting for 

57% of total variation) were used as an index of body size. This index was highly 

correlated with the cube root of mass (r = 0.96), confirming its suitability as a proxy for 

body size. All morphological trait measurements for each fish (all samples pooled) were 

subsequently regressed on body size to obtain residuals representing size-standardized 

morphological traits. As noted in Berner et al. (2008) and Berner (2011), this method 

produces unbiased estimates of size corrected morphological variables and allows for 

subsequent analyses to be performed using all of the originally measured traits, whose 

biological relevance is easier to interpret than principal component scores.  
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I performed a linear discriminate function analysis on size-corrected 

morphological traits within each pair. All traits were scaled to standard normal 

distributions before applying the discriminate analysis. The scores on this axis, which 

indicate whether fish were more stream-like or lake like in their morphology, were used 

as a cofactor in all multiple regressions. Using principal components of variation within 

each pair produced similar results (not shown.)
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Chapter 3:  Parasite mediated divergent selection on MHC genes detected by 

utilizing parapatric populations of threespine stickleback.

Abstract

Major histocompatibility complex (MHC) genes are among the most diverse gene 

families in vertebrates. Two classes of parasite mediated selection have been proposed to 

explain MHC diversity: balancing selection and divergent selection. Evidence for 

divergent selection between populations at MHC genes is highly sought after, and yet 

previous tests have been unable to provide clear empirical support distinguishing the two 

selective mechanisms. Here, I show that spatially varying parasite communities impose 

divergent selection on MHC genes in parapatric populations of lake and stream 

threespine stickleback. When comparing populations connected by gene flow, alleles that 

were mo common in the focal population were more likely to be associated with reduced 

parasite abundance. Allopatric populations experiencing no gene flow showed no such 

general relationship between allele frequency and resistance. These results are only 

consistent with divergent selection, and imply that gene flow and environmental 

heterogeneity are essential to maintaining MHC diversity.
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Introduction

Major histocompatibility (MHC) genes encode proteins that are critical for 

vertebrates’ recognition of and response to parasites (Klein 1986), and variation at MHC 

genes has been linked to important diseases in humans (Hill et al. 1991, Thursz et al. 

1995, Godot et al. 2000) and wild animals (Siddle et al. 2010, Savage and Zamudio 

2011). However, the dramatic genetic diversity of MHC loci remains a lingering 

evolutionary puzzle: theory suggests that selection from parasites can maintain diversity 

at MHC loci via two non-mutually exclusive mechanisms. First, polymorphisms can be 

maintained by balancing selection (Takahata and Nei 1990), which can arise from both 

heterozygote advantage (Doherty and Zinkernagel 1975) and/or negative frequency 

dependence (Slade and McCallum 1992). Alternatively, variation in parasite exposure 

through space, leading to contrasting directional selection at in different populations 

(hereafter, divergent selection), can maintain variation even in the absence of balancing 

selection (Levene 1953, Hill et al. 1991, Meyer and Thomson 2001, Hedrick 2002). 

There is also growing interest in detecting spatially divergent selection at MHC genes 

because of their pleiotropic effects on mate choice in many organisms (Penn and Potts 

1999), and thus their potential role in ecologically driven speciation (Blais et al. 2007, 

Eizaguirre et al. 2009, De Roij and MacColl 2012, Karvonen and Seehausen 2012). 

However, there exist only a few, ambiguous examples of spatially divergent selection on 

MHC acting in natural populations (Spurgin and Richardson 2010), leaving the potential 

role of divergent selection in both ecological speciation and the maintenance of genetic 
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polymorphism uncertain.

The observation that different MHC alleles appear selectively advantageous in 

different populations—via associations with reduced individual parasite burdens— has 

previously been taken as evidence for the action divergent selection  (e.g. Loiseau et al. 

2011, Eizaguirre et al. 2012). However, when such populations are isolated from one 

another, such associations are also expected under negative-frequency dependent 

balancing selection (Spurgin and Richardson 2010). Specifically, negative-frequency 

dependent selection is expected to generate cyclical changes in MHC allele frequency as 

parasites and hosts coevolve (Slade and McCallum 1992). Because such cycles are 

unlikely to be synchronous among genetically isolated (i.e. allopatric) populations (Frank 

1991, Gandon 2002) , different alleles are likely to be selectively advantageous in 

different populations concurrently, even when no divergent selection is occurring. 

Consequently, associations between individual MHC alleles and reduced parasite burdens 

in isolated populations alone are consistent with the action of both frequency dependent 

and divergent selection.

In populations connected by gene flow (i.e. parapatric populations) divergent and 

balancing selection generate contrasting relationships between the frequency of a given 

allele and its selective advantage. Directional selection for local adaptation within a 

single population selects against alleles introduced by gene flow, keeping them at low 

frequency relative to locally advantageous alleles  (Haldane 1930, Levene 1953). 

However, when balancing selection is occurring. in a population, alleles recently 
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introduced by migration are often expected to be selectively advantageous, as they tend to 

be locally rare and more likely to appear in heterozygotes  (Schierup et al. 2000, 

Muirhead 2001). These two relationships lead to the prediction that, when divergent 

selection is strong relative to balancing selection, alleles that are more common in one of 

two connected populations are more likely to be selectively advantageous than 

disadvantageous (i.e. associated with reduced and not increased parasite burdens) in that 

population as well. Crucially, because gene frequency differences between unconnected 

populations cannot be indicative of migration-selection balance (i.e. they evolve 

independently), these predictions will only definitively identify divergent selection in 

parapatric populations. I apply this novel approach to testing for divergent selection by 

comparing the effects of naturally segregating MHC IIβ alleles on macroparasite burdens 

in connected (parapatric) and isolated (allopatric) populations of threespine stickleback. 

Results

I collected fish from 3 independent lake populations of threespine stickleback 

(Gasterosteus aculeatus), each paired with an adjoining outlet stream population on 

Vancouver Island (3 population pairs, 6 total populations, 850 total fish, table 3.1). 

Genetic data indicate recent and in many cases ongoing gene flow between adjoining lake 

and outlet stream populations on Vancouver Island, and no physical barriers prevent 

movement between lake and stream habitats (Berner et al. 2009). Despite close 

proximity, stickleback living in discrete habitats also typically carry distinct parasite 
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Table 3.1. Sample sizes and sampling distances.

Distance Downstream (m)
Pair Habitat Lake 25 50 100 150 200 250 300 400 500 1000 1500 Total
Comida Lake 51 - - - - - - - - - - - 51
Comida Stream - - 2 13 10 18 19 13 12 13 18 18 136
Farewell Lake 98 - - - - - - - - - - - 98
Farewell Stream - - - 12 - 39 - 41 36 35 47 - 210
Roberts Lake 115 - - - - - - - - - - - 115
Roberts Stream - 1 - 30 3 28 30 27 19 13 29 60 240

fauna (Kalbe et al. 2002, Eizaguirre et al. 2011, McCairns et al. 2011, De Roij and 

MacColl 2012). My populations were similarity distinct. Between 24% to 58% of the 34

identified macroparasite taxa (see table 2.2) differed significantly in mean abundance 

between populations within each lake-stream pair (figure 3.1-3.3), and  greater than 84% 

of fish in each pair could be correctly assigned to the correct habitat using discriminate 

analysis based solely on parasite abundances (all P < 0.001, table 3.2). Thus the necessary 

prerequisites for identifying a signal of divergent selection—gene flow and contrasting 

parasite communities—were present in my system.

Using 454 pyrosquencing, I identified 564 unique amino acid sequences across 

the three pairs (table 3.3, see supplementary materials for sequencing methods), which 

ranged in population prevalence (proportion of individuals carrying each allele) from 1 to 

94% (figure 3.1-3.3). To test for a signal of divergent selection, I first used generalized 

linear models to estimate whether each allele was associated with an increase or decrease 

in the mean abundance of every parasite taxon present within each population (see figure 
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Figure 3.1.  Parasite mean abundances (A) and allele prevalences (B) in Roberts Lake and Stream. Points represent individual taxa 

(A) and alleles (B). All error bars are  ± 1 standard error. Red points are significantly different in mean abundance/prevalence between 

the two populations. The dotted line indicates equal mean abundances/frequencies. Identifications and error bars are provided only for 

the most abundant taxa for clarity. Error bars smaller than the diameter of the points are not shown.
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Figure 3.2.  Parasite mean abundances (A) and allele prevalences (B) in Farewell Lake and Stream. Points represent individual taxa 

(A) and alleles (B). All error bars are  ± 1 standard error. Red points are significantly different in mean abundance/prevalence between 

the two populations. The dotted line indicates equal mean abundances/frequencies. Identifications and error bars are provided only for 

the most abundant taxa for clarity. Error bars smaller than the diameter of the points are not shown. USC = unidentified spine cysts.
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Figure 3.3.  Parasite mean abundances (A) and allele prevalences (B) in Comida Lake and Stream. Points represent individual taxa 

(A) and alleles (B). All error bars are  ± 1 standard error. Red points are significantly different in mean abundance/prevalence between 

the two populations. The dotted line indicates equal mean abundances/frequencies. Identifications and error bars are provided only for 

the most abundant taxa for clarity. Error bars smaller than the diameter of the points are not shown. 
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Figure 3.4. Two examples of estimated effects of individual parasite load. For example in 

Roberts Stream, (A) allele P396 coincides with lower Apatemon sp. abundance 

(resistance effect, red), whereas (B) allele P321 is associated with increased 

Eustrongylides sp. abundance (susceptibility effect, blue). Bars represent the mean 

abundance of each parasite for fish carrying or not carrying the respective allele, with ± 1 

standard error bars. Wald statistics and p-values from GLMs associated for each 

allele/parasite combination are shown. Note that GLM effects take into account cofactors 

such as body size and sampling location in the stream. The effects plotted here are 

arbitrarily chosen examples from among many significant MHC-parasite associations.
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Table 3.2 DCA assignment percentages based on parasite abundances and MHC 

genotypes.

Note: P-values were generated by permuting fish among the two habitats and 

recomputing assignment probabilities (1000 replicates).

Table 3.3 Total number of MHC alleles and private alleles found within each pair 

and habitat.

# of alleles # of private alleles
Population pair habitat pair habitat
Comida Lake 127 76 100 20
Comida Stream - 86 - 51
Farewell Lake 190 123 132 46
Farewell Stream - 129 - 57
Roberts Lake 244 130 195 60
Roberts Stream - 183 - 89

Note: Private alleles are alleles present only in a given pair and no other, or within a 

given habitat within a pair, and not the other habitat.
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Roberts Farewell Comida
Parasites:

% correctly assigned 92.2 92.9 93.7
P-value < 0.001 < 0.001 < 0.001

MHC genotypes:
% correctly assigned 0.87 0.84 0.86
P-value < 0.001 < 0.001 < 0.001



3.5 for examples of each). I was able to estimate 15,118 effects of an individual allele on 

a single parasite taxon across all three pairs. I then divided the effects in each population 

into four categories. First, each effect was categorized as a “resistance” effect or a 

“susceptibility” effect if it was associated with a decrease or increase in the abundance of 

the given parasite, respectively. Second, if the allele used to estimate the effect was more 

common in the focal population relative to its parapatric neighbor (i.e. Roberts stream vs. 

Roberts Lake), the effect was designated a “home” effect, otherwise it was designated as 

an “away” effect. A statistical over-representation of effects in the “home/resistance” 

category (and thus also the “away/susceptibility” category) within a population was taken 

as a signal of directional selection; directional selection in both parapatric populations 

would then be a signal of divergent selection. 

Consistent with widespread directional selection, I found statistically more 

home/resistance and away/susceptibility effects than expected by chance in 4 of 6 six 

parapatric comparisons (figure 3.5). Of those 4, both Roberts stream and Roberts Lake 

were significant, suggesting that divergent selection in the Roberts system is occurring. 

Farewell Stream was also significant, and Farewell Lake showed an over-representation 

(though not statistically significant) of “home/resistance” effects as well, suggesting 

divergent selection may also acting in in the Farewell system as well. Comida Lake also 

showed a significant signal of directional selection, with only Comida stream showing an 

insignificant trend in a direction more consistent with balancing than directional selection 

(underrepresentation of home/resistance effects). For comparison, I performed the same
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Figure 3.5. Evidence for directional (and divergent) selection in 4 of 6 sampled 

populations. Each panel visualizes a 2x2 cross-table representing the four categories of 

effects. Each allele was classified as home or away biased if it was more prevalent in the 

focal (home) population or in its parapatric partner (away). The effect of each allele on 

each parasite in the focal habitat was classified as providing resistance or susceptibility 

(associated with increased or decreased parasite mean abundance, see also Fig. 2). Green 

boxes indicate more effects than expected given complete independence (i.e. over-

representation), while yellow boxed indicate underrepresentation. Directional selection is 

indicated by a green box in the home/resistance category.  The numbers in the 

home/resistance box within each panel indicate the difference in observed and expected 

number of effects for the home/resistance category. Chi-squared statistics for 2x2 

contingency tests and their associated p-values are given for each population. 
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 analysis among all allopatric combinations of my 6 populations in different habitats (i.e. 

Roberts Lake versus Farewell Stream). Unlike parapatric comparisons, I was equally 

likely to find statistically significant over and under-representations of “home/resistance” 

effects in allopatric comparisons (4 vs. 4 out of 12 total), and no two allopatric 

populations exhibited evidence of directional selection in both populations (figure 

3.6).Thus, my data show that divergent selection can act on MHC loci in natural 

populations and may only be unambiguously identified in parapatric populations.

If divergent selection is acting to maintain variation at MHC among populations, I 

would expect lake-stream pairs to maintain contrasting MHC gene pools despite gene 

flow. Between 17 and 31% of alleles within each pair were significantly different in 

prevalence (proportion of fish carrying the allele) between the lake and stream (figure 

3.1-3.3). Using a discriminate analysis based on MHC genotypes, I was able to assign 

over 90% of fish to the correct habitat within each pair (table 3.3), showing that 

neighboring lakes and streams maintain highly distinct MHC gene pools despite natural 

barriers to gene flow. Importantly, a smaller percentage of alleles were significantly 

different in prevalence between parapatric lakes and streams compared to allopatric 

populations (GLM: t = 3.2, df = 1, P = 0.015,  figure 3.7) confirming that gene flow 

increases homogenization between populations despite divergent selection.

To further substantiate my conclusion that divergent selection is operating within 

my populations, I performed a reciprocal transplant of fish within the Roberts pair in the 

summer of 2011 (see supplementary materials for methods). Wild caught fish were held
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Figure 3.6. Contingency tests for directional selection in allopatric populations. Unlike in 

parapatric populations, comparisons between allopatric populations in different habitats 

were equally likely to have statistically significant over and under-representations of 

home/resistance effects (4 each). Moreover, no pair of populations (rows, above) both 

showed statistically significant directional selection. Each panel visualizes a 2x2 cross-

table representing the four categories of effects. Each allele was classified as home or 

away biased if it was more prevalent in the focal (home) population or in its parapatric 

partner (away). The effect of each allele on each parasite in the focal habitat was 

classified as providing resistance or susceptibility (associated with increased or decreased 

parasite mean abundance, see also Fig. 2). Green boxes indicate more effects than 

expected given complete independence (i.e. over-representation), while yellow boxed 

indicate the opposite. Directional selection is indicated by a green box in the 

home/resistance category.  The numbers in the home/resistance box within each panel 

indicate the difference in observed and expected number of effects for the 

home/resistance category. Chi-squared statistics for 2x2 contingency tests and their 

associated p-values are given for each population. 
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Figure 3.7. The average percentage of alleles that were significantly different in 

prevalence between parapatric (3 comparisons) and allopatric (6 comparisons) 

populations. Grey dots indicate single pair-wise comparisons, and red dots and bars 

indicate the mean and ± 1se for each comparison type. P-value above horizontal line 

corresponds to a GLMs testing whether the group means were significantly different 

between parapatric and allopatric types.
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 in wire cages in both the lake and stream from late May to early July. Fish transplanted 

between habitats had higher mean total parasite abundance than fish held in their native 

habitat (Log-likelihood ratio test: deviance = 7.87, df = 1, P = 0.05, figure 3.8). This 

result is consistent with evidence for local adaptation found in previous reciprocal 

transplants in stickleback (Rauch et al. 2006, Scharsack et al. 2007a, Eizaguirre et al. 

2012), although unlike one previous (Eizaguirre et al. 2012), I have not yet directly 

implicated MHC in the differences between transplanted fish. However, the combination 

of allele-parasite associations and reciprocal transplant results makes it clear that 

adjoining populations are subject to divergent selection to resist distinct parasite 

communities.

Although there is little debate that balancing selection acts to maintain MHC 

variation in natural populations, conclusive evidence differentiating the effects of 

divergent from balancing selection has to date been lacking (Spurgin and Richardson 

2010). My results provide the first clear evidence that divergent, and not just balancing 

selection, is operating on MHC genes in natural populations that vary in exposure to 

parasites. The results have at least two broader implications. First, my results provide 

sufficient evidence that contrasting MHC gene pools can be maintained by divergent 

selection between parapatric populations, potentially paving the way for the evolution of 

MHC based mating isolation and possibly ecological speciation (Eizaguirre et al. 2009, 

Karvonen and Seehausen 2012). Second, in contrast to theory based on the assumption 

that balancing selection is the primary force driving parasite mediated MHC evolution
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Figure 3.8.  Mean parasite abundance of transplanted fish in lakes and streams. In my 

reciprocal transplant experiment, non-native fish (middle two columns) had higher total 

parasite abundances than did native fish (outer columns) in each environment. Error bars 

represent +/- 1 standard error. Numbers within bars indicate sample size (surviving). The 

interaction effect between habitat of origin and habitat of transplant was significant  
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 (Schierup et al. 2000, Muirhead 2001), my results show that resistance to parasites may 

be impeded, rather than strengthened, by gene flow between populations experiencing 

contrasting parasite pressures. Because divergent selection is predicted to result in local 

(deviance = 7.87, df = 1, P = 0.005) adaptation for resistance to parasites in time and 

space (Hedrick 2002), populations may not be buffered from external perturbations in 

parasite exposure regimes (Altizer et al. 2003), such as those produced by changing 

climates (Pounds et al. 2006) and increased human activity (Fisher et al. 2012).  

Methods

Study Lakes

Three-spine stickleback were collected from three lake-stream pairs on northern 

Vancouver island, British Columbia – Roberts Lake, Farewell Lake, and Comida Lake. 

As with many lakes in this area, these lakes were colonized from marine populations after 

the most recent glaciation (Bell and Foster 1994, Clague and James 2002). Comida lake 

resides in the Mohun watershed, while the other two lakes reside within separate 

branches of the same watershed (Amor de Cosmos). Although Roberts and Farewell may 

not represent historically independent colonizations of freshwater from marine sources, 

neutral genetic markers indicate strong genetic structuring and negligible between non-

neighboring populations at different topological levels and different branches within the 

Amor de Cosmos watershed (Caldera and Bolnick 2008).
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Fish Collection

Fish were collected using minnow traps in July 2007. Traps were sufficiently 

coarse gaged that young of the year fish would not be caught, and thus all individuals 

were very likely to be adults of at least 1 year of age. Upon capture, all fish were 

immediately euthanized in MS-222. Caudal fin clips were taken and preserved in 90% 

ethanol for later DNA extraction. Fish were preserved in 10% neutral buffered formalin. 

To capture lake fish, minnow traps were placed haphazardly along the shoreline 

(< 3m depth) within approximately 350 meters from the outlet. Stream fish were captured 

at regular intervals downstream from the lake, starting at 20 meters from the lake/stream 

boundary in Roberts Lake and 100 meters in Comida and Farewell (table 3.1). The last 

sampling location within each stream was 1500 meters away from the lake in Comida and 

Roberts streams, and 1000 meters for Farewell Stream. These sampling distance are 

cover the range over which morphology and genetic markers gradually transition from 

lake to stream types (Berner et al. 2009). At each sampling distance within the stream, 5-

6 traps were placed within 5 meters upstream and 5 meters downstream of the sampling 

location. Stream sampling locations were pooled together to estimate overall parasite 

mean abundance and allele prevalences within stream populations. However, when 

estimating the effects of MHC alleles on parasite abundance, I controlled for potential 

spatial covariation between parasite abundance and allele prevalence in the stream as 

described below (see section “MHC allele effects”).
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Morphology and parasites

Before dissection, each fish was blotted dry and weighed to the nearest 0.01 gram. 

Body size was calculated as the score on the first principal component axis of variation 

following Berner et al. (2009) by first measuring total length, gape width, gill raker 

number, and gill raker length following the protocol of Bolnick and Lau (2008). Anterior 

body depth was measured as in Berner et al. (2008). Body size was used to control for the 

potentially confounding effects of fish age and size on parasite abundance (see section 

“MHC allele effects” below). A small percentage of individuals were missing individual 

trait data ( < 2.5 % per population except for Roberts Lake and Roberts Stream which 

where 6% and 14% of individuals were missing body depth data). I used probabilistic 

principal components implemented in the R package MultiDimBio (Scarpino et al. 2012) 

to impute missing data. Body size scores in all populations were were highly correlated 

when calculated with and without body depth measurements (r > 0.98). All the following 

statistical analyses were performed in R  (R Core Team 2012). 

Each fish was exhaustively screened for macro-parasites visible under a standard 

dissection microscope. This included scans of the outer body (i.e. skin and bony armour 

structures), mouth and gills, interior body cavity including all organs (liver, swim 

bladder, gonads), the interior of the intestinal tract (stomach and intestine), and the eyes 

(interior and exterior). Only the gills on the right side of the fish were scanned for 

parasites, as the common gill parasites (Ergasilus sp. and Glochidia) were often at very 

high abundances. All parasites were identified to the lowest possible taxonomic unit. 
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Clearly identifiable parasites of the same genus were given separate species number 

designations (e.g. Proteocephalus sp1). I was not able to identify some parasites past the 

level of phylum (Cestode, Nematode, etc.), although each was clearly distinguishable 

from one another. I refer to these taxa as, for example, Cestode1., Nematode3, etc. A total 

of 34 parasite taxa were identified across the three lake-stream pairs, although not every 

parasite was present in every population or pair (table 3.2). For each fish I counted the 

total number of each parasite taxon found within the fish (parasite abundance). 

I calculated the mean abundance and 95% confidence intervals for every parasite 

within each habitat (table 3.2, Fig. 3.1-3.3). Confidence intervals were calculated using 

the method proposed by Garwood (1936) and implemented using the 'poisson.exact' 

function in the package 'exactci' (Fay 2010). In order to determine whether parasite 

abundances were significantly different between parapatric populations, I modeled 

abundance as a function of habitat within each pair using generalized linear models 

(GLMs). I used AIC to determine which error structure (Poisson or negative binomial) 

best fit the data. All GLMs were fit in R with maximum likelihood using the glm and 

glm.nb functions (MASS package; Venables and Ripley 2002). In cases where one of the 

two populations had a mean abundance equal to zero, GLMs were not able to provide 

accurate estimates of standard error. In these cases populations were considered 

significantly different in mean abundance if the 95% confidence intervals were non-

overlapping. 

I used a discriminate correspondence analyses (DCA, Perrière et al. 1996) on 
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unstandardized parasite abundances within each pair to classify each fish as lake-like of 

stream-like based on its parasites. DCA performs a similar function to standard linear 

discriminate analysis in that it identifies the single axis in multivariate trait-space 

(parasite abundances) that best discriminates two predetermined groups (in my case lakes 

and streams). Unlike linear discriminate analysis, DCA is appropriate for multivariate 

count (as opposed to continuous) data. I used the percentage of fish in each pair assigned 

to the correct habitat as a measure of how distinct the parasite communities were between 

populations. In order to generate p-values of assignment probabilities, I permuted fish 

among habitats within each pair and re-calculated assignments to generate null 

distributions for assignment probabilities. 1000 permutations were used to generate p-

values.

MHC sequencing

Because I was interested in the effects of MHC variation on the ability of fish to 

control or eliminate extracellular parasites, I focused on characterizing variation at MHC 

class II loci. Class II loci (as opposed to class I) are expressed mainly on antigen 

presenting cells (APCs) such as dendritic cells and macrophages, which use endocytosis 

to absorb whole parasites or parasite proteins from the surrounding tissues. Endocytosed 

parasite proteins (antigens) are then fragmented in the APC, and antigens which fit into 

the peptide binding groove of MHC class II are then exported to the APC cell surface. On 

the cell surface, the MHC-antigen complex can bind to conformationally matched T cell 
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receptors, thereby activating T cells and initiating an immune response (Murphy 2011). 

Of particular importance is variation at the polymorphic binding region (PBR) on the beta 

chain of class II genes, which directly affects the ability of particular MHC alleles to bind 

specific antigens (Jiang and Boder 2010). The PBR of MHC class IIβ has been implicated 

in resistance to parasites in a variety of organisms (Wegner et al. 2003b, Kurtz et al. 

2004, Lenz et al. 2009b, Dionne et al. 2009, Evans et al. 2010). In stickleback, MHC 

class IIβ diversity has been shown to lead to selection for both maximal and optimal 

heterozygosity across MHC loci (Wegner et al. 2003b, Kurtz et al. 2004, McCairns et al. 

2011), and has been linked with lifetime reproductive success (Kalbe et al. 2009) and 

differential selection in environments with contrasting parasite pressures (Eizaguirre et al. 

2011, 2012). However, work to date has not clearly teased apart the roles of balancing 

selection versus fluctuating directional selection in maintaining this MHC diversity 

(Eizaguirre et al. 2012).

Genetic sequencing suggests that threespine stickleback have between 4 and 6 

functional class IIβ loci in their genome (Sato et al. 1998, Reusch et al. 2004, Reusch and 

Langefors 2005), although the number of functional loci may vary between individuals 

(Reusch and Langefors 2005). Sequencing cDNA indicates that all putative MHC class 

IIβ loci identifiable within an individual are expressed (Reusch et al. 2004). Due to recent 

duplications (Reusch et al. 2004) and ongoing inter and intra-locus recombination 

(Reusch and Langefors 2005), stickleback MHC class II loci are similar enough that 

locus-specific primers cannot be used to amplify loci individually (Lenz et al. 2009a). 
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Although in theory allele separation and sequencing can be achieved through traditional 

cloning and sequencing methods, acquiring multi-locus genotypes for highly diverse 

genes across a large number of individuals (> 800 in this study) makes such methods 

impractical. Alternative, indirect methods for separating allelic variants using 

electrophoresis (SSCP, RSCA) have been used with much success (Langefors et al. 2000, 

Binz et al. 2001, Lenz et al. 2009a). However, these methods often require substantial 

amounts of lead-in work to create reference strands and match electrophoresis bands to 

known allele sequences (Lenz et al. 2009a), which may only be useful when applied to 

variation within groups of related populations. Recent years have seen an increase in the 

use of high-throughput sequencing (i.e. pyrosequencing) methods to simultaneously 

sequence alleles across multiple copies of a single gene such as MHC loci (Babik et al. 

2009, Galan et al. 2010). This is the approach that I adopt here.

DNA was extracted from whole fin clips using Wizard Genomic DNA Purification 

Kits (Promega #A1120), following the protocols indicated by the manufacturer for 

animal tissue extraction. Samples were quantified using Quant-iT PicoGreen kits 

(Invitrogen P11496 ) following manufacturer protocol. I used PCR to amplify a section of 

the second exon of MHC class IIβ known be extremely diverse in stickleback (Sato et al. 

1998, Wegner et al. 2003b, Reusch et al. 2004, Kurtz et al. 2004). Using the publicly 

available reference genome assembly for stickleback (Jones et al. 2012), I designed 

forward and reverse primers that were both conserved across loci and covered a 

substantial portion of exon 2. My forward primer sequence (5'-
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TGTCTTTAACTCCACGGAGC3') sits 23 base-pairs downstream from the start of the 

exon, while my reverse primer sequence (5'-CTCTGACTCACCGGACTTAG3') spans 

the exon2/intron2 boundary. Note that these primer sequences are very similar to those 

developed independently by (2009a) for stickleback MHC class II PCR intended for 

Reference Strand-mediated Conformation Analyses (RSCA).

My primers produce a 210 base pair amplicon (excluding primer sequences) 

covering 75% of the length of exon 2. (210/265 of exon2). This covers 70 out of 88 

amino acid residues, capturing most of the highly variable regions of the exon (Lenz et al. 

2009a). Given the highly variable nature of the exon, it is unlikely, although plausible, 

that two alleles would be identical at the 70 residues captured by my primers, but 

different at residues outside of my amplified region. Cloned exon 2 sequences produced 

by (Lenz et al. 2009a) using forward primers situated in exon 1 are congruent with allele 

sequences identified using their RSCA protocol, suggesting that the majority of alleles 

are differentiated using these primers. At worst, diversity estimates produced by my 

sequencing method would underestimate overall diversity slightly if alleles differed from 

each other only in base pairs outside of my amplified region. 

In addition to the sequences listed above, my forward and reverse primers also 

had one of 21 different 15 base-pair multiplex identification tags (MIDs) at the 5' of each 

primer sequence. These 21 MIDs were derived from the 10 454Standard MID set 

provided by Roche, by adding an additional 5 base-pair sequence to the 3 prime end of 

each 454standard MID (table 3.4). By using differently tagged forward and reverse 
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Table 3.4. Primer barcode sequences

Barcode Sequence
1 ACGAGTGCGTACGAG
3 AGACGCACTCACGAG
4 AGCACTGTAGACGAG
5 ATCAGACACGACGAG
8 CTCGCGTGTCACGAG
9 TAGTATCAGCACGAG
10 TCTCTATGCGACGAG
11 TGATACGTCTACGAG
25 ACGAGTGCGTAGACG
27 AGACGCACTCAGACG
28 AGCACTGTAGAGACG
29 ATCAGACACGAGACG
30 ATATCGCGAGAGACG
32 CTCGCGTGTCAGACG
33 TAGTATCAGCAGACG
34 TCTCTATGCGAGACG
35 TGATACGTCTAGACG
37 ACGAGTGCGTAGCAC
40 AGCACTGTAGAGCAC
41 ATCAGACACGAGCAC
42 ATATCGCGAGAGCAC

primer combinations for each individual within a single 454 sequencing run, I was able to 

multiplex up to 441 individual stickleback per sequencing run. HPLC purified Primers 

were procured from Integrated DNA Technologies.

PCR reactions were performed in 50ul total volume containing 25 ng of extracted 
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DNA, 10uL of 10X (-MgCl
2
) PCR buffer (Invitrogen), 300μmol of MgCl

2
, 10μmol 

dNTPs, 20μmol each of forward and reverse primers, and 1 unit of Platinum Taq DNA 

Polymerase (Invitrogen). The PCR program used for all samples was: initialization (120 

seconds at 94°C), denature (30 seconds at  94°C), anneal (30 seconds at  57°C), extension 

(60 seconds at  72°C), final elongation (240 seconds at 72°C). The denature through 

extension steps were run for 25 cycles. After PCR, samples were cleaned using 

Agencourt AMPure XP PCR purification (Beckman Coulter) according to the 

manufacturers instructions. Samples were again quantified using Quant-iT PicoGreen kits 

and pooled into a single sample at equimolar quantities for 454 sequencing. Samples 

were sequenced at the University of Texas Genome Sequencing and Analysis Facility on 

a Roche/454 FLX sequencer.

After sequencing, raw sequence reads were processed using a novel protocol 

designed to correctly identify true allele sequences for each individual (see Appendix A 

for full details). A number of approaches have been used recently to correctly identify 

true allele sequences of highly polymorphic genes from 454 sequence data (Babik et al. 

2009, Galan et al. 2010, Zagordi et al. 2010b, Promerova et al. 2012). Identifying true 

allelic variants from a large number of sequence reads can be problematic because both 

PCR (Bradley and Hillis 1997, Lenz and Becker 2008) and pyrosequencing (Huse et al. 

2007) can generate large numbers of erroneous sequence reads, which can be difficult to 

distinguish from true low frequency allele variants in the sample. However, as Huse et al 

point out (Huse et al. 2007), errors are not evenly distributed among reads, so that, in 

113



their test study 82% of reads contained no errors and an additional 11% contained only 

one error. Additionally, naturally occurring recombination and gene conversion can create 

true allelic sequences which resemble chimeric PCR artefacts (Bradley and Hillis 1997, 

Reusch et al. 2004, Reusch and Langefors 2005). My approach builds on approaches 

taken by Babik et al. (2009), Galan et al. (2010), and Prosperi et al. (2010), and relies on 

two assumptions. First, that true allele sequences will be more common relative to 

derived sequences, and second that sequences containing any errors which will be more 

similar to the true haplotype they are derived from than any other true haplotype. Briefly, 

my protocol uses a quasi-Dirichlet process to iteratively cluster similar sequence reads 

into groups at increasing levels of sequence similarity, and uses flexible heuristics to 

determine when clusters represent single true allelic variants present in the original 

sample (see Appendix A for details). Using this method, I can positively identify the 

presence, number, and relative abundance of unique allelic variants within each 

individual fish. Allelic sequences for each individual were aligned to the cloned 

sequences in Sato et al. (1998) in order to ascertain phase, and then translated into amino 

acid sequences for further analysis (hereafter alleles). Accuracy of my bioinformatic 

pipeline was confirmed by Sanger sequencing of cloned PCR product from a subset of 

individual fish. Although my method is in principle capable of determining the relative 

abundance of haplotypes within a given individual, I here focus on allele presence or 

absence because MHC is typically thought to have co-dominant effects on parasites 

(Doherty and Zinkernagel 1975).
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I calculated allele prevalence as the proportion of fish within each population 

carrying each allele. Allele prevalence is slightly different from allele frequency, because 

I cannot estimate how many copies of a given allele exist in the population, nor how 

many total copies of all alleles there might be. As a result, allele prevalences will not add 

up to 1, as will allele frequencies. I used G-tests to determine whether allele prevalence 

was significantly different between any two populations. As with parasites, I used a DCA 

to assign fish within each pair to each habitat based on MHC genotypes, and p-values 

were again calculated by permuting the original data 1000 times.

MHC allele effects

I used GLMs to estimate the effect of each MHC allele on each parasite within 

each population (15,118 total effects, see Fig. 2 for examples). For each model, the 

abundance of the parasite was the response variable, and MHC allele (present/absent) 

was the independent variable. In addition, because individual parasite loads were often 

positively correlated with body size (i.e. bigger fish generally have more parasites), body 

size was included as a covariate in all models. Both Poisson and negative binomial error 

structures were initially fit for each parasite, and the structure that had the lowest AIC 

value was used for subsequent analyses. To account for potential spatial autocorrelation 

in parasite abundance and allele frequency among stream sites, I included sampling 

location in the stream as a categorical random effect in all stream population models. 

Fixed effects models were fit using the glm or glm.nb in the MASS package (Venables 
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and Ripley 2002). Mixed effects GLMs were fit using the glmer function in the lme4 

package (Bates et al. 2011). Only Poisson error structure was used for mixed models. 

Given that alleles can be inherited as haplotype blocks, there may be strong 

linkage disequilibrium between different alleles. This would lead to many alleles co-

occurring very frequently within the same individuals, making it difficult to correctly 

assign resistance or susceptibility effects to individual alleles. Because my sequencing 

method does not allow us to directly measure LD (due lack of resolution between 

paralogous MHC loci), I instead calculated pairwise correlation coefficients between all 

alleles present within each pair to determine the degree to which alleles tended to co-

occur among individuals. To account for such co-occurrence when estimate allelic 

effects, I considered the following approach. Instead of calculating the effect of only the 

single focal allele on a given parasite, for a given parasite and focal allele I included in 

the model all alleles that were correlated with the focal allele above a certain cut-off. This 

allowed to calculate what are essentially partial regression coefficients for each allele, 

which represent the effect of the allele on parasite abundance, controlling for the effects 

of correlated alleles. I note the 0.5 and 99.5 percentiles of the overall distribution of 

correlation coefficients were r = -0.18 and 0.83 respectively. However, it is not clear what 

correlation coefficient be appropriate to use as a cutoff in this case, and clearly any cutoff 

will be more or less arbitrary.  As an illustrative attempt, using a cutoff at r = 0.8 did not 

change my results substantially in any way. Thus, I decided to continue using non-partial 

regression coefficients rather than apply an arbitrary correlation cutoff.

116



Testing for divergent selection

I tested for the signal of divergent selection between paired parapatric and 

allopatric populations. To do so, I formulated 2x2 contingency tables for each comparison 

by dividing all of my effect estimates (effects of individual MHC alleles on the 

abundance of individual parasite taxa) among four categories. First, if the allele used to 

estimate the effect was more common in the focal population it was designated a “home” 

allele, whereas if it was more common in the alternate population it was designated as an 

“away” allele. I then designated each effect estimate as conferring resistance or 

susceptibility to the given parasite depending on whether it decreased or increased the 

abundance of the parasite in the focal population. Thus the four categories are 

home/resistance, away/resistance, home susceptibility, and away/susceptibility reflecting 

the relative frequency of each allele and its effect on a given parasite. My expectation 

was that I would see greater than expected counts of home/resistance effects (and 

away/susceptibility ) effects in parapatric populations if directional selection was present 

in that population. I considered positive evidence of directional selection in both paired 

populations as evidence for divergent selection. I tested a total of six parapatric 

comparisons of a focal population and its parapatric neighbor (e.g. Roberts Stream vs. 

Roberts Lake) and 12 total allopatric comparisons between different habitats (e.g. Roberts 

Stream and Farewell Lake). 
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Reciprocal Transplant

To further substantiate my conclusion that divergent selection may be operating 

within my populations, I performed a reciprocal transplant of fish between Roberts Lake 

and Roberts Stream in the summer of 2011. Forty cylindrical stainless steel mesh cages 

were constructed and placed in each habitat. Cages were 2 meters tall and ~ 1.6 meters in 

diameter, and were open at both the bottom and top of each cage. In the lake cages were 

placed upright along the shoreline where fish were collected previously in 2007. Stream 

cages were placed 100 meters downstream from the lake along both edges of the stream 

(2-3 meters across) where they were not subject to water flow that would have made 

them unstable. This location was chosen for its accessibility (distance from the road, 

water speed, and water depth) and because it was representative of the stream habitat 

over my sampled length. Water level in the cages varied from 1 meter to 1.5 meters of 

water in both habitats, and fish had free access to both the substrate and invertebrates 

flowing through the cages in the water column. 

Wild fish were caught in late May and anesthetized with MS-222. Each fish was 

massed and measured for standard length. Because each enclosure was to receive three 

fish, one fish per enclosure was chosen at random to have the front, rear, or both dorsal 

spines clipped at the tip for further identification. Fish were allowed to re-acclimate alone 

in fresh water before transfer to cages. Any fish that did not appear completely recovered 

were not used in the experiment. Each cage received three fish, two from one habitat 

(lake or stream) and one from another. There were an equal number of cages that received 
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each combination in each habitat and across habitats. Fish were assigned to cages 

randomly before anesthetization.

Cages were monitored periodically and accumulated debris was removed from 

any stream cages that resulted from the cages acting as sieves. Cages were removed in 

early July. Fish were euthanized with an overdose of MS-22 and preserved in 10% 

buffered neutral formalin. Upon dissection, all fish were scanned for macro-parasites as 

described above for fish sampled in 2007, and abundances of each parasite in each fish 

were tabulated, and the total summed parasite abundance was calculated. I used a GLM 

with negative binomial variance structure to estimate the effects of habitat of origin, 

habitat of transplant, and their interaction on total parasite abundance. If transplanted 

individuals had significantly higher overall abundances than native individuals (indicated 

by a significant interaction between origin and habitat), then it would suggest that 

divergent selection on MHC may be playing a role in generating local adaptation to 

habitat specific parasite communities in neighboring lakes and streams.
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Appendix: Genotyping highly polymorphic multilocus MHC loci using 454 

pyrosequencing 

Introduction

Genotyping individuals at highly polymorphic loci (such as exon 2 of MHC 

genes) presents a complicated challenge for researchers. One major problem is that MHC 

genes often exist in multiple copies in the genome. Ideally, one would design primers that 

amplify single MHC loci within the genome, allowing precise control over the 

amplification and sequencing of different MHC copies. Unfortunately, MHC loci often 

share allelic lineages (groups of similar alleles highly that are highly divergent from other 

such groups) and even specific alleles. This is likely due to the high rates of inter-locus 

recombination and conversion (Parham and Ohta 1996, Ohta 1999, Reusch and 

Langefors 2005), which can increase overall allelic variation within populations, but 

makes the creation of primers that amplify all alleles at single locus but no other an 

impossibility. The creation of locus specific primers is further complicated by within 

locus allelic diversity, which means that conserved regions suitable for primer placement 

are limited to regions conserved across loci as well (Lenz et al. 2009a).

Several similar PCR (but non-sequencing) based approaches have been developed 

to genotype individuals at MHC loci (single-stranded conformational polymorphism: 

Orita et al. 1989; denaturing gel gradient electrophoresis: Muyzer et al. 1993; reference 

strand conformational polymorphism: Argüello et al. 1998; capillary electrophoresis 
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SSCP: Bryja et al.(single-stranded conformational polymorphism: Orita et al. 1989, 

denaturign gel gradient electrophoresis: Muyzer et al. 1993, reference strand 

conformational polymorphism: Argüello et al. 1998, capillary electrophoresis SSCP: 

Bryja et al. 2005). All of these methods rely on 'fingerprinting' individuals by running 

amplified sequences through an charged gel matrix and identifying alleles based on 

migration distances. The advantages of these approaches are that, once perfected, many 

(10s) of individuals can be genotyped more quickly and cheaply than by using molecular 

cloning and Sanger sequencing. The disadvantages are that (1) different alleles are not 

always distinguishable from one another, (2) amplification bias can cause alleles to be 

missed, and (3) nucleotide sequences are not obtained without further sequencing (Babik 

et al. 2009, Lenz et al. 2009a). A recent study has shown that CE-SSCP underestimated 

individual allelic diversity in scarlet rose-finches by an average of 3 alleles when 

compared to direct sequencing (Promerova et al. 2012).

Given these limitations, it should come as no surprise that researchers have taken 

advantage of next generation sequencing technologies to genotype MHC loci (Babik et 

al. 2009, Galan et al. 2010). Massively parallel pyrosequencing (Margulies et al. 2005) is 

especially useful in this regard because it isolates and sequences individual PCR 

amplicons. In effect, a single 454 sequencing run is equivalent to performing up to a 

million cloning and sequencing reactions, which, with effective barcoding, can allow for 

the complete genotyping of hundreds of individuals simultaneously (Binladen et al. 2007, 

Meyer et al. 2008, Galan et al. 2010). Pyrosequencing is not without its own problems, 
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most notably its cost (which becomes lower every year) and its large error rates compared 

to more traditional sequencing, mostly in the form of homopolymer over- and 

underscoring (Huse et al. 2007). 

As pyrosequencing has become a more commonly used method for sequencing 

PCR amplicons, a couple of similar approaches have been taken to deal with error and to 

correctly identify true allelic sequences (hereafter true alleles) from false sequences with 

errors. The type of approaches use probability and heuristic-based methods to separate 

likely true sequences from false sequences (Babik et al. 2009, Galan et al. 2010, Stuglik 

et al. 2011). They rely on the (likely true) assumptions that true sequences will be 

overrepresented in the sequencing run relative to false ones, and that false sequences will 

be phylogenetically clustered around true sequences. These have been effective in 

genotyping MHC alleles in the limited number of systems to which they have been 

applied (Galan et al. 2010, Promerova et al. 2012). However, both approaches are limited 

to estimating the number of different alleles present in each sample without estimating 

allelic copy number or gene copy number variation. The approach taken by Babik et al 

(Babik et al. 2009), is also potentially limited to to samples of a certain size because it 

estimates cutoff based on frequency distribution generated from entire 454 runs (rather 

than just the reads generated for a single sample). 

Pyrosequencing data has also been used in the context of identifying low-

frequency genetic variants (and differentiating them pyrosequencing induced error) in 

heterogeneous samples of infections disease causing viruses such as influenza 
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(Ramakrishnan et al. 2009), hepatitis B l(Solmone et al. 2009), and HIV (Hoffmann et al. 

2007).  Zagordi et al. (Zagordi et al. 2010a, 2010b) have developed and applied an 

approach to amplicon sequencing data that uses Dirichlet process mixture in a Bayesian 

framework to cluster similar reads and identify very low frequency mutations in HIV 

isolates derived from single individuals. However, its application for genotyping highly 

polymorphic genes like MHC may be limited, as it was designed primarily to distinguish 

low frequency SNPs from substitution errors in otherwise nearly identical sequences. 

The approach I take here combines elements from both approaches above, as well 

as incorporating the methods of Prosperi et al. (Threshold bootstrap clustering: 2010) for 

clustering similar sequences, to accomplish two goals: (1) to correctly identify true allelic 

sequences from 454 pyrosequencing data (as in the approaches taken by Babik et al. 

(2009) and Galan et al. (2010) above) and (2) to estimate allele and locus copy number in 

each individual. The latter goal, while easily accomplished when individuals are known 

to have only a single MHC copy (of either class I or class II, and thus obviating the need 

for pyrosequencing), has not been addressed by any of the previously listed approaches. 

The approach outlined below was developed with this goal in mind, and, in contrast to 

other methods, does not remove reads containing errors from the data set. However, 

because in this document only allele presence/absence data was used, I focus on the 

method for accomplishing goal (1). The approach is termed Stepwise Threshold 

Clustering (STC).
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Outline of STC

The goal of STC is to create clusters of reads for each individual, such that each 

cluster corresponds to a true allelic sequence present in the original sample. As with other 

approaches it relies on the assumption that the majority of reads have no errors (estimated 

at 82% of total reads; Huse et al. 2007), and that reads with errors are derived from true 

sequences (Zagordi et al. 2010a) For example, if an individual had alleles A,B,C,D, and 

E, then I would expect the algorithm to produce 5 clusters of reads for that individual. 

Within each cluster, the most common sequence (the one with the most reads in the 

cluster) should be identical to one of the original sequences in the genome of the sample 

being sequenced. The remaining reads within each cluster corresponding to errors derived 

from one of the initial sequences (ABCDE). 

To accomplish this, reads are clustered at increasingly stringent sequence 

similarity criteria using a quasi-Dirichlet process (outlined below). At a given level of 

similarity,  criteria are applied to each cluster to determine whether all of the reads in the 

cluster likely originated from a single true allele (i.e. making it a “true” cluster). If a 

cluster is deemed to originate from a single true allele, then it is removed from the 

algorithm; otherwise, it is kept for the next iteration. Reads are clustered in this fashion at 

increasing similarity values until all reads have been placed in true clusters, which are 

then assumed to correspond to the original allelic sequences (ABCDE) present in the 

original sample.
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Identifying true allelic sequences using STC

The process starts after multiple individuals has been amplified, barcoded, and 

sequenced (see Materials and Methods, Chapter 3 for my protocols), and that sequence 

reads are in the multifasta file generated by 454 sequencing software. Reads were sorted 

according to unique combinations of forward and reverse barcodes corresponding to 

different individuals. Reads where both the forward and reverse barcode sequence could 

not be assigned to a single individual were not kept for further analysis. The allele 

identification protocol is applied to the reads obtained for each individual, rather than the 

sample as whole, and can thus be applied to reads obtained from any size sequencing run 

(100 reads to 1 million reads).

Once reads for each individual have been obtained, the following procedure is 

performed for each individual separately (hereafter the term sample will refer to all the 

reads only for the focal individual). 

Preparing the sequences

Step 1: Align the reads (primers and barcodes removed).

Step 2: Create a p-distance matrix from the all unique sequences in the sample. This 

distance matrix will be used to cluster similar reads in the clustering process outlined in 

later steps. I subtract distance values from 1 to convert to similarity values, although the 

method could easily be applied to dissimilarity values.
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Step 3: The goal of this step is to correct reads that differ only by insertion/deletion 

errors (indels). Indel errors, especially at homopolymer sites (repeats of the same 

nucleotide), are the most common errors generated by 454 pyrosequencing. Although in 

practice it is not necessary to correct for these errors for the method to work, the total 

computational time is substantially reduced. Doing so, also improves the the performance 

of my heuristics below.

To  start, using the alignment generated above, all pairs of sequences that differ 

only by a single insertion/deletion error are identified. If one member of a pair is of the 

correct length (i.e. the length of the amplicon minus primers, in my case 213bp), the it is 

assumed that the other member of the pair contains either a insertion (if it is one base pair 

longer) or a deletion (if shorter). Any reads with the sequence containing the indel are 

then removed from the sample and replaced with reads whose sequence is identical to the 

correct member of the pair. This process is repeated for all pairs with single indel 

differences. 

Clustering Steps 4-12

The basic approach of STC is to iteratively cluster sequences at increasing levels 

of sequence similarity, applying standardized rules at each step for determining whether 

clusters of sequences derive from single true alleles. The STC algorithm uses a variation 

of  the Dirichlet process also used by Prosperi et al. (2010). This process, also known as a 
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colloquially as a Chinese restaurant table process, clusters objects sequentially into 

groups using probability rules to determine whether a given object starts a new group or 

joins an existing one, and, if joining, which group the object joins. A formal Dirichlet 

process is a probabilistic  process, whereby objects start a new group with some 

probability, or are assigned to existing groups with a probability proportional to the size 

of each group (similar to new customers at restaurant choosing to sit at a table with a 

probability proportional to how popular that table already is).

My processes uses a similar mechanism to form groups (i.e. clusters) by 

sequential taking each read in turn and either starting a new cluster with it, or allowing it 

to join an existing cluster of reads. I term my process quasi-Dirichlet because the objects 

(i.e. reads) are not clustered using probability rules. Rather, a focal read is added to the 

existing cluster whose most frequent sequence (the one with the most reads in the cluster) 

is most similar to the focal read. The read only joins that cluster if that similarity is above 

a minimum similarity cutoff for that particular stage of the algorithm. This quasi-

Dirichlet process is not completely deterministic however, because the order with which 

reads are clustered will effect (somewhat) the distribution of final clusters at the end, 

although in practice there are often only one or two common cluster configurations at the 

end. I thus repeat the clustering 500 times at each step, starting with a randomly chosen 

sequence each time, to generate a posterior distribution of cluster assignments for each 

sequence. This entire process is outlined below for a single sample.
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Step 4: Randomly choose a single read to start the clustering process. This single read 

starts a new cluster.

Step 5:  Randomly choose a read from the group on non-clustered reads (the read 

becomes the focal read). Use the similarity matrix to identify how similar the sequence of 

the focal read is to the sequence of the most frequent read within each existing cluster. 

Step 6: Add the focal read to the cluster that contains the most similar common read, if, 

and only if, that similarity is also above the current similarity threshold. The starting 

similarity threshold can in principal be 0 (samples need to be different at all base pairs to 

not be clustered together), although in practice the algorithm can be started much higher. 

A practical value to start at is the similarity of the most dissimilar pair of sequences in the 

sample.

Step 7: Repeat steps 5-6 until all reads have been clustered. Each cluster is given the 

identity of the sequence of the most common read in the cluster (i.e. if the most common 

read is sequence # 23, then the cluster ID becomes # 23 as well). 

Step 8: Repeat steps 4-7 500 (or more) times. 

Step 9: After 500 clustering rounds, a posterior distribution of clustering 500 clustering 
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assignments has been generated for each read. Assign each read to the cluster ID that it 

was most commonly associated with (the mode from the 500 replicates) in steps 4-7.

Step 10: Decide whether the reads within each cluster are derived from a single true 

allele sequence (the alternatives are that a cluster derives from two similar true alleles, or 

uncommonly, no true-alleles). To do this two criteria are applied to each cluster:

1) F, the total number of reads in the cluster divided by the total reads in the 

sample

2) R the ratio of the number of reads of the most common sequence in a 

cluster to the number of the second most common sequence.

If the the F and R values for each cluster are above certain cut-offs (defined below), than 

the cluster I considered a true cluster and removed from the process. The reads in all 

remaining non-true clusters are kept for the next round of clustering at a higher similarity 

cut-off. 

The rational behind the first criterion is that, given no bias in amplification, each 

cluster would contain a fraction of the total number of reads equal to the fraction of true-

alleles it represents. Thus, if an individual had 6 different alleles across all MHC loci, 

then a cluster deriving from a single one of those true alleles would have  F = 1/6 of the 

total sequences in the sample. In practice, of course, it is not known a priori how many 

different alleles an individual has, although it can be assumed that the maximum for 

stickleback is 12 (heterozygous at 6 loci). In that maximal diversity case, assuming no 
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bias in amplification between alleles, each cluster representing a single true allele would 

have F = 1/12 of the reads in the sample. However, it cannot be assumed that all alleles 

are represented exactly proportionally to their relative frequency, so in practice the 

threshold for F must be set even lower. The goal is to set it low enough that true alleles 

with proportionally few corresponding reads will be identified correctly, while not setting 

it so low that clusters of reads representing no true allele will be falsely identified as true 

clusters. I conservatively I set F = 1/22, meaning that all reads associated with a single 

allele could represent as few as 4.5 % of the total reads in the sample.

The rationale behind the second criterion is that reads derived from true alleles 

will reach relatively high frequencies if they occurred during either PCR stage (because 

they become amplified as well). These reads will be clustered together with reads from 

true alleles. The question for any given cluster is whether the second most common read 

represents one of these errors that occurred during PCR, or whether it represents another 

true allele sequence similar enough to clustered together with the main true sequence in 

the cluster. I used a criterion of R = ¼, such that if the second most common read in a 

cluster was more than 25% as frequent as the most common, it was likely a true allele 

with a similar sequence rather than a false sequence.  An possible future step for 

estimating an the most appropriate cutoff would be to simulate PCR and 454 sequencing 

and calculate the cutoffs most likely to recapitulate the true alleles. 

Step 11: Increase the similarity cutoff by 1% (0.01) and repeat steps 4-10, keeping true 
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clusters at each similarity cutoff level, while otherwise retaining the rest of the reads. 

Continue until similarity reaches 99%. 

Step 12: At this point, most reads have likely been clustered into true clusters. Those 

remaining generally fall into two categories:

1) single reads that cannot be clustered with existing reads because they are 

too dissimilar

2) clusters with two common reads whose ratio is above the R cutoff.

For reads that can no longer be clustered, these reads are simply directly assigned to an 

existing true cluster. This is done by identifying the cluster to which the read was 

originally assigned in step 9 (i.e. at the lowest similarity level). 

For a cluster that still has two common reads, two clusters are made whose size (# 

of reads) is proportional to the relative frequencies of the top two reads. For example, the 

top two sequences appeared in 55 and 45 reads in a cluster that contained 150 reads, then 

the two new clusters would have (55 + (55/(55+45) * (150-55-45) = 82.5 and 150 – 82.5 

= 67.5 reads respectively. These two new clusters would then be checked against the 

criteria for true clusters in step 10. If both new clusters met the criteria then both would 

be considered true. If one failed, then the original cluster with two common reads would 

be included as a true cluster as is.

At this point, each individual now has a number of true clusters associated with it. 
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It assumed that each true cluster represent a true allele, the sequence of which is the 

sequence of the most common read within each true cluster. In total, the TBC algorithm 

produces the total number of true allele sequences, their DNA sequences, and the relative 

frequency reads derived from each true allele sequence within each individual . It is these 

latter relative frequencies that can, in theory, be used to probabilistically estimate the 

allele copy number and locus copy number for each individual, although that is beyond 

the scope of the current document. 

In summary, TBC provides a new method for processing 454 pyrosequencing 

methods applied to the amplified DNA from highly polymorphic gene loci such as MHC. 

It builds on existing methodologies, combining the cut-off based approaches of Babik et 

al. (2009) and Galan (2010), with the clustering approaches of Zagordi et al (2010b) and 

Prosperi et al (2010). It can be applied to data generated for single individuals, or for any 

number of individuals across as many sequencing runs as can be performed; it does not 

rely on statistics derived from run of a specified number of reads or individuals. It can 

also, in theory, be applied to any 454 data set of amplified genes within or among 

individuals . Its performance in the future may be improved by using simulation studies 

to better estimate the best heuristic criteria applied in the present iteration. 
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